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Abstract 

Nitrogen (N) is a limiting factor of plant growth, crop yield and quality being a structural 

component of amino acids, nucleic acids, and other N-containing biomolecules. In the last 

decades, to maintain high yield for meeting global food demands, the N fertilizers have been 

massively applied with a negative impact on environment and human health. In this regard, 

understanding and improving the nitrogen use efficiency (NUE) of crop plants is an important 

challenge for a sustainable agriculture. Modern varieties of many crops, including tomato, 

have been selected under high input conditions with a possible decline of the N uptake and 

utilization efficiency. Thus, exploiting the genetic diversity in traditional cultivars, as long 

storage tomato ecotypes, represent a promising strategy to identify useful traits for improving 

NUE. In this respect, the morpho-physiological and molecular responses of different tomato 

genotypes in response to nitrate (NO3
-) limiting condition were assessed. In the first step, a 

NUE contrasting pair, Regina Ostuni (RO, high-NUE) and UC82 (low-NUE), based on 

morpho-physiological traits and biomass production, was identified. To understand the 

molecular mechanisms conferring high NUE, several NO3
- metabolism related genes 

(assimilation, transport, remobilization, and storage/sequestration), at short and long-term 

limiting NO3
- exposure, in root and shoot, were assayed. At short-term, RO exhibited a higher 

NO3
-  storage (SlCLCa) and remobilization (SlNRT1.7) abilities compared to UC82, whereas 

at long-term, the N-use efficient genotype seemed to store less NO3
-, which was more 

allocated and assimilated into the shoot (SlNRT1.5 and SlNR). In the second step, after 5 days 

of N-deprivation, RO and UC82 short-term (0h, 8h and 24h) transcriptomic responses to low 

(LN) and high (HN) NO3
- resupply, in both root and shoot, were compared. The significant 

Differentially Expressed Genes (DEGs) for G (Genotype), G×N (N supply) and G×N×T 

(sampling Time) were identified by the analysis of variance (ANOVA) using a multivariate 

linear model. The N-responsive genes were selected according to their expression profiles 

across the time-course. In addition, to detect the modules significantly correlated to LN in 

RO, a Weighted Gene Co-expression Network Analysis (WGCNA) was performed. In both 

tissues, one co-expressed module was highly correlated to 24h LN resupply in RO. In shoot, 

the hub genes were enriched in vegetative phase change, carbohydrate mediated signaling, 

response to nutrient, cytokinin biosynthetic process and carbon fixation in photosynthetic 

organism’s biological process GO terms, while, in root, any metabolic process was 

significantly enriched. In addition, the regulatory network analysis identified the key LN-
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related genes in each module, which might be responsible for the differential regulation of 

early LN responses between genotypes. In the last step, RO and UC82 transcriptomes in 

response to long-term (7 d) LN and HN resupply and the co-expression modules correlated to 

the phenotypic traits, in both tissues, were investigated by WGCNA. Different comparisons 

were performed to identify both genotype and NO3
- effects. Interestingly, most of the LN-

induced differential expression in RO compared to UC82 affected genes involved in the 

photosynthetic process. Finally, the WGCNA revealed the co-expression modules highly 

correlated with the morpho-physiological traits including NUE and its components, in both 

tissues. Functional analysis of the hub modules showed a significant enrichment in 

photosynthesis and transmembrane transport activity biological process GO terms in shoot 

and root, respectively, and some key NUE and NUpE related genes were also identified. In 

conclusion, our study provided a detailed framework of the molecular regulatory networks 

modulating tomato responses to N limiting condition, identifying novel key genes useful for 

improving NUE in tomato. 

Keywords: Nitrate, abiotic stress, N-stress, RNAseq, time-course, Weighted Gene 

Coexpression Network Analysis (WGCNA). 
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Riassunto 

L’azoto (N) è il nutriente maggiormente limitante la crescita, la produttività e la qualità delle 

piante, in quanto componente strutturale di amminoacidi, acidi nucleici e biomolecole. Nelle 

ultime decadi, i fertilizzanti azotati sono stati utilizzati in modo massiccio per garantire 

un’alta produzione rispondendo alla crescente richiesta di cibo, causando un impatto negativo 

sull’ambiente e sulla salute umana. A tal fine, comprendere e migliorare l’efficienza d’uso 

dell’azoto (NUE) nelle specie coltivate è fondamentale per un’agricoltura sostenibile. Le 

moderne varietà, incluso il pomodoro, sono state selezionate in condizioni di alto N 

determinando una riduzione dell’efficienza di assorbimento e utilizzazione. In quest’ottica, 

esplorare la diversità genetica di landraces, quali le varietà da serbo in pomodoro, rappresenta 

una strategia vincente per identificare tratti utili per migliorare la NUE. A tale scopo, sono 

stati comparati differenti genotipi di pomodoro sulle base delle loro risposte morfo-

fisiologiche e molecolari a limitanti livelli di nitrato. Nel primo step sono stati identificati due 

genotipi contrastanti per la NUE, Regina Ostuni (RO, alta-NUE) and UC82 (bassa-NUE) in 

base ad analisi morfo-fisiologiche e produzione di biomassa. Successivamente, per 

individuare i meccanismi molecolari alla base della diversa efficienza, sono stati analizzati i 

livelli di espressione di alcuni geni del metabolismo dell’azoto (assimilazione, trasporto, 

rimobilizzazione e stoccaggio) in radice e germoglio, in risposta a breve- e lungo termine di 

esposizione a basso (LN) ed alto (HN) NO3
-. Nelle prime ore di esposizione a LN, RO 

mostrava un alto livello di espressione dei geni relativi allo stoccaggio (SlCLCa) ed alla 

rimobilizazione (SlNRT1.7), mentre a lungo termine, evidenziava alti livelli di espressione dei 

geni SlNRT1.5 e SlNR, suggerendo una maggiore assimilazione. Nel secondo step, e dopo 5 

giorni in assenza di N, sono state analizzate le risposte trascrittomiche a breve-termine (0, 8, 

24h) dei due genotipi esposti a LN ed HN, in radici e germoglio. Sono stati individuati DEGs 

per G (Genotipo) e le interazioni G×N (livello di N) e G×N×T (Tempo di campionamento) 

con l’analisi della varianza (ANOVA), adottando un modello multivariato lineare. Inoltre, 

attraverso una WGCNA (Weighted Gene Co-expression Network Analysis), sono stati rilevati 

i moduli correlati al trattamento LN nel genotipo RO. Nel germoglio come nelle radici è stato 

identificato un modulo correlato al trattamento LN dopo 24h di esposizione. I maggiori 

biological process GO terms del modulo identificato nel germoglio erano vegetative phase 

change, carbohydrate mediated signaling, response to nutrient and cytokinin biosynthetic 

process e carbon fixation in photosynthetic organisms, mentre nella radice nessun GO term 

era significativo. L’analisi network ha permesso di identificare i geni piu connessi in ciascun 
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modulo, che potrebbero spiegare le differenti risposte tra genotipi. Nell’ultimo step, la 

risposta trascrittomica è stata analizzata dopo lunga esposizione a LN ed è stata effettuata una 

correlazione tra moduli e caratteri morfo-fisiologici tramite WGCNA. Diversi confronti sono 

stati effettuati per determinare gli effetti di G e N, ed individuare risposte (DEGs) genotipo e 

LN-specifiche, molti dei geni identificati mostravano un coinvolgimento nel processo 

fotosintetico. L’analisi WGCNA ha permesso di identificare i moduli altamente correlati con 

tratti morfo-fisiologici inclusa la NUE e le sue componenti in entrambi i tessuti. I GO terms 

significativi erano photosynthesis process nel germoglio e transmembrane transport activity 

nella radice, e geni correlati alla NUE e NUpE sono stati identificati. In conclusione, questo 

studio fornisce un quadro dettagliato della regolazione a livello molecolare che modula la 

crescita e lo sviluppo del pomodoro a limitata disponibilità azotata, identificando alcuni geni 

candidati utili al miglioramento della NUE in pomodoro. 

Keywords: Nitrato, stress abiotici, N-stress, RNAseq, time-course, Weighted Gene 

Coexpression Network Analysis (WGCNA). 
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General Introduction 

1. Role of Nitrogen in Crop systems  

In plants, Nitrogen (N) represents an essential constituent of many macromolecules, such as 

DNA, chlorophyll, phytohormones, primary and secondary metabolites, required for plant 

growth and development (Hawkesford et al., 2012). N is also a sensing and signal molecule 

affecting many plant processes including root and leaf functionalities, abiotic and biotic stress 

responses, seed germination, and hormone balance (Vidal et al., 2010; Alvarez et al., 2012; 

Xu et al., 2012). For this reason, after carbon (C), N (about 1–5% of total plant dry matter) is 

the element required in largest amount by plants, thus representing one of the most important 

nutrients limiting crop productivity (Marschner, 2012).  

In soil, N is present as inorganic forms, such as nitrate (NO3
-) and ammonium (NH4

+), and as 

organic forms, mainly consisting of urea, free amino acids, and short peptides. The 

availability of these different forms considerably fluctuates in both space and time, due to soil 

heterogeneity and dynamic microbial conversions, agricultural practices and environmental 

conditions (Bloom, 2015). Among them, NO3
- and NH4

+ are the major N sources acquired by 

root. In agricultural soil, NO3
- is present in higher concentrations (1-5 mM) compared to NH4

+ 

(20-200 mM), and it is more mobile than other N forms in soil solution. Therefore, it is 

readily available to plants but also easily lost in the root zone by leaching and, consequently, 

its soil concentration is very variable (Miller and Cramer, 2004). By contrast, NH4
+ becomes a 

dominant form in some acidic and/or anaerobic and/or uncultivated soils, as well as in acid 

forest and rice paddy soils (Kronzucker et al., 2000). However, high NH4
+ concentration is 

toxic for many sensitive crops, causing stunted growth, leaf chlorosis, and poor root 

development (Miller and Cramer, 2004). For an optimal growth, most crops require both NO3
- 

and NH4
+ availability, and the best ratio depends on plant species, developmental phase and 

environmental conditions (Miller and Cramer, 2005; Esteban et al., 2016).  

In addition, plants can acquire amino acids, small peptides, and (partial) proteins from the 

soil, whose concentration ranged from 0.1 to 100 µM (Jones et al., 2002; Jämtgård et al., 

2010). In low N-input and cold environment, pools of amino acid N represent a primary factor 

in ecosystem function and vegetation succession (Warren, 2006). In recent years, many 

studies proved that the amino acids supply could sustain by itself the plant growth. Recently, 

amino acid transport systems for root uptake have been partly characterized in Arabidopsis 

and crops (Yao et al., 2020).  



PROOF 

 

2 

 

In soil, urea occurs at very low concentrations (Miller and Cramer, 2004) and it is generally 

subject to rapid microbial conversion in NH4
+ and NO3

- (Cantarella et al. 2018). Recently, the 

urea acquisition by root, operated by dedicated transporters, has been evidenced, 

demonstrating the plant's ability to use urea as a direct N-source (Zanin et al. 2014). The high 

affinity transporter DUR3, selective for urea, has been identified as the major transporter, at 

low urea concentrations, in Arabidopsis (Liu et al. 2003, Kojima et al. 2007) and maize 

(Zanin et al, 2014). 

Finally, the N2 fixation from the air to plant-available ammonium by symbiotic bacteria is 

another important N source in agriculture (Xu et al., 2012), quantified approximately 50-70 

Tg (Herridge et al., 2008). However, although natural mechanisms of N fixation in soil occur 

in some plants, it is not sufficient to satisfy global population growth and food demand 

(Crews and Peoples, 2004). In the last decades, to improve crop production, N-based 

fertilizers, especially urea, were largely employed in crop systems but its very rapid 

conversion to ammonia (NH3) and CO2 in moist soil (Fisher et al., 2016) resulting in high 

losses.  

N fertilization can be considered as one of the most common practices to maintain and/or 

improve crop yield and quality to human consumption. Indeed, more than 110 Tg of N 

fertilizers are annually applied for meeting the increasing food demand (Chen et al., 2020). A 

large amount of world energy use (about 2%) is dedicated to the massive N fertilizer 

production by “Harber-Bosch” process (Sutton et al., 2013). However, depending on crops 

and soils, plants take up less than half of the applied N fertilizer (Yang et al., 2015; Zhu et al., 

2016), and the remaining soil N, estimated in a range of 50-70%, was loss into the 

environment (Hodge et al., 2000; Tilman et al., 2002). It may contaminate aquatic systems 

through runoffs or leached water (Vitousek et al., 2009) or undergo to denitrification and 

released into the atmosphere as nitrous oxide, a powerful greenhouse gas (Reay et al., 2012), 

causing a reactive N species increase (Austin et al., 2013). These induce the O3 formation in 

the troposphere (Butterbach-bahl et al., 2011), affecting human health (Von Mutius, 2000; 

Mulvaney et al., 2009; McAllister et al., 2012) and ecosystem biodiversity (Wedlich et al., 

2012). Furthermore, N soil accumulation affects soil quality including erosion, acidification, 

salinization, and organic matter reduction (Velthof et al., 2011). In particular, N fertilizer 

applications determine a decrease in pH soil (Guo et al., 2010; Lu et al., 2014; Mahler and 

Harder, 1984), thereby inducing the development of infertile soils. In addition, soil 

acidification caused the heavy metals release in soil solution, which may lead to nutrient 

disorders and toxic effects in plants (Sutton et al., 2013).  



 

In vegetable crops, N fertilization has significant impact with marked effects on fruit quality 

and their shelf life. In the last decades, research about N effect on vegetable quality was 

intensified. In particular, low nitrogen levels reduced protein content and fruit quality 

vegetables, whereas increasing N application often decreases the concentration 

soluble sugar, soluble solids, while increasing the titratable acidity in tomato (Wang 

2008), overall, optimum N level improves also the quality of edible plant part. 

However, although the N application achieved higher crop yield and

increased soil N availability (Halvorson and Reule, 2007), 

in many crops (Albronoz, 2016) and quality, affecting some agronomic and physiological 

traits (Figure 1). Furthermore, it leads a higher cost 

farmers, and greater food and nutrition insecurity (Dimkpa 

dynamic between N supply and food demand in crop systems need to be achieved, and an 

efficient N use could be crucial for

cropping systems, but also decreasing the risk for the environment and human health

 

Figure 1.Schematic representation of the primary effects of N over

2. Nitrogen Use Efficiency

The improvement of N use efficiency (NUE) together with 

strategies and practices are crucial to maximize crop yield, reducing cost of production, 

environmental pollution, and human damages (Zhang 

Nitrogen use efficiency (NUE) is a complex multigenic trait

physiological and molecular processes 

environmental factors. Two components contribute 

(NUpE) and N utilization efficiency (NUtE) (Xu 
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N fertilization has significant impact with marked effects on fruit quality 

shelf life. In the last decades, research about N effect on vegetable quality was 

intensified. In particular, low nitrogen levels reduced protein content and fruit quality 

vegetables, whereas increasing N application often decreases the concentration 

soluble sugar, soluble solids, while increasing the titratable acidity in tomato (Wang 

, optimum N level improves also the quality of edible plant part. 

However, although the N application achieved higher crop yield and 

increased soil N availability (Halvorson and Reule, 2007), an over-fertilization reduced yield 

in many crops (Albronoz, 2016) and quality, affecting some agronomic and physiological 

Furthermore, it leads a higher cost of investment in agricultural inputs by 

farmers, and greater food and nutrition insecurity (Dimkpa et al., 2020). Moreover, a balanced 

dynamic between N supply and food demand in crop systems need to be achieved, and an 

ould be crucial for enhancing productivity and cost-effectiveness of the 

decreasing the risk for the environment and human health

of the primary effects of N over-fertilization on yield parameters and produce q

Nitrogen Use Efficiency 

N use efficiency (NUE) together with an integrated N management 

strategies and practices are crucial to maximize crop yield, reducing cost of production, 

environmental pollution, and human damages (Zhang et al., 2015; Anas et al

Nitrogen use efficiency (NUE) is a complex multigenic trait, in which several 

physiological and molecular processes are involved and affected by 

environmental factors. Two components contribute to plant NUE: N uptake efficiency 

(NUpE) and N utilization efficiency (NUtE) (Xu et al., 2012). 

3 

N fertilization has significant impact with marked effects on fruit quality 

shelf life. In the last decades, research about N effect on vegetable quality was 

intensified. In particular, low nitrogen levels reduced protein content and fruit quality 

vegetables, whereas increasing N application often decreases the concentration of vitamin C, 

soluble sugar, soluble solids, while increasing the titratable acidity in tomato (Wang et al., 

, optimum N level improves also the quality of edible plant part.  

 quality due to an 

fertilization reduced yield 

in many crops (Albronoz, 2016) and quality, affecting some agronomic and physiological 

of investment in agricultural inputs by 

., 2020). Moreover, a balanced 

dynamic between N supply and food demand in crop systems need to be achieved, and an 

effectiveness of the 

decreasing the risk for the environment and human health. 

 
fertilization on yield parameters and produce quality. 

integrated N management 

strategies and practices are crucial to maximize crop yield, reducing cost of production, 

et al., 2020).   

, in which several intricate 

affected by many genetic and 

to plant NUE: N uptake efficiency 



 

N uptake efficiency (NUpE) is the ability of plant to take up N from the soil, whereas N 

utilization efficiency (NUtE) is the ability of plant to convert the N 

harvestable grain (Moll et al., 1982; Good 

Figure 2.Schematic representation of NUE and its components

NUpE is controlled by many factors including soil N forms, soil structure, plant N status, root 

architecture, N assimilation, and N metabolites (Nacry 

deep root, with an appropriate architecture and 

drought, and N deficiency), underlies high NUE in maize production (Peng 

However, a crucial strategy to improve NUE is to enhance N uptake by 

transporters (Miller et al., 2007; Xu 

economic cost of crop production and environmental d

that, NUpE appears to be a relevant limiting factor to improve NUE 

et al., 2000; Schroeder et al., 20

NUtE is regulated by N uptake, metabolism, allocation, and remobilization (Tsay 

Nacry et al., 2013). Thus, the 

already used to improve this trait 

2017). However, as NUtE is a multigenic trait, 

assimilation genes did not lead to
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N uptake efficiency (NUpE) is the ability of plant to take up N from the soil, whereas N 

utilization efficiency (NUtE) is the ability of plant to convert the N taken up from the soil into 

., 1982; Good et al., 2004; Moose and Below, 2009) 

 
Schematic representation of NUE and its components (Nitrogen Utilization Efficiency, NUtE; Nitrogen Uptake 

Efficiency, NUpE) 

NUpE is controlled by many factors including soil N forms, soil structure, plant N status, root 

architecture, N assimilation, and N metabolites (Nacry et al., 2013). For example, a large and 

deep root, with an appropriate architecture and a high stress tolerance (high plant density, 

drought, and N deficiency), underlies high NUE in maize production (Peng 

However, a crucial strategy to improve NUE is to enhance N uptake by 

., 2007; Xu et al., 2012; Krapp et al., 2014), whose efficiency reduces 

economic cost of crop production and environmental damage (Fageria and Baligar, 200

that, NUpE appears to be a relevant limiting factor to improve NUE in many crops

., 2013).  

NUtE is regulated by N uptake, metabolism, allocation, and remobilization (Tsay 

Thus, the genetic manipulations of N metabolic processes have been 

this trait (Good et al., 2007; Pena et al., 2017; Perchlik and Tegeder, 

2017). However, as NUtE is a multigenic trait, the transgenic overexpression of N 

assimilation genes did not lead to an improved NUE (Pathak et al., 2011; Sinha 

4 

N uptake efficiency (NUpE) is the ability of plant to take up N from the soil, whereas N 

taken up from the soil into 

4; Moose and Below, 2009) (Figure 2). 

(Nitrogen Utilization Efficiency, NUtE; Nitrogen Uptake 

NUpE is controlled by many factors including soil N forms, soil structure, plant N status, root 

., 2013). For example, a large and 

erance (high plant density, 

drought, and N deficiency), underlies high NUE in maize production (Peng et al. 2020). 

However, a crucial strategy to improve NUE is to enhance N uptake by root through N-

., 2014), whose efficiency reduces 

amage (Fageria and Baligar, 2005). So 

in many crops (Le Gouis 

NUtE is regulated by N uptake, metabolism, allocation, and remobilization (Tsay et al., 2011; 

of N metabolic processes have been 

2017; Perchlik and Tegeder, 

transgenic overexpression of N 

, 2011; Sinha et al., 2018).  
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In the last decades, different researches focused on understanding the molecular processes 

involved in NUE (Good et al., 2004; Fageria and Baligar, 2005; Fan et al., 2007; Hirel et al 

2007; Garnet et al., 2009; Robertson and Vitousek, 2009; Masclaux-Daubresse et al., 2010; 

Xu et al., 2012; Han et al., 2015), mainly through both cropping systems management and 

breeding innovations (Cormier et al., 2016; Martinez-Feria et al., 2018). For this reason, 

numerous approaches have been proposed to calculate NUE with distinctive definitions and 

functions (Fageria et al., 2005; Ernst et al., 2020; Congreves et al., 2021).  

Firstly, NUE can be defined as grain yield per unit of available N in soil (Moll et al., 1982): 

NUE = Gw/Ns = (Nt/Ns)/(Gw/Nt)  [1] 

where Gw is the grain yield, Ns is the available N in soil and Nt is the total N in plants when 

they are mature. In the equation [1] NUE is also the product of NUpE and NUtE.  

Moreover, Berendse and Aerts (1987) defined NUE as produced dry weight per unit of N 

taken up:  

NUE = A/Ln     [2] 

where A is the N productivity (g dry weight g-1 N) and 1/Ln is the mean residence time of N 

in plants.  In details, A is the dry matter production rate per unit of N in plants, and 1/Ln 

represents the period when N is used for carbon fixation. In Arabidopsis thaliana, Chardon et 

al. (2010) defined NUE as the ratio of dry matter over N concentration: 

NUE=DM/N%    [3] 

where DM is the total shoot dry matter and N% is the total N concentration in plant.  

Xu et al. (2012) reported many other indexes related to NUE: apparent N recovery rate 

(ANR), agronomy efficiency of fertilizer N (AE), N physiological use efficiency (NpUE), N 

transport efficiency (NTE), and N remobilization efficiency (NRE), but previously Good et al. 

(2004) described different equations related to specific contest (Table 1). 

Recently, Congreves et al. (2021) collected the numerous NUE indices, commonly used in 

agricultural research, into groups by denominator such as fertilizer-based, plant-based, soil-

based; but also by approaching isotope-based or systems-based NUEs.
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Table 1.Definitions and formulae used to describe nutrient use efficiency in plants (Good et al., 2004) 

Eqn Term Formula Definition Comments 

1 Nitrogen use efficiency NUE = Sw ÷ N SW, shoot weight (DW); N, nitrogen 

content of shoot (DW) 

Dose not account for 

biomass increases 

2 Usage index UI = Sw × (Sw ÷N) Sw, shoot weight; N, nitrogen in shoot Take into account absolute 

biomass increase 

3 Nitrogen use efficiency 

(grain) 

NUE = Gw ÷ Ns Gw, grain weight; Ns, nitrogen supply 

(g per plant) 

Reflects increased yield per 

unit 

4 Uptake efficiency UpE = Nt ÷Ns Nt, total nitrogen in plant; Ns, nitrogen 

supply (g per plant) 

Measures efficiency of 

uptake of nitrogen into plant 

5 Utilization efficiency UtE = Gw ÷ Nt Gw, grain weight; Nt, total nitrogen in 

plant  

Fraction of nitrogen 

converted to grain 

6 Agronomic efficiency AE = (GwF – GwC) ÷ NF NF, nitrogen fertilizer applied; GwF, 

grain weight with fertilizer; GwC, grain 

weight of unfertilized control 

Measures the efficiency of 

converting applied nitrogen 

to grain yield 

7 Apparent nitrogen 

recovery 

AR = (NFuptake – NC 

uptake) ÷ NF × 100 

NF uptake = plant nitrogen (fertilizer); 

NC uptake = plant nitrogen (no 

fertilizer);  

NF = Nitrogenfertilizer applied 

Measures the efficiency of 

nitrogen capture from soil 

8 Physiological efficiency PE = (GwF – GwC) ÷ 

(NFuptake – NC uptake) 

GwF, grain weight (fertilizer); GwC, 

grain weight (no fertilizer) 

Measures the efficiency of 

plant nitrogen capture in 

grain yield 

 

Good et al. (2004) stated the need of combining traditional breeding, marker assisted selection 

followed by genetic modification to improve specific NUE aspects. Moreover, breeding 

strategies must be performed at low N input (Ceccarelli, 1996), since the best performing crop 

cultivars, at high N input, are different from those  at low  (Gallais and Coque, 2005). Indeed, 

breeding plants with increased NUE, at limiting N input, is currently one of the key goals of 

research on plant nutrition for sustainable agriculture (Hirel et al. 2007; Hirel et al. 2011).  

However, NUE is an important parameter commonly used to assess relative efficiency of 

fertilizer input to farmland (Andrews and Lea, 2013).  

Among different species and within each one, genetic variations for NUE were already 

detected in Arabidopsis (Chardon et al., 2010), wheat (Chatzav et al., 2010), tomato 

(Abenavoli et al., 2016) and eggplant (Mauceri et al., 2020). Studies on the genetic variation, 

at both seedling and plant maturity, under controlled and field conditions, resulted in the 

identification of high NUE genotypes in many crops possessing high yield under low N 

condition (Le Gouis et al., 2000; Vijayalakshmi et al., 2015; Mauceri et al., 2020; Aci et al., 

2021).  

In addition, plant responsiveness to N depends also on the N fertilization levels, in which 

NUE as well as NRE are higher at low than at high N supplies. At high N, NUE variations are 
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mainly due to N uptake as reported in maize and Arabidopsis, whereas at low N, the 

remobilization of nitrogen and overall NUtE seem to play a predominant role (Xu et al. 2012). 

Phenotypic and genotypic variability for QTL mapping to identify genomic regions related to 

NUE have been applied on different food crops such as rice, wheat, maize and sorghum 

(Vijayalakshmi et al., 2013; Malleswari, 2013; Yu et al., 2015; Mahjourimajd et al., 2016). 

However, the role of the regulatory elements and signal transduction as well as NUE 

relationships with genes involved in root architecture, N uptake and assimilation, N-storage 

and re-translocation and genes involved in the regulation of these processes could have a 

critical impact on NUE (Xu et al., 2012).  

Although many genes involved in NUE improvement are being proposed in both crops and 

Arabidopsis (Hirel et al., 2007), the causal intrinsic relationships to NUE have yet to be 

demonstrated.  

In conclusion, the improvement of NUE is a challenging target because crop yield depends on 

many variables, including genetic traits and their variation among and within plant species 

(G), environmental factors (E), and agronomic and management practices (M) (timing, 

amount, forms and place of N application) (Nguyen et al., 2017; Martinez-Feria et al., 2018; 

Nguyen and Kant, 2018; Plett et al., 2020). The interaction and combination of these variables 

(G×E×M) will allow NUE improvement for a sustainable and safe crop production 

(Swarbreck et al., 2019; Hawkesford and Riche, 2020; Peng et al., 2020). Also, the 

integration of genomic and phenomic data, including as well meta-analysis, to find 

quantitative traits loci (QTLs) can provide novel molecular markers for assisting the selection 

of high NUE varieties in several crops, including tomato. Furthermore, specific approaches 

integrating transcriptomic, metabolomic, phenomic, functional genomics, quantitative 

genetics and soil nutrient dynamics will be useful to decipher the mechanisms underlying 

NUE. 

3. Nitrate uptake, assimilation, and remobilization 

To understand NUE, N transport and homeostasis must be considered as key points during life 

plant cycle. Although N is present in different inorganic and organic forms in soil solution, 

NO3
- is usually the most abundant N source in aerobic soils, and its availability significantly 

affects crop productivity (Miller and Cramer, 2005). Nitrate can be assimilated in root or 

translocated to shoot via the xylem. Then, it is reduced to nitrite by nitrate reductase (NR) and 

further to ammonium by nitrite reductase (NiR) before incorporation into the amino acids 
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(Stitt, 1999). Otherwise, NO3
- could also be stored, mainly in the vacuoles (Miller and Smith, 

2008), in both root and shoot for further remobilization when its availability becomes scarce.  

The major adaptations to NO3
- availability consist in the modulation of the root system 

architecture (RSA) and in the uptake activity changes. An efficient N uptake depends on 

root/shoot ratio (R/S), root size, and root distribution in soil profile, such as root branching, 

which reduces N losses to deeper soil layers and groundwater (Lynch, 2013). The NO3
- 

availability role in the root adaptation has been recently demonstrated by the invariably 

increases in the total root size in all maize genotypes under N starvation (Sinha et al, 2020). 

Furthermore, NO3
- acts as a signal in the regulation of lateral roots (LR) development, which 

in turn considerably contributes to RSA. Furthermore, low NO3
- can determine both 

stimulatory and inhibitory effects on LR development, while high nitrate supply has an 

inhibitory effect on LR development (Sun et al., 2017). 

Four families of NO3
- transporters in plants regulate  N uptake, remobilization, or storage 

(Figure 3): Nitrate Transporter 2 (NRT2) (Orsel et al., 2002; Krapp et al., 2014), Nitrate 

Transporter 1/Peptide Transporter Family (NPF), (Léran et al., 2014), Chloride Channel 

Family (CLC) (Barbier-Brygoo et al., 2011) and Slow Anion Associated Channel Homolog 

(SLAC/SLAH) (Negi et al., 2008). 

 

Figure 3.Spatio-temporal functionality of NO3
- transporters/channels and NO3transport routes in Arabidopsis (from Guan, 

2017). 
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3.1. Nitrate uptake 

NO3
- fluctuation in the soil solution, both in time and space, can make it a limited resource; 

therefore, plants must adapt to NO3
- soil availability maximizing uptake efficiency in different 

environments (Miller et al., 2007). In plants, NO3
- uptake by root is mediated by the NPF 

(previously named NRT1/PTR family) and the NRT2 family transporters, which in 

Arabidopsis consist of 53 and 7 members, respectively (Léran et al., 2014). 

NO3
- uptake involves a complex set of membrane transport systems that includes specific 

affinity transporters, but the net uptake rates can be strongly influenced by the NO3
- 

availability, plant N status and NO3
- efflux from root cells (Forde, 1999). In particular, N 

uptake occurs thanks to membrane transporters, which are classified according to the affinity 

for their substrate. In plants, two transport systems can be detected: the High-Affinity 

Transport Systems (HATS) and the Low-Affinity Transport Systems (LATS) (Forde et al., 

2000). They operate at low (< 0.5 mM) and high (> 0.5 mM) NO3
- external nitrate 

concentrations, respectively (Glass et al., 2002) (Figure 4). 

 
Figure 4.Proposed model of two-component high-affinity nitrate transport system. 

Furthermore, within each of these systems, a constitutive (cHATS) and an inducible NO3
- 

transport system (iHATS), regardless N concentration, co-exist (Glass et al. 1992; Noguero 

and Lacombe, 2016). The activity of both systems is regulated by cellular energy expressed as 

proton electrochemical gradient (Siddiqi et al., 1990; Miller et al., 2007). Considering 

Arabidopsis thaliana, as plant model, the main NO3
- transporters are reported in Table 2. 
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3.1.1. Low Affinity Transport Systems (LATS) 

Many genes are included in the NPF family (previously named NRT1), which can transport 

NO3
- and other molecules. In Arabidopsis, this family consist of 53 members belonging to 

low affinity transporters, which operate at high NO3
- concentration (Léran et al., 2014). 

Among these, the NPF6.3/NRT1.1/CHL1 is first member identified (Tsay et al., 1993), 

involved in various functions such as NO3
- uptake from soil (Crawford, 1995; Munos et al., 

2004) and NO3
- translocation into the shoot (Léran et al., 2013). It is expressed in primary and 

secondary roots, root hairs as well as in young leaf and flower buds (Guo et al., 2002; Remans 

et al., 2006, Krouk et al., 2010). 

Furthermore, NRT1.1 plays a key role as NO3
- sensor, controlling several plant responses to 

NO3
- by a signaling cascade, mechanism partly elucidated (Maghiaoui et al., 2020). The 

NPF6.3 is also considered a double affinity transporter revealing the ability to switch to the 

high-affinity activity, at low NO3
- conditions, by the Thr 101 phosphorylation (Liu et al., 

1999; Liu and Tsay, 2003; Ho et al., 2009), included in CIPK23-CBL9 protein complex 

(Figure 5). However, the mechanism is even more complex, involving other proteins such as 

ABI2 (belonging to protein phosphatase 2C family from the clade A), which modulates 

transport activity by preventing phosphorylation of CIPK23-CBL1 complex (Léran et al., 

2015). Moreover, by using crystallization studies, the role of His 356 residues, as a nitrate-

binding site, was also revealed (Parker and Newstead, 2014; Sun et al., 2014).  
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Table 2.Summary of the physiological functions and regulations of identified NO3
- e transporters in Arabidopsis thaliana 

(modified from Wang et al. 2012). 

Gene Function Nitrate response N starvation Other regulations 

CHL1 

(NRT1.1) 

Nitrate sensing Induction Repression Nitrite (long-term) and high pH repression 

High and low-affinity nitrate uptake   Auxin, light, sugar, and nitrite (short-term) 

induction 

NRT1.2 Low affinity nitrate uptake Constitutive Not known Not known 

NRT1.3 Not known Induction (shoot) Not known Light induction 

NRT1.4 Leaf nitrate homeostasis Constitutive Not known Not known 

NRT1.5 Root xylem loading Induction Not known High pH and potassium limitation repression;  

Sugar induction 

NRT1.6 Delivery of nitrate to developing 

embryos 

Not known  Induction Not known 

NRT1.7 Nitrate remobilization from old to 

young leaves 

Not known Induction Sucrose induction 

NRT1.8 Xylem unloading and cadmium 

resistance  

Induction Not known Cadmium induction 

NRT1.9 Nitrate loading into root phloem Constitutive  Not known  Not known 

NAXT1 Root nitrate efflux Not known Not known Acidic pH induced at protein level 

NRT2.1 High-affinity nitrate uptake Induction Induction Ammonium and glutamine repression; Light 

and sugar induction 

NRT2.2 High-affinity nitrate uptake induction Not known Not known 

NRT2.4 High-affinity nitrate uptake at low 

nitrate concentration 

Repression Induction Ammonium repression; Light induction 

NRT2.7 Nitrate storage in mature embryos Constitutive  Not known Not known 

CLCa Nitrate accumulation in vacuoles Induction Not known Not known 

CLCb Nitrate accumulation in vacuoles Not knwon Not known Not known 

 

  

 
Figure 5.A Model of Phosphorylation Switch of the NPF6.3 transporter (Rashid et al., 2018) 
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Another NO3
- transporter belonging to NPF family, involved in the NO3

- uptake, is the 

NPF4.6/NRT1.2/AIT1, which is localized in root epidermis and characterized by low affinity 

activity (Liu et al., 1999). Finally, others NPFs (i.e., NPF7.2, NPF7.3, and NPF2.3) have been 

identified and characterized, although their role appears restricted to NO3
- translocation and 

distribution (Lin et al., 2008, Li et al., 2010; Taochy et al., 2015). 

3.1.2. High Affinity Transport Systems (HATS)  

Seven members of the NRT2 family, with an affinity around 0.2-0.5 mM NO3
-, are included 

in the HATS, as reported by many authors (Orsel et al., 2002; Kiba et al., 2012; Lezhneva et 

al., 2014; Krapp et al., 2014; Kiba and Krapp, 2016). The most studied member of this family 

is NRT2.1, localized in the epidermal and cortical cells of roots, whose activity seems to be 

regulated by different factors. Indeed, NRT2.1 expression is induced by NO3
- itself and under 

limiting NO3
- condition (Crawford and Glass, 1998; Cerezo et al., 2001), representing a 

classical inducible high affinity transport system model (Filleur and Daniel-Vedele, 1999), but 

it is repressed by high NO3
-/N concentrations (Crawford, 1995). Among the members, only 

NRT2.1 exhibited significant correlations between transcript abundance and high-affinity 

nitrate influx in Arabidopsis (Okamoto et al., 2003). In addition, recent studies also suggested 

a role of this transporter in water balance by regulating root hydraulic conductivity (Li et al., 

2016).  

Another NO3
- transporter, with the same regulation in response to this anion, is the NRT2.2 

member, localized close to the NRT2.1 genomic region (NRT2.1: At1g08090 and NRT2.2: 

At1g08100) in Arabidopsis. Both AtNRT2.1 and AtNRT2.2 encoded the iHATS, usually 

making a small contribution to the system, which becomes evident when NRT2.1 function is 

lost. Furthermore, the disruption of both AtNRT2.1 and AtNRT2.2, using both KO mutants 

(atnrt2.1 and atnrt2.2), highlighted that the iHATS was reduced by up to 80%, the cHATS up 

to 30% whereas the LATS fluxes were unaffected (Li et al, 2007). So, at low concentration, 

the NO3
- uptake ability is partly guaranteed by the presence of cHATS (Cerezo et al., 2001; 

Miller et al., 2007) or other transporters, such as NRT2.4 (Kiba et al., 2012). Indeed, this 

transporter, expressed in epidermis of the lateral roots, contributes to maintain a residual NO3
- 

uptake in root, at very low NO3
- level (25 µM), and restores the absorption activity in 

nrt2.1/nrt2.2 double mutant (Kiba et al., 2012). The use of a triple mutant 

(nrt2.1/nrt2.2/nrt2.4), at low NO3
- level, suggested the existence of other high affinity 

transporters, among others the NRT2.5, which assured the NO3
- uptake ability. Its role was 
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confirmed by using the quadruple mutant nrt2.1/nrt2.2/nrt2.4/nrt2.5 in which finally the 

HATS activity was strongly reduced (Lezhneva et al., 2014). In addition, the increased 

NRT2.4 and NRT2.5 transcripts are characterized by a very high-affinity and are strongly 

induced by N deprivation, but rapidly repressed by NO3
- and NH4

+, suggesting their primary 

role in the earliest influx of NO3
- (Lezhneva et al., 2014). 

Moreover, the NO3
- transport activity of the NRT2 members is regulated by the interaction 

with the protein NAR2/NRT3 in Arabidopsis (Orsel et al., 2006; Li et al. 2007) as 

demonstrated in oocyte gene co-expressions in which a positive effect of the NAR2.1 was 

observed in NO3
- uptake (Kotur et al., 2012). This interaction was also observed in other plant 

species such as barley (Tong et al., 2005), maize (Lupini et al., 2016) and rice (Yan et al., 

2011). Finally, NAR2.1 seems to be implicated in the NRT2.1 localization or stabilization in 

the plasma membrane (Wirth et al., 2007). 

From a physiological perspective, NO3
- uptake is always active, mediated by a 2H+/1 NO3

- 

symport mechanism, coupled to a favorable H+-electrochemical gradient created by the 

plasma membrane (PM) H+-ATPase. Root PM-H+-ATPase activity displayed a similar time-

course pattern as that of NO3
- uptake in maize (Santi et al., 1995). However, higher plants 

have multiple PM H+-ATPase isoforms, with tissue specificity and co-presence in a specific 

cell type. In maize, MAH3 and MAH4, member of the PM-H+-ATPase subfamily II, 

responded to NO3
- supply, although to different degree, MAH4 more sensitive than MAH3, 

with a greater up- and down- regulation in response to the treatment (Santi et al., 2003; 

Sorgonà et al., 2010 and 2011). 

3.1.3.CLC channels 

The name of chloride channel family (CLC, ChLoride Channel) derives from the first protein 

identified, CLC-0, in the electric organs of the marine ray Torpedo californica (Miller and 

White, 1980). Afterwards, the CLC-0 cloning by Jentsch et al. (1990) led to the identification 

of a wide family, which includes either anion channels or anion/proton exchangers (Figure 6), 

being present in bacteria and all eukaryotic organisms. In plants, CLC proteins are involved in 

different physiological processes as stomatal movements, anion transport from cytoplasm to 

vacuole, osmoregulation, and resistance to biotic and abiotic stresses. However, they play a 

critical role in vesicular transport by regulating the internal pH and membrane potential of 

organelles (Von der Fecht-Bartenbach et al., 2007). 
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Figure 6.Intracellular localization of CLC family proteins in A. thaliana (Nedelyaeva et al., 2020). 

In particular, these transporters are involved in NO3
- transport into vacuoles, probably 

mediated by the nitrate/proton antiport machinery (De Angeli et al, 2009), in endomembrane 

vesicles (Zifarelli and Pusch, 2010), and in NO3
- vacuolar remobilization (Schumaker and 

Sze, 1987). To date, the identified AtCLCa was expressed in both root and shoot appearing 

responsible for NO3
- accumulation into vacuoles (Geelen et al., 2000; De Angeli et al., 2006). 

In particular, AtCLCa transports NO3
- in two directions: from the cytoplasm to the vacuole 

and viceversa depending on cell demand, suggesting that its physiological role is not limited 

to vacuolar NO3
- pool but participates also in the reuse of that previously accumulated. The 

AtCLCa disruption led to approximately 50% decrease in vacuolar NO3
- confirming its 

important role in NO3
- accumulation in this organelle (Geelen et al., 2000; De Angeli et al., 

2006).  

Other genes of the CLC family are involved in restoring the ionic balance in tissues by the 

mutation in CLCa. For example, in Arabidopsis clca mutant, the AtCLCb–AtCLCd, AtCLCf, 

and AtCLCg expression increased while AtCLCe decreased, demonstrating that the 

mechanisms related to CLC genes expression and NO3
- transporters remain unclear 

(Monachello et al., 2009). Moreover, Brunaud et al. (2001) showed that the anion flux 

through AtCLCa is regulated by PP2A phosphatase (Protein Phosphatase 2A), which interacts 

with AtCLCa in Arabidopsis. 

3.1.4. Slow Anion Associated Channel Homolog 

(SLAC/SLAH) 

The existence of slow-type anion channels (SLACs), showing preference for NO3
-, was 

demonstrated by patch-clamp experiments (Schroeder and Keller, 1992; Schmidt and 
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Schroeder, 1994). The protein, involved in these anion channels, belongs to the small 

SLAC/SLAH gene family (Negi et al., 2008; Vahisalu et al., 2008). Five genes (SLAC1 and 

SLAH1-SLAH4) are included in this family displaying a common structure of 10 

transmembrane α-helices (Negi et al., 2008), but only SLAC1 and SLAH3 have a NO3
- 

transport activity (Geiger et al., 2011). 

3.2. Nitrate assimilation 

Nitrate needs to be reduced to ammonia for assimilation into the amino acids, in both root and 

shoot (Logan and Thomas, 1999). The efficiency of this process depends on the regulation of 

the different enzymes involved in the amino acid synthesis and their ultimate conversion into 

more complex N-containing molecules supporting growth.  

The first step in NO3
- reduction into nitrite (NO2

-) occurs in both root and shoot by the 

cytoplasmic FAD-dependent NO3
- reductase (NR) enzyme (Meyer and Stitt, 2001), by the 

following reaction: 

NO3
-＋8H+＋8e-

→NH3
＋2H2O＋OH- 

NR activity is tightly regulated by many environmental and physiological factors (Campbell 

1999) and nitrate reduction represents the most important checkpoint in the metabolism of N 

compounds. Briefly, the NR holoenzyme is a dimer of two identical polypeptide chains, each 

of about 900 amino acids containing three prosthetic groups: FAD, haem-Fe, and Mo-pterin, 

all of which are bound into structurally independent domains. Each 100-kDa monomer has 

two active sites: one located at the C-terminus (the FAD-domain), which accepts electrons 

from NAD(P)H and the other at the N-terminus (the Mo-pterin domain) for the reduction of 

bound NO3
- to NO2

-. Both are connected to a central heme (cyt-b) domain (Figure 7). 

 
Figure 7.NR structure (from Chamizio-Ampudia et al., 2017) 

In higher plants, NR is inducible (iNR) by nitrate itself, and if NO3
- uptake exceeds 

assimilation by root, it will be transported to the shoot and leaves; in addition, the induction of 
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NR is affected by other signals such as light, carbohydrate, and phytohormones. The NR 

central role in the assimilation process was demonstrated in Arabidopsis by inverse genetic 

approaches in which nr null mutant was unable to use NO3
- when it was the sole N source 

(Wang et al., 2004). Afterwards, an interplay between NR and nitrate transporters (NRT1.1 

and NRT2.1) was also demonstrated (Filleur et al., 1999; Loqué et al., 2003). 

After NO3
- reduction, NO2

- is translocated from the cytoplasm to the chloroplast, by specific 

transporters, where it is reduced to NH4
+ by nitrite reductase (NiR), the second enzyme of this 

pathway (Figure 8). Consequently, NH4
+ assimilation requires the availability of carbon 

skeletons and promotes carbon flow in the TCA cycle to produce different amino acids via the 

GS/GOGAT cycle (the enzymes glutamine synthetase (GS) and glutamate synthase or 

glutamate-2-oxoglutarate amino-transferase (GOGAT) (Turpin et al. 1988) (Figure 8). The 

GS fixes NH4
+ in a glutamate molecule to form glutamine (Stitt 1999), which in turn reacts 

with oxoglutarate to form two molecules of glutamate. Therefore, NO3
- is assimilated into the 

amino acids via the GS-GOGAT pathway, resulting in glutamine and glutamate as primary N 

organic compounds (Tobin et al. 1985; Lea and Forde, 1994). 

Two GS isoforms are present in plants: GS1 and GS2 (Bernard and Habash, 2009). The 

cytosol located GS1 isoform is involved in N recycling in senescence leaves and N 

traslocation during seed germination, whereas the chloroplastic GS2 isoform is considered 

responsible for NH4
+ assimilation (Masclaux-Daubresse et al. 2010). The role of GS1 and 

GS2 isozymes as potential marker to predict and select genotypes with enhanced NUE has 

been proposed in winter wheat (Zhang et al., 2017). 

In higher plants, GOGAT uses either NADH or ferredoxin (Fd) as the electron carrier (Lam et 

al. 1996). These two isoforms are located in distinct organelles: NADH-GOGAT in plastids 

of non-photosynthetic tissues where plays a pivotal role in the N primary assimilation and 

NH4
+ recycling (Sechley et al. 1992), whereas Fd-GOGAT in chloroplast where it is involved 

in light regulated processes (Suzuki et al. 1982). 



PROOF 

 

17 

 

 
Figure 8.Schematic and simplified representation of the nitrate uptake, transport, and assimilation in plants (from Antonacci 

et al, 2007). 

In addition to the GS/GOGAT cycle, another enzyme participates in ammonium assimilation. 

Indeed, ammonium or glutamine can be also used as substrate for asparagine synthetase (AS) 

enzyme for an ATP-dependent production of asparagine (Lam et al. 2003). Moreover, by 

amino-transferases different amino acids can be biosynthesized (Forde and Lea, 2007). 

Finally, to form organic N compounds, carbon skeletons are essential, thereby photosynthesis, 

respiration and photorespiration are also essential for N assimilation (Masclaux-Daubresse et 

al., 2010). 

3.3. Nitrate remobilization 

N-remobilization allows a rapid increase in endogenous N availability. A switch from sink to 

source, during life cycle, regulates the remobilization process. In particular, at the senescence 

stage, old leaves become sink and leaf protein are degraded providing an important N source 

for plant organs (young leaves) (Diaz et al., 2008) and for grain filling (Salon et al., 2001). 

Breeze et al. (2011) confirmed that primary N assimilation decreases with senescence while N 

recycling and remobilization enzymes are stimulated. N-remobilization occurs through 

proteolysis and amino acids release, amino acid deamination and NH4
+ release, and from 

catabolism of other N-rich compounds stored in the vacuole (Bigot et al., 1991). For example, 

the proteins degradation represents a huge N source, accumulated during vegetative stage, 

which will be remobilized and transported in other part of plant (Xu et al., 2012). Up to 95% 

of seed proteins derive from amino acids exported to seed after the degradation of existing 
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proteins in leaves (Xu et al., 2012), while the remaining is absorbed from the soil (Yoneyama 

et al., 2016). N metabolism and its remobilization processes, within the plant, are regulated by 

internal factors, such as NR and GS activities and affected by external factors, such as heat, 

drought, and salinity (Tian et al., 2016; Zandalinas et al., 2016). 

Some GS1, NADH-glutamate dehydrogenase (GDH) and asparagine synthetase (AS) 

isoforms are strongly activated during N remobilization (Masclaux-Daubresse et al., 2010). 

The nature of the amino acid transporters in phloem loading during senescence is poorly 

understood (Okumoto and Pilot, 2011). In addition, the mitochondrial GDH plays a major role 

in reassimilation of photorespiratory ammonia and can alternatively incorporate ammonium 

into glutamate in response to high ammonium levels under stress (Masclaux-Daubresse et al., 

2010). 

Many authors demonstrated that different NRT transporters are involved in the N 

remobilization. In Arabidopsis, N remobilization via phloem, from source to developing 

tissues, occurs by NPF1.1/NPF1.2 and NPF2.13 transporters (Fan et al., 2009; Hsu and Tsay, 

2013). Other members are organ specific such as NPF2.12, which is expressed in the vascular 

reproductive tissues and involved in seed N accumulation (Almagro et al., 2008). 

4. Nitrate: a signal for plant growth 

As plants are sessile organisms, they have implemented a series of mechanisms to ensure an 

efficient NO3
- uptake to cope its spatial and temporal fluctuation in soil solution due to 

leaching and microbial activity (Miller and Cramer, 2004). In particular, plants have evolved 

elaborate adaptive sensing, signaling and regulatory network in response to NO3
- availability, 

making it a signal for plant growth and development (Crawford, 1995; Wang et al., 2012; 

Remans et al., 2006; Ho et al., 2009; Ruffel et al., 2011; Marchive et al., 2013; Vidal et al., 

2015). Indeed, NO3
- triggers local and systemic signaling pathways, modulating gene 

expression, metabolism, and physiological processes in response to NO3
- availability, N-

status, photosynthesis and hormones (Nacry et al., 2013; Vidal et al., 2015; Krouk et al., 

2016; O’Brien et al., 2016). Thus, many transporters are also involved in sensing and 

regulating gene expression, including the primary nitrate response (PNR) and nitrate-

regulated root development (Remans et al., 2006; Ho et al., 2009; Gojon et al., 2011). Among 

them, at least two transporters, NRT1.1 and NRT2.1, are involved in nitrate-sensing in 

Arabidopsis. The first signal discovered in plants in response to NO3
- availability is the switch 

mechanism of NPF6.3 (NRT1.1) by the T101 residue phosphorylation, which involved 
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protein kinase CIPK23, a plant-specific calcium sensor (Ho et al., 2009; Hu et al., 2009). 

Many studies demonstrated the role of NPF6.3 (CHL1/NRT1.1) as sensor required for PNR 

regardless uptake function (Remans et al., 2006; Ho et al., 2009; Wang et al., 2009), defining 

it as “transceptor” (Ho et al., 2009). In addition, NRT2.1 was proposed as sensor able to 

modify root growth in response to NO3
- level (Remans et al., 2006). 

In addition, there are also other genes not directly involved in PNR, as calcium-dependent 

protein kinases (CPKs), which play a fundamental role in nitrate-regulated root and shoot 

growth (Liu et al., 2017). Recently, the CPK translocation from cytoplasm to nucleus 

activating a NPL transcription factor was detected (Liu et al., 2017). These signal responses 

should be considered as intracellular NO3
--related mechanisms, in which CPKs orchestrate N 

metabolism. In fact, by gene cloning and Arabidopsis mutants deficient in different regulatory 

proteins, specific functions were detected. For instance, nitrate transporters NPF6.3 and 

NRT2.1, NR, NIR, GLN2, glucose-6-phosphate dehydrogenase (G6PDH3) enzymes were 

markedly regulated by protein kinase CIPK8 (Hu et al., 2009).  

Moreover, the identification of specific sequences in Arabidopsis, belonging to the promoters 

of nitrate-inducible genes, suggests the existence of transcription factors (TFs) involved in 

nitrate signaling (Konishi and Yanagisawa, 2010). The segments of promoters detected and 

recognized were named nitrate-responsive cis-elements (NRE).  

TFs control metabolism and development, playing important roles in regulating the 

expression of NO3
--responsive genes, including sentinel genes such as NRT1.1/NPF6.3, 

NRT2.1, NRT2.2, NIA1, NIA2, and NIR. To date, different TFs involving in nitrate responses 

were identified. Guan (2017) reported transcriptional regulators, including ANR1, NLP6, 

NLP7, LBD37/LBD38/LBD39, SPL9, HNI9, NAC4, bZIP1, TGA1/TGA4, TCP20, HRS1, 

NRG2, BT1/BT2 and NLP8 families, in which some TFs are nitrate-responsive, many from 

NLP6, NLP7, HNI9, TCP20, NRG2, BT1/BT2, and NLP8. For instance, ANR1 was the first 

TF detected in lateral root apices of Arabidopsis stimulating root growth in NO3
- rich soils 

(Zhao and Forde, 1998). NPLs are involved in primary nitrate signaling, and NPL7 was found 

in nucleus via a CPK-dependent phosphorylation (Marchive et al., 2013; Liu et al., 2017). 

The TCPs (Teosinte branched1/Cycloidea/Proliferating cell factor1) are specific main 

regulators of plant morphology and architecture, playing a direct control on hormone activity 

(Guan, 2017).  

Finally, many important factors are to be discovered yet for elucidating the different nitrate-

sensing mechanisms and understanding their spatio-temporal crosstalk, at the cell-, organ-, 
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and organism-level. However, many regulatory networks with an impact on plant form and 

function, remain to be fully mapped and understood (Figure 9). 

 

Figure 9.Nitrate signalling control cellular programs with an impact on plant form and function (from Fredes et al., 2019) 

4.1. Nitrate controlled shoot growth 

Nitrate regulates shoot growth and by consequence plant biomass in response to nitrate 

fluctuations in the environment. In particular, nitrate-induced shoot growth was correlated to 

the hormone cytokinin (CK) translocation from root to shoot, and this communication has 

been proposed as a model of systemic signaling for nutrient status (Sakakibara, 2006; Ruffel 

et al., 2011; Poitout et al., 2018). Some authors demonstrated that the key enzyme linked to 

cytokinin biosynthesis IPT3, as well as several response regulators (ARR), which were 

specifically regulated by NO3
- in Arabidopsis during the primary responses (Takei et al., 

2004; Wang et al., 2004). In addition, to depict the dynamic complexity of interactions, CK 

and auxin also exert feedback controls on nitrate uptake and assimilation, modulating shoot 

growth (Guo et al., 2002; Krouk, 2016). Some results suggested that CK signaling allowed 

buds to escape auxin-mediated apical dominance; and NO3
- simulating CK-dependent 

increased some PIN-FORMED (PIN) proteins in shoot (Müller et al., 2015; Waldie and 

Leyser, 2018). Recently, observations on the NO3
- regulation of vegetative growth by 

modulating cell size and endo-replication have been reported, wherethe authors identified the 

LGO gene, a CDK inhibitor, as a key cell cycle regulatory factor influencing ploidy and cell-

size depending on external nitrate (Moreno et al., 2020). 
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4.2. Nitrate-induced root system architecture modulation  

Among nutrients, NO3
- modulates root system architecture (RSA) to optimize its acquisition 

(Forde, 2014). The RSA modification in response to NO3
- depends firstly on its concentration 

and involves the action of different cell types with high dynamism underpinning root 

plasticity. At molecular level, the gene activity is different in relation to localization, 

expression timing, and environmental responsiveness, as observed in Arabidopsis (Walker et 

al., 2017). Several regulatory factors have been implicated in RSA modulation (Figure 10).  

The NPF6.3/NRT1.1 transporter modulates RSA being involved in auxin transport in lateral 

root primordium (Krouk et al., 2010). A point mutation in the Th101 residue of NPF6.3 

transporter determined a repression of lateral root development at low NO3
- concentrations, 

highlighting that the nitrate-dependent regulation of root development relayed on the protein 

phosphorylation (Bouguyon et al., 2015). Afterwards, the same authors showed that NPF6.3 

acted differentially on protein accumulation, depending on the tissues considered, modulating 

auxin accumulation in lateral primordia (Bouguyon et al., 2016). However, in these responses 

several kinases were also involved, such as CIPK8, CIPK23, CPK10/30/32 (Liu et al., 2017; 

Varala et al., 2018). In addition, the involvement of NO3
- signaling in RSA modulation by 

scaffold proteins such as BT1 and BT2, the negative regulator GARP-type transcription 

factors NIGT/HRS1 and Cytokinin Response Factor 4 (CRF4) have been demonstrated (Kiba 

et al., 2018; Varala et al., 2018). 
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Figure 10.Summary of NO3
- signaling and assimilation (from Undurraga et al., 2017) 

Other TFs are reported to be involved in root modulation by NO3
- such as NLP6/7, TGACG 

Sequence-Specific Binding Protein 1 and 4 (TGA1/4), NAC Domain containing protein 80 

(NAC4), hormone signaling components including the auxin receptor Auxin Signaling F-Box 

3 (AFB3) (Vidal et al., 2010; Fredes et al., 2019). Furthermore, TCP20 TF can be also 

considered as a master regulator of RSA. Indeed, plants exposed to N-starvation showed an 

interaction between TPC20 and NPL6/7, useful to modulate nitrate-responsive genes by 

controlling cell cycle genes, redirecting root growth to nitrate rich-zones (Guan et al., 2017).  
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Figure 11.Summary of key transporters and regulators mediating NO3

- in plant root (Plett et al., 2018) 

As already reported, nitrate-induced effects on RSA depend on root type (primary, lateral) as 

well as on nitrate availability (low or high) (Figure 11). Many studies demonstrated that 

primary root is insensitive to normal NO3
- level (Walch-Liu and Forde, 2008; Tian et al., 

2014), but its increasing caused root growth inhibition, probably regulated by AFB3 and NAC 

(Forde, 2014). Ruffel et al. (2011) demonstrated as cytokinin was involved in root 

development into heterogeneous NO3
- conditions. In particular, NO3

- triggers an active trans-

zeatin accumulation in roots, which translocats to shoot acting in the nitrate-derived systemic 

signaling pathway (Poitout et al., 2018). More recently, an interaction between NO3
- and CK 

signals in primary root growth has been observed (Naulin et al., 2019).  
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Figure 12.Schematic diagram presents the multiple pathways regulating the root system architecture responses by NO3

- 

supply (Asim et al., 2020). 

By contrast, lateral roots are strongly affected by NO3
- in different ways (Figure 12). In 

particular, there are two evident morphological adaptations: under moderate NO3
- conditions, 

the lateral root length (LRL) is significantly stimulated, but when exposed to severe NO3
- 

deficiency or high NO3
- level, the total LRL and branching were reduced as well as its 

formation (Krouk et al., 2010; Tian et al., 2014; Sun et al., 2017). Lateral root (LR) 

development contributes considerably to RSA being more sensitive than primary roots (PRs) 

to nutrient variations (Tian et al., 2014). Nitrate heterogeneity determines also a stimulatory 

effect on LR development in NO3
–- rich zone (Sun et al., 2017). In particular, low NO3

- 

increases lateral root development by auxin biosynthesis and the nitrate-dependent RSA 

modulation by interacting with TAR2, which encodes for auxin biosynthesis (Sun et al., 

2017). A repressed auxin accumulation in LR primordia and their reduced emergence and 

numbers under low N conditions in the Arabidopsis tar2 mutant have been already observed 

(Ma et al., 2014). The transcriptional profile showed that TAR2 and PIN7 expressions are 

highly correlated with NLP7-activated and NO3
–- assimilation genes (Marchive et al., 2013; 
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Liu et al., 2017). Moreover, NLP7-regulated auxin efflux via PIN7 could determine lateral 

root numbers as previously supposed (Overvoorde et al., 2010). In addition, another nitrate 

responsive gene, BBX16 (bobby sox homolog), affects LRL in response to NO3
– (Gaudinier 

et al., 2018). Moreover, under NO3
–- deficiency, the AGL17-clad MADs-box gene (AGL21) 

is induced to promote LRs in Arabidopsis, whereas the agl21 mutant results significantly 

impaired in the LR elongation (Forde, 2014; Yu et al., 2014). 

Finally, NO3
– induces root hair density that increases nutrient uptake capacity by increasing 

the soil surface area explored. The molecular mechanism includes NPF6.3/NRT1.1 and the 

TGA1/TGA4 transcription factors via a MYB named CAPRICE (CPC), involved in the root 

hair cell (Canales et al., 2017). Recently, Liu et al (2020) showed that the root hair 

development is under control of both local and systemic NO3
– signaling effects. 

5. Plant responses to nitrogen deficiency 

Physiological and metabolic adaptations to low nutrient concentrations are important for a 

sessile plant to accomplish their life-cycle even under harsh growth conditions. For example, 

plants are able to adjust their root morphology and metabolism for growing into nitrogen-

depleted soil (Hodge, 2004). Long-term N deficiency affects the whole plant, thus, the 

morpho-physiology and biochemistry of both root and shoot is adjusted to cope with limiting 

N-conditions. This includes the increased expression of high-affinity N uptake systems (e.g., 

AMTs and NRTs), the reduction of growth and photosynthesis, N remobilization from mature 

to growing tissues and the accumulation of abundant photo-damage-protecting anthocyanin 

pigments (Peng et al., 2007; Krapp et al., 2011). 

The adaptations responses to low N firstly involve early transcriptome adjustments well 

elucidated by microarray experiments in Arabidopsis, rice and tomato (Wang et al., 2001; 

Scheible et al., 2004; Peng et al., 2008; Krapp et al., 2011). N-depletion leads to a coordinate 

repression of the major genes assigned to photosynthesis, chlorophyll and plastid protein 

synthesis, while an induction of many genes involved in the secondary metabolism, and 

reprogramming of mitochondrial electron transport was observed (Scheible et al., 2004). The 

adaptation to limiting N is concentration-dependent as mild N-stress triggers transcriptional 

down-regulation only of a small gene set. Within two days N deficiency, hundreds of genes 

are regulated in both root and shoot (Krapp et al., 2011). This involves also changes in the 

expression of regulatory miRNAs upon N-starvation (Liang et al., 2012). Remarkably, in most 

studies, a prevalent down-regulation of gene expression with advancing N-deficiency was 
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always observed. Transcriptomic impacts of long-term ammonium depletion prior to 

ammonium resupply are rather unspecified. Even less is known about the earliest responses to 

depletion of each nitrogen compound from the nutrient solution. Nutrient deprivation from 

root can elicit rapid responses similar to those observed with the phosphorus deprivation, 

which elicits rapid and robust up- and down-regulation of multiple genes as early as within a 

few minutes (Lin et al., 2011).  

6. Tomato as model plant  

Many plant species of high economic importance such as tomato, potato, tobacco, pepper and 

eggplant belong to the Solanaceae, extensively studied family among the Euasterids. Tomato 

(Solanum lycopersicum L.) is the most intensively studied member of this family, mainly due 

to its short generation time, elementary diploid genetics, a well-known genetic transformation 

methodology, inbreeding tolerance, and a vast well-characterized genetic resource (Van der 

Hoeven et al., 2002; Barone et al., 2008). Originated from South America, it was spread 

around the world to become one of the most extensively used vegetable crops. Besides its 

economic value, it has interesting developmental features, such as compound leaves, fleshy 

fruits, and sympodial shoot branching (Schmitz and Theres, 1999; Townsley and Sina, 2012). 

For its behavior, tomato has known an exciting phase of research development, in which huge 

amount of genomic, proteomic and metabolomics datasets have been gathered. These 

advantages make tomato an excellent model plant for both basic and applied research. 

The whole genome sequencing of tomato was completed in 2012 as an initiative of the 

Tomato Genome Consortium, including more than 90 research institutions (Tomato Genome 

Consortium, 2012). The genome sequence, its epigenome and other extensive resequencing 

data are available from the Sol Genomics Network (SGN: https://solgenomics.net). 

Furthermore, the Tomato Genomics Resources Database (TGRD: 

https://59.163.192.91/tomato2/) houses RNA-seq and microarray data for tomato as well as 

some metabolite data. These databases allow an interactive browsing of tomato genes, micro 

RNAs, simple sequence repeats (SSRs), quantitative trait loci (QTL) and the Tomato-EXPEN 

2000 genetic map (Suresh et al., 2014). There are extensive genetic resources for mutant 

collections (Tomato Genetic Resource Center, TGRC University of California, Davis: 

https://tgrc.ucdavis.edu/), several excellent TILLING (Targeting Induced Local Lesions IN 

Genomes), populations for mutant discovery (UC Davis in Heinz-1706; INRA Bordeaux in 

MicroTom, INRA Versailles in M82), Red Setter and Money Maker (phenotypes available 
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through SGN and LycoTILL) and a phenotypic library of additional mutations catalogued in 

“The Genes that Make Tomato”, available through SGN.  

Compared to other model plants, tomato studies have been facilitated by the development of 

specialized variety such as MicroTom, characterized by a short growth cycle and reduced 

plant size. This cherry tomato variety has been used for fundamental research to be then 

transferred to large-sized, globe tomato varieties (Dan et al., 2006). In addition, the 

establishment of the S. lycopersicum×S. pennellii introgression lines (ILs) (and now, other IL 

populations including S. lycopersicum×S. lycopersicoides, S. lycopersicum×S. 

pimpinellifolium, S. lycopersicum×S. sitiens, S. lycopersicum×S. chilense, and S. 

lycopersicum×S. habrochaites=hirsutum) provided unique genetic resources to identify loci 

controlling important traits (Frary et al., 2000; Kushibiki and Tabata, 2005; Powell et al., 

2012). 

As in other model organisms, methods for stable and transient expression/silencing of target 

genes in tomato are well developed (Hannon, 2002; Orzaez et al., 2009). Recently, with the 

emergence of the new breeding technologies of genome editing, new alleles can be created 

directly into the desired genetic background, to supply beneficial quantitative variation for 

tomato breeding (Rodríguez-Leal et al., 2017). In particular, Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) genome editing 

has been proved to be particularly efficient in tomato breeding for improving fruit yield and 

quality, increasing stress resistance and accelerating the domestication of wild tomato 

(Brookes et al., 2014; Li et al., 2018; Wang et al., 2019; Tran et al., 2021) (Figure 13). 

Besides transcriptomics and genome editing, proteomics has become one of the largest areas 

to study functional genomics (Park, 2004). The importance to study the dynamic and complex 

plant proteomes relies on the identification of proteins and their modifications in stress 

conditions to develop crop improvement (Hu et al., 2015; Kilambi et al., 2016). Proteome 

databases contain the protein sequences diverged from predicted genomic gene models and 

unigene transcripts. Nowadays, the tomato database (v.3.2), maintained by the international 

tomato annotation group (iTAG), contained 30,868 annotated genes, from which 2,300 genes 

were user curated. Other proteomics and genomics databases for tomato are available by 

Phytozome (https://phytozome-next.jgi.doe.gov/), Plant Genome and Systems Biology 

(PGSB) (https://pgsb.helmholtzmuenchen.de/plant/tomato), and the Tomato Genomic 

Resources Database (TGRD) (https://59.163.192.91/tomato2). 
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Figure 13.A chart illustrating the applications of genome editing in tomato improvement (from Xia et al., 2021) 

Recently, SGN has created an initiative to map the tomato secretom 

(https://solgenomics.net/secretom), created as a support to study the proteins of the cell wall, 

proteins secreted in the exterior of the plasma membrane, considered part of the secretory 

pathway. Secretom proteins are involved in communication, responses to stress and plant 

development (Krause et al., 2013). The secretom is especially important for fleshy fruits, 

considering the relationship of the mechanical and chemical characteristics of the cell wall 

and fruit texture (Konozy et al., 2013). SecreTary is another tool developed by the SGN, 

which allows the accurate computational prediction of proteins of the secretom, which 

datasets are available through FTP on the Secretom website. 

Additionally, recent progress in tomato metabolomics provides extensive information about 

its primary and specialized metabolism and the pathways involved in their synthesis and 

turnover (Luo, 2015; Tieman et al., 2017; Zhu et al., 2018). During the past 15 years, the 

integration of metabolic profiling with transcriptome data has proven to be highly effective 

for identifying gene functions and elucidating metabolic pathways in plants (Luo, 2015). For 

example, pioneering work by Carrari et al. (2006) combined gas chromatography-mass 

spectrometry (GC-MS) with parallel transcriptome analysis to dissect metabolic changes 

during tomato fruit development. 
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To evaluate how breeding has changed the tomato fruit metabolome, different research groups 

have recently generated and analyzed large datasets encompassing genomes, transcriptomes, 

and metabolomes from hundred tomato genotypes (Tieman et al., 2017; Zhu et al., 2018; 

Zhao et al., 2019). Through metabolite genome-wide association studies (mGWAS), 

researchers have identified a large number of genetic loci that affect the concentrations of 

important metabolites in tomato fruit (Tieman et al., 2017; Zhao et al., 2019).  

7. Objectives and organization of the thesis 

In intensive cropping systems, farmers massively apply N fertilizer to sustain high yield. 

Unfortunately, crops utilize 40% of the supplied N and the remaining is lost into the 

environment becoming a cue for the ecosystems. Crops modern varieties have been selected 

in high-input conditions for maximize yields, whereby the favorable traits for N uptake and 

assimilation in these varieties could decline under an N limited supply. Therefore, the 

exploitation of genetic diversity within the landraces is considered a promising strategy to 

enhance NUE. Long-storage tomato ecotypes, cultivated in the Mediterranean basin and 

resilience to many abiotic stresses, represent good candidates to identify high NUE genotypes 

and study the molecular mechanisms underlying this complex trait. In this respect, the core 

research objective of this thesis focused on morpho-physiological and molecular responses in 

two NUE-contrasting tomato genotypes in response to low NO3
- availability. 

In Chapter I, we evaluated the performances of four tomato genotypes at low NO3
- (LN). 

They were compared for root and shoot morphological traits, biomass production, chlorophyll 

content, NUE and its components, NUpE (Nitrogen Uptake Efficiency) and NUtE (Nitrogen 

Utilization Efficiency) performances (Chardon et al., 2010; Siddiqi and Glass, 1981). In 

particular, we identified a pair of NUE-contrasting tomato genotypes, Regina Ostuni (RO, 

high-NUE) and UC82 (low-NUE), confirming our previous results (Abenavoli et al., 2016). 

Furthermore, the relative expression of some NO3
- metabolism related genes over time and in 

both tissues suggested that NUtE component as the most responsible for NUE enhancement 

compared to NUpE. In particular, we focused on genotypes abilities to modulate long-

distance NO3
- transport, assimilation, remobilization and vacuolar storage.  

In Chapter II, after five days of N-deprivation, RO and UC82 short-term (0h, 8h and 24h) 

transcriptome responses to low (LN) and high (HN) NO3
- resupply, were compared in both 

roots and shoots. For this purpose, we generated 60 RNA libraries taking into account three 

variables: genotypes (G), NO3
- condition (N) and time (T) for each tissue. The resulting Reads 
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per kilobase of transcripts per million mapped reads (RPKM) were normalized using DEseq2 

R package. To take into consideration all the variables, firstly data were modeled using an 

ANOVA multivariate linear model to identify the differentially expressed genes (DEGs) for 

each variable and their interactions. We focused on the significant DEGs between genotypes 

(G), but also for G×N and G×N×T interactions. Then, the significant temporal expression 

profiles and genes associated with these profiles as well as a comparison of genes behavior 

across multiple conditions were analyzed by STEM software. This analysis permitted to 

screen for the significant N-responsive genes in RO and UC82 after 8 and 24h of N-resupply. 

Afterwards, DEseq2 R package was used to identify among the N-responsive genes those 

differentially expressed between genotypes (ROvs.UC82), highlighting the major pathways 

affected over time, in both root and shoot. Finally, a Weighted Gene Co-expression Network 

Analysis (WGCNA) was carried out to identify the co-expression modules significantly 

correlated to LN treatment in the high-NUE genotype (RO). In shoot, the LN-responsive 

metabolic processes specifically induced after 24h LN resupply in RO included the vegetative 

phase change, the carbohydrate mediated signaling, the response to nutrient, the cytokinin 

biosynthetic process and the carbon fixation in photosynthetic organisms. By contrast, any 

metabolic process was significantly affected in root. Finally, the regulatory network analyses 

allowed us to identify the key LN-related genes in each module, which might be responsible 

for the differential regulation of the early response to LN between genotypes. 

In Chapter III, we compared the RO and UC82 transcriptome profiles in response to long-

term (7 days) LN-stress, and a WGCNA was carried out to correlate the co-expression 

modules to the phenotypic traits analyzed in Chapter 1. In this respect, we generated RNA 

libraries from both root and shoot of each genotype after 7 days LN and HN resupply. Using 

DEseq2 R package, we first identified the DEGs between genotypes at each N condition to 

study the genotypic effect (ROvs.UC82-HN and ROvs.UC82-LN), and the DEGs between LN 

and HN in each genotype to study the N-effect (RO-LNvs.HN and UC82-LNvs.HN). Venn 

diagrams allowed us to identify the genotype-specific LN-responsive genes (DEGs related to 

RO-LNvs.HN and UC82-LNvs.HN comparisons), as well as the LN-specific DEGs related to 

the ROvs.UC82-LN comparison, excluding those shared with the ROvs.UC82-HN 

comparison. Interestingly, most of the LN-specific differential expressions observed in 

ROvsUC82 comparison affected genes involved in the photosynthesis process. Then, 

WGCNA investigated the co-expression modules highly correlated with the morpho-

physiological traits as well as NUE and its components in both shoot and root. The hub 
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modules revealed a significant enrichment mainly in photosynthesis and transmembrane 

transport activity biological process GO term, in shoot and root, respectively. Finally, the 

regulatory network analysis of the hub modules revealed some key NUE and NUpE related 

genes in shoot and root, respectively, which might represent novel candidate genes for NUE 

improvement in tomato. 

In conclusion, our study presented detailed analyses on two NUE-contrasting tomato 

genotypes responses to N limited availability. Furthermore, transcriptomic profiles 

comparisons showed genotype specific behavior as well as correlations between gene 

transcription, LN treatment and phenotypic traits. The different adaptive responses between 

N-use efficient and inefficient genotypes also opened novel insight into the LN-stress 

regulation in tomato. These findings represent guidelines to select for LN tolerance and NUE 

improvement through molecular assisted breeding and genome editing approach in tomato. 
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Chapter I 

New insights into N-utilization efficiency in tomato (Solanum 

lycopersicum L.) under N limiting condition 
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1. Introduction 

Nitrogen (N) fertilizers have largely contributed to vegetable crops high yield worldwide to 

meet the increasing food demands (Robertson and Vitousek; 2009). Tomato (Solanum 

lycopersicum L.) is one of the most important horticultural crops with 4.7 million cultivated 

hectares and 182 million producted tonnes in 2018 (FAOstat, 2020). The lowest N supply 

recommended for a high tomato yielding is about 100-150 kg ha-1 (Doorenbos and Kassam, 

1986), but doses more than two fold higher are usually applied (Scholberg et al., 2000). 

However, crops utilize less than half of the applied N-fertilizer and the remaining amount is 

lost into the environment causing dangerous pollution as well as reducing nitrogen use 

effieciency (NUE) in crops (Socolow, 1999; Xu et al., 2012). So, improving crop NUE, 

exploiting the genetic diversity for this trait, is considered one of the most promising strategy 

to enhance crop production sustainability (Lammerts van Bueren and Struik, 2017), 

minimizing the impact of high N-fertilization (Gutiérrez, 2012, Xu et al., 2012). In this 

context, long storage tomato ecotypes cultivated in the Mediterranean basin are of great 

interest being resilient to drougth and N-limited conditions, typical of this area (Abenavoli et 

al., 2016). Besides, deep insights on both physiological and molecular mechanisms to cope 

low-N are required for an effective use of genetic and genomic approaches when improving 

NUE.  

NUE is a complex trait in which physiological, developmental and environmental factors are 

involved; it encompasses the plant efficiency to absorbe (NUpE component), assimilate, 

transport and remobilize the available N into the soil (NUtE component) (Jackson et al., 2008, 

Xu et al., 2012). In tomato, physiological and molecular NUE-related traits were studied 

under contrasting N-supply, focusing mostly on root morphology, nitrogen uptake and 

transport systems (Abenavoli et al., 2016, Lupini et al., 2017), albeit further efforts should be 

addressed to nitrogen utilization efficiency (NUtE). 

Nitrate (NO3
-) is the major N source in well-aerated soil (Crawford and Glass, 1998). Once 

uptaken into the root cell, NO3
- is either assimilated to organic nitrogen or stored/sequestred 

in root cell tonoplasts (Orsel et al., 2002); otherwise, it is loaded into the xylem vessels and 

then transported to above-ground organs (Marschner et al., 1997). In Arabidopsis, a higher 

NO3
- allocation to the shoot was correlated with higher NUE (Lin et al., 2008). Tang et al. 

(2012 and 2013) suggested that the promotion of NO3
- transport from root to shoot represents 

an “adventagous physiological adaptation”, which allows the utilization of solar energy for 

NO3
- assimilation contributing to higher NUE. According to Hirose and Bazzaz (1998), high-
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NUtE seems to be related to the ability of efficient genotypes to reallocate N to the best 

lighted leaves with an efficient photosynthetic activity useful for a more cost-effective 

assimiliation. Thus, NUtE is considered positively correlated to the photosynthetic activity 

(Smirnoff and Stewart, 1985; Tang et al., 2013). 

The NO3
- long and short-distance transport mechanisms are as well significantly involved in 

NUtE. In particular, the NRT1.5 and NRT1.8 genes regulate nitrate long-distance transport 

and its distribution between roots and shoots. In roots of Brassica napus and Arabidopsis, 

NRT1.5 is responsible for xylem NO3
- loading, whereas NRT1.8 mediates xylem NO3

- 

unloading (Lin et al., 2008, Li et al., 2010, Han et al., 2016). Their regulation is controlled by 

cytosolic NO3
- concentration, which in turn depends on NO3

- short-distance transport between 

cytosol and vacuole, mediated by chlorid channel protein (CLCa) in the tonoplast membrane 

(De Angeli et al., 2006, Han et al., 2016). Indeed, the NO3
- sequestration in root cells vacuole 

prevents its assimilation and allocation to the shoots for further utilization (Han et al., 2015).  

The N remobilization also plays a key role in NUtE improvement (Mickelson et al., 2003; 

Masclaux-Daubresse et al., 2008). Indeed, the N remobilization from the older to the younger 

leaves results essential to sustain plant vigorous growth under N deficiency (Rossato et al., 

2001; Schiltz et al., 2005; Fan et al., 2009). During leaf senescence, organic N is the major 

remobilized form (Good et al., 2004; Masclaux-Daubresse et al., 2008); although, the stored 

NO3
- can also be remobilized from older leaves to N demanding tissues as in Arabidopsis. In 

this species, NO3
- remobilization is mediated by NRT1.7 gene, encoding a low affinity NO3

- 

transporter, expressed in phloem source leaves minor veins and responsible for NO3
- loading 

into the sink tissues (Fan et al., 2009; Chen et al., 2020). Another gene, NRT2.7 could be 

involved in NUE improvement. This high affinity NO3
- transporter is responsible for its 

storage in Arabidopsis seeds (Chopin et al., 2007), and seems to play a role in NO3
- efflux 

regulation in leaves, balancing NO3
- assimilable amount by transporting back into xylem 

vessels any NO3
- excess (Orsel et al., 2002). The NRT2.7 transcripts were also reported in N-

stress tolerant sorghum genotype leaves (Gelli et al., 2014).  

Recently, a genotypes pair contrasting for NUE was selected among some long-storage 

tomatoes, speculating about the key role which might play NUtE in NUE performance 

(Abenavoli et al., 2016). In the present work, NUE performance of both genotypes were 

confirmed by using different NUE definitions, in addition the NUtE component was deeply 

evaluated throughout the gene expression analysis of most NO3
- metabolism related genes in 

both shoots and roots under NO3
- limiting and non-limiting supply. In particular, we focused 

on the ability of N-efficient and inefficient genotypes to modulate long-distance N transport, 
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assimilation, remobilization and vacuolar sequestration based on the related genes expression. 

Finally, the correlation between NUE and its components and the N-metabolism-related gene 

expressions was highligthed. 

2. Materials and Methods 

2.1. Screening for NUE 

2.1.1.Plant material and growth conditions 

Seeds of three tomato landraces, namely Linosa and Piriddu from Sicily (University of 

Palermo, Italy), Regina Ostuni (RO) from Apulia (University of Bari, Italy) and a North 

American cultivar, UC82, from the Department of Plant Sciences (University of California 

Davis), were sterilized with 10% (v/v) NaClO for 15 min and then transferred in Petri dishes 

(Ø 90 mm) for 10 days as reported by Lupini et al. (2017). Seedlings of each genotype, with 

uniform size, were selected and transferred in an aerated hydroponic system containing a 

complete Hoagland solution supplied with 10 mM Ca(NO3)2, according to Abenavoli et al. 

(2016) with some modifications. Tomato seedlings were then placed in a growth chamber 

maintained at 25°C, 70% relative humidity and 16 h photoperiod with a light intensity of 350 

µmol m−2s−1. The nutrient solution was renewed every two days and the pH was maintained at 

5.8 with 1 M KOH. After 10 days, the half of each genotype was maintained in non-limiting 

N condition (5 mM Ca(NO3)2) (control), while the remaining was transferred in N-limiting 

condition (0.25 mM Ca(NO3)2), for one week. These two NO3
- concentrations (0.5 and 10 

mM) were previously established (Abenavoli et al. 2016). 

2.1.2.Root and shoot morphology and biomass evaluation  

Ten plants (27-d old) from each genotype and treatment (10 mM and 0.5 mM) were collected, 

divided into shoot and root, and weighted. Roots were dipped in 0.1% (w/v) toluidine blue 

(Sigma Aldrich, #89160) for 5 min, rinsed in deionized water, and then scanned at 1200 dpi 

resolution (WinRhizo STD 1600, Instruments Règent Inc., Quebec, Canada) to determine the 

total root length (TRL, cm) and root volume (RV, cm3) using WinRhizo Pro System v. 2002a 

software, as reported by Lupini et al. (2016; 2017). Shoots were analyzed by IMAGE J 

software to measure plant height (cm), leaf number (#) and leaf area (cm2). Then, shoots and 

roots were dried at 70°C for two days until their weight remained constant to determine their 

dry weight (SDW and RDW, respectively). Total dry weight (TDW, g) was calculated by 

adding SDW to RDW. Root length ratio, RLR (root length/whole plant dry weight, cm g-1), 

root mass ratio, RMR (root dry weight/whole plant dry weight, g g-1), root thickness or 
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fineness, RF (root length/root volume, cm cm-3) and root density, RD (root dry weight/root 

volume, g cm-3) were calculated. 

2.1.3.Chlorophyll content 

Chlorophyll content was also evaluated by SPAD meter (Minolta). Ten measurements per 

plants (five) for each genotype and treatment were performed on the adaxial surface of leaves. 

2.1.4.Nitrogen content  

Total nitrogen content (mg N, Nc) was determined in both shoot and root of each genotype by 

combustion method through a LECO-CNS-1000 analyzer (LECO Instruments Ltd., 

Mississauga, ON) as reported by Lupini et al. (2017), root/shoot Nc ratio was then calculated. 

The mean is the average N-content of five plants for each genotype and treatment.  

2.1.5.Nitrogen Use Efficiency and its components 

Nitrogen Use Efficiency (NUE, SDW N%-1, where N% is the g N (100 g TDW)-1) (Chardon 

et al., 2010), Nitrogen Utilization Efficiency (NUtE, SDW2 Nc-1) (Siddiqi and Glass, 1981) 

and Nitrogen Uptake Efficiency (NUpE) (TDW x N concentration (g N g TDW-1) (Chardon et 

al., 2010) were calculated. The mean is the average value of five plants for each genotype and 

treatment. 

2.2. Gene expression analysis 

2.2.1.Growth conditions  

Since the internal nitrate concentration modifies the N response and its regulatory 

mechanisms (Forde and Clarkson, 1999), an experiment was carried out to define the nitrate 

starvation time in the NUE contrasting genotypes, RO and UC82. Thus, tomato seedlings (10 

days old) grown in hydroponic system in non-limiting NO3
- supply for 10 days, were 

transferred to N-free solution. Shoots and roots were sampled at 0, 1, 4 and 7 days of 

treatment, for Nc determination and results were evaluated by a nonlinear regression model. 

The recovery key time where the starvation was reached (minimum Nc value) was estimated 

at 5 days. The mean for each sampling time is the average of three plants (Figure S1). 

2.2.2.RNA extractions and cDNA synthesis  
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Plants (20-d old) were starved in an N-free solution for 5 days and then exposed to 0.5 mM 

and 10 mM NO3
- for 7 days. Shoots and roots were harvested separately after 0, 8, 24 h and 

one week N-treatments and immediately frozen in liquid nitrogen. Three biological replicates 

for each genotype, sampling time and N level were harvested, and each replicate was 

constituted of a pool of three plants. Total RNA from shoots and roots of both genotypes was 

isolated and purified using RNeasy Plant Mini Kit (Qiagen, Milano, Italy) according to the 

manufacturer’s protocol. The total RNA was quantified using a NanoDrop 2000 (Thermo 

Scientific), and its integrity was assayed on 2% agarose gel electrophoresis. A first-strand 

cDNA was synthesized from 2 µg of total RNA using Maxima First Stand cDNA Synthesis 

Kit (Thermo Fisher Scientific Baltics UBA) according to the manufacturer instructions.  

The primer specificity of candidate reference genes was detected through PCR, and the mixed 

cDNA was used as template. The PCR reaction mix included 12.5 µL 2×Dream Tap Green 

PCR Master Mix (Thermo Scientific), 1 µL forward/reverse primers (100 µM), 1ul cDNAs 

(50 ng/µL), and 9.5 µl ddH2O supplement. The PCR reaction procedures were as follows: 35 

cycles, 94°C for 3 min, 94°C for 30 sec, 59°C for 30 sec, followed by elongation at 72°C for 

12 sec and extension for 5 min. At the end of the reaction, 2% agarose gel electrophoresis was 

used to detect primers specificity. 

2.2.3.Quantitative Real-Time PCR (qRT-PCR) 

Specific primers for nitrate and nitrite reductase (SlNR and SlNIR, respectively), chloroplastic 

glutamate synthetase (SlGS2) and glutamine synthase (SlGOGAT), low and high affinity NO3
- 

transporters (SlNRT1.5, SlNRT1.8, SlNRT1.7 and SlNRT2.7) and chloride channel protein 

(SlCLCa) were designed together with the reference gene (SlActin) using primer 3 

(http://primer3.u.ee/) (Table 3). The qRT-PCR was performed in 96-well plates on StepOne™ 

Real-Time PCR System (Applied Biosystems, foster, CA, USA) using PowerUp SYBR Green 

master mix (Applied Biosystems by Thermo Fisher Scientific) according to the manufacturer 

instructions. The qRT-PCR was carried out starting from 2 min at 50° C, 2 min 95° C (initial 

denaturation), then 40 cycles of 15 s at 95°C, 1 min at 59°C and finally 15 s at 95°C, 1 min at 

60°C and 15s at 95°C. Three biological and two technical replicates were performed for each 

genotype, sampling time and NO3
- level. The PCR efficiency of primer pairs was optimized in 

the range 92-105% with R2-values of 0.997. The qPCR results were normalized adopting the 

2−∆∆Ct comparative method (Livak and Schmittgen, 2001) considering time 0 for each target 

gene as calibrator and where ∆∆CT = (CT,Target - C,Actin)Time x - (CT,Target - C,Actin)Time 0. In the 

formula, “Time x” and “time 0” represent any time point and the 1X expression of the target 
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gene normalized to the internal control gene (SlActin), respectively. The qPCR results at T0 

are presented in the supplementary materials as the normalized relative quantity of each target 

gene’s expression with respect to the reference gene SlActin (2-∆Ct). 

2.3. Statistical analysis 

All the experiments were set up in a completely randomized design with at least five 

replications. The data were checked for normality (Kolmogorov–Smirnov test) and tested for 

the homogeneity of variance (Leven median test). The data were then analyzed by ANOVA, 

and the means were separated by Tukey’s Honest Significant Difference (HSD) test (p < 

0.05), using Systat software (Systat Software Inc., Chicago, IL, USA). The relative gene 

expressions (2-∆∆Ct) within each time point were analyzed by ANOVA based on three 

biological replicates for each treatment by using R software version 3.5.0. 

Table 3.Primers for qRT-PCR 

Gene Accession ID Primer Sequences (5' to 3') 
Amplicon 
length 

SlNR NM_001328498.1 Forward  5'-GGTGGATGGATGGCAAAGGA-3' 127 

  Reverse  5'-TCCTCACCTCGGACATGGAA-3' 

SlGOGAT XM_004234907.4 Forward  5'-GTGGTTTGGGCCATCTCTGA-3' 83 

  Reverse  5'-CACGACTGTTGGCTGCTTTT-3' 

SlGS2cp NM_001323669.1 Forward  5´-TGGAGTTGAGGTGTAATTGTTGG-3´ 105 

  Reverse  5´-CATTCGGAAAGAGCACACCA-3´ 

SlNir XM_004248688.4 Forward  5´-GGACAGGTTGCCCAAATACA-3´ 67 

  Reverse  5´-GTCAGGCATCCCATGAATCCG-3´ 

SlNRT1.7 XM_004238712.2 Forward  5'- TCCCCGAAAACATGAGCAGT -3' 117 

  Reverse  5'- GCCCATTTCCTCCCGTAGTG -3'  

SlNRT2.7 XM_004233279.4 Forward  5'-TCCTTCGTTCATTTCATGGCG-3' 101 

  Reverse  5'-CATCAGGTAAGTCCTGGCCG-3' 

SlCLC-a XM_004231738 Forward  5´-CGTCTCCCTTTTCACCTCCA-3´ 93 

  Reverse  5´-CCAGGACAGGACCCTTGAAT-3´ 

SlNRT1.5 XM_004244498.4 Forward  5´-TCCTTAGTGTAGCAGGCGTC-3´ 127 

  Reverse  5´-ACCAGTCCAATACCCATCCG-3´ 

SlNRT1.8 XM_010328990.3 Forward  5´-GCCTTTGTGCAGTGTCTCAA-3´ 141 

  Reverse  5´-CTGTTTTCATTGCAGCCCCT-3´ 

SlActina) NM_001330119.1 Forward  5´AGGTATTGTGTTGGACTCTGGTGAT-3´ 81 

  Reverse  5´-ACGAGAATGGCATGTGGAA-3´ 

a) Reference gene used as internal standard (Løvdal and Lillo, 2009) 
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3. Results 

3.1. NUE evaluation 

3.1.1.Biomass and morphological response to limiting 

NO3
- supply 

Plant growth of two tomato genotypes, RO and UC82, were analyzed under limiting and non-

limiting NO3
- supply (Figure S2). The biomass production, expressed as shoot dry weight 

(SDW), varied significantly between NO3
- treatments and among tomato genotypes (P < 0.05) 

(Figure 14A). By contrast, root dry weight (RDW) did not differ significantly among 

genotypes and between N-treatments (Figure 14B). The SDW results indicated that RO was 

the less sensitive to NO3
- limiting supply than UC82.  

 Figure 14.Shoot (A) and root (B) dry weight of four tomato genotypes grown under NO3
- limiting (0.5 mM Ca(NO3)2) and 

non-limiting (10 mM Ca(NO3)2) supply (P < 0.05, n=5). 

All the genotypes did not show any significant variation in response to different NO3
- supply 

in total root length (TRL), root tissue density (RTD), root fineness (RF) and shoot length 

(SL), whilst root length ratio (RLR), root mass ratio (RMR), leaf number (# L) and leaf area 

(LA) varied significantly except for RO (P < 0.05) (Table 4), for which these parameters 

underlined RO lowest sensitivity to NO3
- limiting supply (Table 4). 
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Table 4.Comparison of root and shoot morphology among four tomato genotypes grown under NO3
- limiting (0.25 mM 

Ca(NO3)2) and non-limiting (5 mM Ca(NO3)2) supply. (TRL,  Total Root Length; RLR,  Root Length Ratio; RMR,  Root 
Mass Ration; RTD, Root Tissue Density; RF, Root Fineness; #L, Leaves number; LA,  Leaf Area; SL, Shoot Length). 
Different letters along column indicate statistical significant differences (P < 0.05). 

Genotypes [NO3
-] TRL (cm) RLR (cm g-1) RMR RTD (g cm-3) RF (cm cm-3) # L LA (cm2) SL (cm) 

Linosa 0.5 845,74 c 6192,55 a 0,094 ab 0,07 abc 3595,78 abc 19,66 c 93,38 ab 17,52 ab 

 
10 1015,19 bc 2302,42 b 0,052 c 0,08 abc 3508,05 abc 33,66 ab 163,29 c 18,97 a 

Piriddu 0.5 1006,94 bc 6456,08 a 0,101 ab 0,065 bc 4181,68 a 26,67 bc 83,72 a 13,57 cd 

 
10 727,77 c 2969,67 b 0,051 c 0,07 abc 4047,86 a 34,66 a 123,98 b 16,1 bc 

R.O 0.5 1734,72 a 4846,31 ba 0,091 ab 0,081 ab 4006,72 a 36,66 a 168.91 c 10,20 e 

 
10 1780,38 a 3281,76 b 0,074 bc 0,092 a 3640,12 ab 39,66 a 180.26 c 10,61 e 

UC82 0.5 1453,20 ab 5806,038 a 0,117 a 0,058 bc 2835,59 c 25,33 c 67,13 a 11,81 de 

 
10 1713,02 a 3104,09 b 0,057 c 0,055 c 3012,13 bc 38,67 a 126,72 b 14,96 bc 

 

3.1.2.Chlorophyll content (SPAD) 

Chlorophyll content was measured in tomato leaves of each genotype and treatment, the 

SPAD values showed significant differences in response to limiting and non-limiting NO3
- 

conditions in all the genotypes, except for RO that exhibited similar values at both N-

treatments. In addition, UC82 appeared the most sensitive genotype to N limitation (Figure 

15). 

 
Figure 15.Chlorophyll content (SPAD values) in four tomato genotypes grown under NO3- limiting (0.5 mM Ca(NO3)2) and 
non-limiting (10 mM Ca(NO3)2) supply (P < 0.05, n=5). 
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3.1.3. Nitrogen content and nitrogen use efficiency 

The N content (Nc) did not vary significantly in root of all the genotypes, except for RO, 

which showed a significant lower Nc under NO3
- limiting condition; by contrast, significant 

differences were observed in the shoot of all the genotypes (Figure S3; Table S1). To further 

analyze N distribution in plant, the root/shoot Nc ratio (R/S Nc ratio) was also calculated. In 

NO3
- limiting supply, RO exhibited the lowest R/S Nc ratio value indicating a lower N 

content in root compared to the other genotypes. By contrast, similar R/S Nc ratio values were 

observed under NO3
- non-limiting condition among genotypes (Figure 16A). Under NO3

- 

limiting supply, NUE increased significantly in RO respect to the control, while any 

significant difference was observed between treatments in the other genotypes. In the same 

condition, NUpE decrased in all the genotypes except for Linosa, while NUtE decreased 

significantly only in UC82, respect to the control. Overall, in NO3
- limiting supply, RO 

showed significant higher NUE and NUtE, while UC82 exhibited a marked NUtE decrease 

compared to the other genotypes. (Figure 16B,C and D).  

 
Figure 16.Root/shoot N content ratio (R/S ratio) (A), Nitrogen Use efficiency (NUE) (B), Nitrogen Utilization Efficiency 
(NUtE) (C)  and Nitrogen Uptake efficiency (NUpE) (D)  of four tomato genotypes grown under NO3- limiting (0.5 mM 
Ca(NO3)2) and non-limiting (10 mM Ca(NO3)2) supply (P < 0.05, n=5). 
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3.2. Gene expression analysis 

Based on morphological and physiological traits, RO and UC82 were selected for their 

contrasting response in NO3
- limiting conditions. The expression patterns of NO3

- 

assimilation, allocation, remobilization and storage/sequestration related genes in root and 

shoot of both genotypes were analyzed at 0, 8 and 24 h (short-term response) and after one 

week (long term response) from NO3
- recovery. 

3.2.1.Short and long-term response to limited NO3
- supply 

in shoot 

The time-course of SlNR, SlNIR, SlGS2, SlGOGAT, SlNRT1.7, SlNRT2.7 and SlCLCa 

expressions was assessed (Figure 17). Before NO3
- recovery (0h), no significant differences 

were observed in gene expressions (2-∆Ct) between the two genotypes except for SlNR and 

SlGS2, which were significantly more expressed in UC82 respect to RO (P <0.05) (Figure 

S4A; Table S2).  

After 8h from NO3
- recovery, SlNR and SlNRT1.7 expressions were significantly up-regulated 

in both genotypes (Figure 17A, E), while SlNIR and SlGOGAT were significantly down-

regulated only in RO under NO3
- limiting (0.5mM) compared to non-limiting (10mM) 

condition (Figure 17B,D). In turns, SlCLCa was significantly up- and down-regulated in RO 

and UC82, respectively, in NO3
- limiting compared to the non-limiting condition (P <0.05) 

(Figure 17G; Table S3). Furthermore, SlGS2 and SlNRT2.7 did not show significant 

differences between genotypes and N treatments (Figure 17C, F). Interestingly, the expression 

levels of SlNRT1.7 was significantly higher in RO compared to UC82, while SlNIR, 

SlGOGAT and SlCLCa were significantly more expressed in UC82 compared to RO in the 

NO3
- limiting condition (P < 0.05) (Table S3).   
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Figure 17.Differential relative expression of NO3

- metabolism-related gene in shoot of RO and UC82 grown under NO3
- 

limiting (0.25 mM Ca(NO3)2) and non-limiting (5 mM Ca(NO3)2) supply. Shoots of 32d old plants were sampled at 0h, 8h 
and 24 h after NO3

- recovery. The mean fold change in expression of the target gene at each time point was calculated using 
the 2−∆∆Ct method, where ∆∆CT = (CT,Target - C,Actin)Time x - (CT,Target - C,Actin)Time 0, SlActin was the internal control gene and 
time 0 was the calibrator. Means and standard errors are shown from the analysis of three biological replicates (P < 0.05, 
n=3) and different letters within each time point indicate significant differences at P <0.05). 

After 24h, SlNR and SlNIR expressions did not show significant differences between 

genotypes and treatments (Figure 17A, B). The SlGS2 and SlCLCa expressions were 

significantly down-regulated in RO and UC82, respectively, under NO3
- limiting compared to 

non-limiting condition (P < 0.05) (Figure 17C, G; Table S3). Further, SlGOGAT expression 

was significantly down-regulated in RO and UC82 at 0.5mM (Figure 17D), SlNRT1.7 

expression was significantly up-regulated in RO (Figure 17E), while SlNRT2.7 expression 

was significantly up and down-regulated in RO and UC82, respectively under NO3
- limiting 
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compared to non-limiting condition (P < 0.05) (Figure 17F; Table S3). At this recovery time, 

the SlNRT1.7 and SlNRT2.7 expression levels under NO3
- limiting supply were significantly 

higher in RO compared to UC82 (P < 0.05) (Table S3). 

After one week (7d) from NO3
- recovery, the SlNR and SlNIR expression levels did not show 

any significant differences between NO3
- treatments in RO, while both gene expressions were 

significantly down-regulated in UC82 at 0.5mM compared to non-limiting N-treatment (P < 

0.05) (Figure 17A,B; Table S3). Furthermore, SlGS2 did not show significant differences 

between genotypes and N treatments (Figure 17C), while SlGOGAT and SlNRT1.7 

expressions were significantly down and up-regulated, respectively, in both genotypes (Figure 

17D-E). Finally, SlNRT2.7 was significantly up-regulated only in RO in NO3
- limiting 

condition respect to the control (P < 0.05) (Figure 17F, Table S3). In addition, the SlNR and 

SlNRT2.7 transcripts abundance was significantly higher in RO compared to UC82, while 

SlGOGAT expression level was higher in UC82 compared to RO, in NO3
- limiting condition 

(P < 0.05) (Table S3). 

3.2.2. Short and long-term response to limited NO3
- 

supply in root  

The time course of SlNR, SlCLCa, SlNRT1.5 and SlNRT1.8 expressions was assessed (Figure 

18). Before NO3
- recovery (0h), all the gene expression levels (2-∆Ct) were significantly 

different between genotypes; in particular, SlNR, SlCLCa and SlNRT1.5 were significantly 

more expressed in RO, while SlNRT1.8 was significantly more expressed in UC82 (P < 0.05) 

(Figure S4B, Table S2).  

After 8h from NO3
- recovery, SlNR and SlNRT1.8 expressions were significantly down-

regulated in UC82 (Figure 18A,D), while SlCLCa expression was significantly up-regulated 

in RO under NO3
- limiting compared to non-limiting condition (Figure 18B). Further, SlNR 

and SlNRT1.5 were significantly more expressed in UC82 compared to RO, while SlCLCa 

expression level was significantly higher in RO (P < 0.05) (Figure 18A, B, Table S3).  

After 24h, SlNR, SlCLCa and SlNRT1.5 expressions were significantly down-regulated in 

both genotypes (Figure 18A,B,C), while SlNRT1.8 appeared significantly down-regulated 

only in RO (Figure 18D) under NO3
- limiting compared to non-limiting condition (P < 0.05) 

(Table S3). In addition, all the analyzed gene expressions were significantly more expressed 

in UC82 compared to RO under NO3
- limiting condition (P < 0.05) (Table S3). 
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After one week (7d) from NO3
- recovery, all the gene expressions were significantly down-

regulated in both genotypes under NO3
-limiting condition compared to non-limiting ones, 

except for SlNRT1.8 (P < 0.05) (Figure 18, Table S3). Furthermore, under NO3
- limiting 

condition, SlNR expression was not significantly different between genotypes (Figure 18A), 

SlCLCa and SlNRT1.8 expression levels were significantly higher in UC82 compared to RO 

(Figure 18B,D), while SlNRT1.5 expression level was significantly higher in RO compared to 

UC82 (Figure 18C, Table S3).  

 
Figure 18.Differential relative expression of NO3

- metabolism-related gene in root of RO and UC82 grown under NO3
- 

limiting (0.25 mM Ca(NO3)2) and non-limiting (5 mM Ca(NO3)2) supply. Roots of 32d old plants were sampled at 0h, 8h and 
24 h after NO3

- recovery. The mean fold change in expression of the target gene at each time point was calculated using the 
2−∆∆Ct method, where ∆∆CT = (CT,Target - C,Actin)Time x - (CT,Target - C,Actin)Time 0, SlActin was the internal control gene and time 0 
was the calibrator. Means and standard errors are shown from the analysis of three biological replicates (P < 0.05, n=3) and 
different letters within each time point indicate significant differences at P <0.05). 

Moreover, the results obtained after one week of NO3
- treatments on NUE and its components 

together with the molecular responses observed in both genotypes as well in root and shoot 

were highlighted in a heatmap (Figure 19). The observed differences in N use efficiency could 

be explained by SlNR, SlCLCa and SlNRT2.7 expressions in shoot, and SlNRT1.5 and 

SlNRT1.8 in root displaying contrasting expressions between tomato genotypes in NO3
- 

limiting condition (Figure 19). 
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Figure 19.Heatmap of NO3

- metabolism-related gene expressions in shoot and root, physiological NUE-related parameters 
and NUE and its components of RO and UC82 after one week under NO3

- limiting (0.25 mM Ca(NO3)2) and non-limiting (5 
mM Ca(NO3)2) supply.  

 

3.2.3. NO3
- metabolism-related genes expressions and NUE 

parameters correlations  

Pearson correlation between genes expression and morpho-physiological traits (including 

NUE and its components) in shoot and root of both tomato genotypes after one week under 

limiting NO3
- treatment is presented in Figure 20. 

According to the matrix visualization, NUE, NUtE and NUpE showed a significant and 

positive correlation with SDW, as expected, but also with NO3
- assimilation and efflux related 

genes expression (SlNR, SlNIR and SlNRT2.7) in shoot, and NO3
- long-distance transporter 

gene expression (SlNRT1.5) in root. Otherwise, NUE and its components exhibited a negative 

correlation with SlCLCa expression in both shoot and root, SlNRT1.8 expression in root and 

R/S Nc ratio. Moreover, SlGOGAT and SlGS2 showed a significant negative correlation with 

NUE and its components (NUpE and NUpE).  
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The results highlighted also some specific negative correlations; in detail: a) SlNIR and 

SlNRT2.7 expression in shoot as well as SlNRT1.5 expression in root with NO3
- storage 

related gene (SlCLCa) and SlNRT1.8 in root; b) the chlorophyll content (SPAD) with the 

SlCLCa expression in root; .c) the R/S Nc ratio with SPAD values and NO3
- assimilation and 

transporter gene expressions in both shoot and root (SlNRT2.7, SlNIR and SlNR); d) the SDW 

with SlCLCa and SlNRT1.8 expressions in root (Figure 20). 

 
Figure 20.Correlation matrix visualization of the correlations between NUE related parameters and NO3

- metabolism-related 
gene expressions of RO and UC82 after one week under NO3

- limiting supply (0.25 mM Ca(NO3)2). * 0.01 < p ≤ 0.05 ; ** 
0.001 < p < 0.01 ; *** p < 0.001 

4. Discussion 

Limiting nitrogen availability drives specific and complex physiological, morphological and 

developmental responses in plants (Yang et al., 2011). These can differ among cultivars of the 

same species due to the genetic variation for N uptake (Rodgers and Barneix, 1988) and 

utilization (Chardon et al., 2010; Coque and Galleis, 2007), laying the foundations for 

improving Nitrogen Use Efficiency (NUE). The present study further confirms the existing 

differences among genotypes for a complex trait like NUE and its components in tomato. 
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Our findings confirmed RO and UC82 as the best NUE contrasting genotypes, namely N-use 

efficient and inefficient, respectively (Abenavoli et al., 2016). Previous researches showed 

that considerable variation in NUE occurs mainly for biomass production in tomato, barley, 

maize and cotton (Abenavoli et al, 2016; Lupini et al., 2017; Xu et al., 2016; Granato et al., 

2014; Iqbal et al., 2020); in agreement, our results showed the highest RO biomass production 

(SDW) compared to the others, in turns it decreased considerably in UC82 mainly under 

limiting NO3
- treatment. Accordingly, NUE appeared noticeably enhanced in RO under 

limiting NO3
- supply, while UC82 exhibited the most significant decrease in NUtE level, 

compared to the other tomato genotypes. 

The SPAD values, that predict crop nitrogen deficiency and the photosynthetic rates (Debaeke 

et al., 2006; Reis et al., 2009), further emphasized the contrasting responses between RO and 

UC82 facing NO3
- limitation, underlying the highest tolerance to N scarcity of RO throughout 

the photosynthetic efficiency and its positive correlation with higher biomass production (here 

measured as SDW) (Figure 20). Furthermore, under NO3
- limiting condition, the R/S Nc ratio 

indicated that RO translocated more N to the shoot than the other genotypes supporting the 

positive correlation between NO3
- shoot allocation (SlNRT1.5) and NUE (Figure 20), as well 

as between NUtE and the photosynthetic efficiency (Smirnoff and Stewart, 1985; Lin et al., 

2008; Tang et al., 2013). Overall, our preliminary results suggested that the strategy adopted 

by RO to perform a considerable NUE enhancement seemed to be due to a high NUtE, while 

NUpE was of less importance in NUE performance, as already reported by Abenavoli et al. 

(2016). 

As a signal molecule, NO3
- regulates several plant physiological processes by inducing or 

repressing the expression of its transport, assimilation and remobilization related genes (Kant, 

2017; Hachiya and Sakakibara, 2017). The identification of key metabolic pathways in 

genotypes able to optimize NO3
- utilization under N-stress is essential for crop NUE 

improvement (Lian et al., 2005). In the present study, all the genes related to NO3
- 

translocation, assimilation and storage were up-regulated whereas those encoding for NO3
- 

remobilization and efflux appeared down-regulated during the early hours after NO3
- re-

supply, regardless NO3
- concentration and plant tissue. Interestingly, the chloroplastic 

glutamine synthetase (SlGS2) expression level was maintained in both RO and UC82 

throughout time in shoot, suggesting that the constitutive SlGS2 expression was enough to 

support nitrogen metabolism in tomato under NO3
- stress. Similar expression patterns were 

already observed in Thellungiella halophila and barley (Kant et al., 2008; Chen et al., 2018). 



PROOF 

 

49 

 

It is well known that nitrate reductase (NR) and nitrite reductase (NIR) are the first enzymes 

that reduce NO3
- to NH4

+ for sustaining N assimilation (Meyer and Stitt, 2001). Nitrate 

limiting condition triggered differences in NO3
- assimilation between the NUE contrasting 

genotypes after one week of treatment. In agreement, SlNR and SlNIR did not exhibit 

significant differences between NO3
- treatments in RO, while they were significantly down-

regulated under NO3
- limiting condition in UC82. Noterworthy, SlNR transcripts abundance 

was significantly higher in RO compared to UC82 in shoot. Both gene expressions were 

significantly correlated among them and to NUE and its components (NUpE and NUtE) 

(Figure 20). These results could sustain the higher NUtE maintained by RO under low N 

supply compared to UC82. In agreement, the same NR and NIR expression profiles in potato 

and barley under N-limiting condition were observed (Li et al., 2010; Chen et al., 2018; 

Kollaricsné Horvath et al., 2019). 

Beside, the GS/GOGAT pathway is of critical importance for NO3
- assimilation catalyzing the 

reactions that transform inorganic to organic nitrogen (Lea and Miflin, 1974). Therefore, the 

induction of both genes (GS2 and GOGAT) was identified as the major effector for NUE 

under NO3
- limiting supply in many crops species (Quraishi et al., 2011; Chen et al, 2018; 

Mauceri et al., 2020). Conversely, our findings correlated lower GS/GOGAT gene expression 

to higher NUE under NO3
- limiting conditions, as recently reported in Arabidopsis by Meyer 

et al. (2019). They suggested that this result could be related to the fact that good NUE 

definition in their study was essentially based on good biomass production under NO3
- 

deficiency, as considered in our study. However, althought GS/GOGAT are important in NUE 

(Xu et al., 2012), the negative correlation found in our results could be related to the 

phenological stage in which the tomato plants were harvested for analysis, thereby indicating 

their marginal role in this stage compared to flowering onwards. 

Nitrate remobilization was reported as another key factor for improving NUE (Masclaux- 

Daubresse et al., 2008). To discern NO3
- remobilization role in tomato NUE, we evaluated the 

differential expression of SlNRT1.7 between genotypes pair, based on its involvement in the 

stored NO3
- remobilization from older leaves to N-demanding tissues through phloem (Fan et 

al., 2009; Chen et al., 2020). Nitrate limiting condition triggered a SlNRT1.7 up-regulation in 

both genotypes compared to non-limiting N-supply. More interestingly, transcripts of 

SlNRT1.7 were more abundant in RO respect to UC82 mainly after 8 and 24h of N-stress. 

Hence, the adopted strategy by RO during the early hours under NO3
- limiting supply 

appeared of crucial importance for facing the long-term NO3
- stress. Chen et al. (2020) 



PROOF 

 

50 

 

improved Arabidopsis, tobacco and rice NUE through a novel strategy aiming to specifically 

enhance NRT1.7-mediated NO3
- remobilization.  

Our results evidenced as well the strong correlation between both NUE and NUtE and 

SlNRT2.7 expression level in the shoot of RO, the N-use efficient genotype (Figure 20). Until 

now, limited information have been reported on this high affinity NO3
- transporter in shoot 

tissues. However, Orsel et al. (2002) stated that NRT2.7 was the only NRT2 family member 

not apparently involved in NO3
- uptake from soil, showing a strong leaf tissue specific 

expression pattern in Arabidopsis under limiting NO3
- supply, in agreement with our results. 

They suggested that, under N-starvation, NRT2.7 protein regulated NO3
- efflux balancing the 

NO3
- assimilable amount transporting back into the xylem any excess (Orsel et al., 2002).  

Nitrate long-distance transport from root to shoot likely contributes to plant growth and NUE 

enhancement (Andrews, 1986; Tang et al., 2012; Han et al., 2016) since higher NO3
- 

assimilation efficiency occurred in shoot tissues (Smirnoff and Stewart, 1985; Tang et al., 

2013). This transport is regulated by NRT1.5 and NRT1.8 genes, which control xylem NO3
- 

loading and unloading, respectively (Lin et al., 2008; Li et al., 2010; Han et al., 2016). 

However, NO3
- long-distance transport was strongly affected by its storage/sequestration in 

vacuoles (Han et al., 2015; Han et al., 2016). This short-distance transport between cytosol 

and vacuole is mediated by CLCa, a NO3
-/H+ exchanger localized in the tonoplast and 

responsible for NO3
- homeostasis maintenance in the cytosol (De Angelis et al., 2006; Wege 

et al., 2014).  

After seven days of N-treatment, high-NUE was significantly correlated with a higher NO3
- 

xylem uploading gene expression (SlNRT1.5) and thereby to a major NO3
- allocation to the 

shoot and a higher assimilation guided by SlNR and SlNIR expression (Figure 20). By 

contrast, high-NUE was negatively correlated to both xylem NO3
- unloading (SlNRT1.8) and 

its storage/sequestration in vacuoles (SlCLCa) in root (Figure 20). These results are in 

agreement with the statement that a higher CLCa activity in root induces a down- and up-

regulation of NRT1.5 and NRT1.8 gene expressions, respectively (Lin et al., 2008; Han et al., 

2016). Noticeably, our N-use efficient genotype RO exhibited a significant higher SlCLCa 

transcript abundance in root compared to UC82 at the first 8h of N-stress. These differential 

gene expressions suggested that high-NUE in RO could occur for a higher NO3
- accumulation 

in root cell vacuoles during the short-term NO3
- stress exposure, followed by a significant 

higher NO3
- translocation to the shoot (guided by SlNRT1.5 higher expression) under the 

long-term NO3
- stress, compared to UC82 (Figure 21). 
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Figure 21.The proposed model describing Regina Ostuni high N-utilization efficiency (NUtE). In black and bold the 
different expressed key genes that could be involved in high NUE tomato genotype making it able to cope N-limiting supply. 
The gene expression increase or decrease are indicated with red and green arrows, respectively. 

After long-term stress (7d), UC82 showed a higher NO3
- storage/sequestration and NO3

- 

xylem unloading in root (SlNRT1.8 higher expression), thereby less NO3
- amount was 

translocated to shoot and available for assimilation. Moreover, we observed a negative 

correlation between SlCLCa and SlNR expressions confirming that CLCa activity limits NO3
- 

availability in the cytosol and reduces NR activity, as previously reported in Brassica napus 

(Han et al., 2015).  

Finally, designing efficient breeding strategies for NUE improvement requires an integration 

of agronomy, physiology and molecular insights (Lammerts van Bueren and Struik, 2017) to 

identify discriminant traits useful for selecting efficient genotypes, especially under low N 

condition. According to these authors, our results emphasized the morpho-physiological and 

molecular markers strongly correlated with high NUE in RO, making it a valuable genetic 

resourse for future tomato NUE breeding programs. 
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5. Conclusion  

Our experiment contributed to shed light on NUE enhancement mechanisms under limiting 

NO3
- supply in tomato. The differential expressions of the most important nitrate metabolism 

related genes explained the RO higher N-utilization efficiency (NUtE) and consequently 

higher NUE, compared to UC82.  

The results suggested a RO faster adaptation to NO3
- limiting condition compared to the 

inefficient genotype, afterwards RO appears able to ensure high NO3
- efficient storage in cell 

root vacuoles within the short-term N-stress as well as a constant NO3
- remobilization. RO 

high NUE seems to rely also on a more efficient NO3
- translocation to the shoot for a higher 

assimilation efficiency, compared to UC82.  

Overall, our results revealed some aspect of the molecular adaptation to NO3
- deficiency and 

suggested that NUE in tomato could be mainly determined by the genotype ability to regulate 

long-distance N transport, assimilation, remobilization and storage/sequestration genes. 
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Chapter II 

Short-term transcriptome profiling of two NUE-contr asting 

tomato genotypes in response to low nitrate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROOF 

 

54 

 

1. Introduction 

Plant growth and development requires nitrogen (N) as source for the biosynthesis of amino 

acids, nucleic acids, and other nitrogen-containing biomolecules, and its limited availability 

causes crops yield and quality decrease (Xu et al., 2012; Bloom, 2015; Kiba and Krapp, 2016; 

Wang et al., 2018; Fredes et al., 2019). Since the 1950s, increasing N fertilizer application has 

been a major management strategy driving high crop yields (Guo et al., 2010) whose 

consumption has approximately reached 60% of the total fertilizer produced every year 

(Wang et al., 2018). Because less than 50% of the applied N is absorbed and utilized by crops, 

the remaining is lost into the environment (Ueda et al., 2020), causing pollution, and 

indirectly, human health damages (Fox et al., 2017; Alfatih et al., 2020). Therefore, the 

development of cultivars with high N use efficiency (NUE) is an effective and promising 

approach to improve crop yield, reduce fertilizer applications and alleviate hazardous impact 

on the environment (Hu et al., 2018). The elucidation of the molecular mechanisms 

underlying N response in crops will quicken the development of new varieties with low N 

requirement. 

Although nitrate (NO3
-) and ammonium (NH4

+) are the major inorganic N forms in the 

aerobic soils (Wang et al., 2018), NO3
- is the most commonly used by plants (Tischner, 2001; 

Crawford and Forde, 2002). Besides its role as a nutrient, NO3
- is a local and systemic signal 

molecule that coordinates its uptake with plant growth and development (Ruffel et al., 2011; 

Alvarez et al., 2012; Ruffel et al., 2014). NO3
- induces changes in the expression of genes 

involved in the N acquisition and assimilation, as well as the production of reducing 

equivalents needed for N and C metabolism (Scheible et al., 2004; Vidal and Gutiérrez, 

2008). Furthermore, it induces seed germination, regulates root growth and architecture, 

controls shoot growth and delays flowering (Remans et al., 2006; Liu et al., 2011; Vidal et 

al., 2014; Yuan et al., 2016). 

To orchestrate all these adaptive responses, NO3
- provokes the plant transcriptome 

reprogramming (Canales et al., 2014; Medici and Krouk, 2014; Vidal et al., 2015). This 

highly dynamic phenomenon causes changes in transcripts accumulation detected as quickly 

as within 3 minutes from NO3
- exposure, appearing also cell- and tissue-specific (Krouk et al., 

2010b; Walker et al., 2017; Varala et al., 2018).  

Recently, the investigations on N signaling mechanisms, at the transcriptome level, have 

attracted considerable attention. Several transcription factors (TFs), from many families, have 

been characterized and found to be involved in N response, such as B-box containing proteins 
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(BBXs), MYeloBlastosis (MYBs), ethylene response factors (ERFs), basic leucine zipper 

(bZIPs), NIN-like proteins (NLPs), lateral boundary domain-containing proteins (LBDs), and 

BTB and TAZ domain proteins (BTs) (Wang et al., 2018; Gaudinier et al., 2018). These 

studies provided comprehensive information on the role played by these TFs in the regulation 

of gene expression in the primary nitrate response (PNR) (Marchive et al., 2013; Liu et al., 

2017; Varala et al., 2018; Brooks et al., 2019). Furthermore, the dynamic changes in 

intracellular calcium signaling induced by NO3
- to generate rapid control on the nitrate uptake 

and transcriptional PNR has been also elucidated (Hu et al., 2009; Léran et al., 2015; Liu et 

al., 2017).  

In addition to the transcriptional regulation, NO3
- signaling involves post-translational 

modifications such as protein phosphorylation and ubiquitination, and chromatin modification 

(Liu et al., 2017; Hu et al., 2019; Poza-Carrion and Paz- Ares, 2019). In particular, protein 

phosphorylation can lead to rapid, versatile, and reversible modifications that directly regulate 

the localization, stability, interaction, function, and enzymatic activity of target proteins (Yip 

Delormel and Boudsocq, 2019). 

Although NO3
--induced genes involved in its transport and metabolism have been largely 

described in many crops, the tomato early response to N-resupply has not been deepened. 

According to Wang et al (2001), NO3
- application to N-starved tomato plants significantly 

increased the transcription levels of genes responsible for its transport and assimilation in the 

first 24h. Moreover,  many metabolic enzymes, such as transaldolase, transketolase, malate 

dehydrogenase, asparagines synthase and histidine decarboxylase, and genes encoding for 

water channels, root phosphate and potassium transporters, ribosomal proteins,  or involved in 

transcriptional regulation and stress responses were identified after NO3
- exposure (Wang et 

al., 2001). Recently, integrative transcriptomic-physiological- and metabolomic analyses 

individuated several pathways and key regulatory genes in response to low NO3
- (LN) in 

tomato (Renau-Morata et al., 2021). So far, data on comparative transcriptome profiling 

between two NUE-contrasting tomato genotypes in response to early LN resupply are not 

available yet. In this respect, the RNA-Seq technology has been adopted in the present study 

for transcriptome profiling, because of its low background noise, high sensitivity, 

reproducibility, dynamic range of expression, and base pair resolution. 

This chapter should essentially shed the light on: 

• The tissue specific transcriptome modifications in the high- (Regina Ostuni, RO) 

and low-NUE (UC82) genotypes in responses to short-term LN-resupply 

compared to N-optimal condition; 
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• The early differences in LN-induced responses between RO and UC82 through 

time-course analysis of gene expression; 

• The metabolic pathways mostly involved in the early LN response in ROvsUC82  

• The genes and transcription factors regulating the early LN-response as new 

putative candidates for tomato NUE.  
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2. Material and Methods 

2.1. N-depletion experiment 

Since the internal NO3
- concentration affects the N regulatory mechanisms (Forde and 

Clarkson, 1999), a preliminary N-depletion experiment was conducted to define the 

approximate NO3
- starvation time for the NUE contrasting pair, RO and UC82. It is an 

essential step allowing us to identify the N-recovery starting time-point, where the N-related 

processes are expected to be de-induced, to study the differentially N-induced responses and 

their regulatory mechanisms between RO and UC82. The N-depletion experiment (Figure 22) 

was conducted as described in chapter I (Aci et al., 2021) and the results confirmed that the 

best N-recovery starting time-point was after 5 days from the N-starvation starting-time in 

both tissues of each genotype (Figure 23) (Aci et al., 2021). 

 
Figure 22.The N-depletion experimental setup and the schematic sampling-time. 
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Figure 23.N-depletion of the two tomato genotypes grown in N-free solution. The data were plotted by a non-

linear regression. 

2.2. Transcriptome modulation analysis in response to 

short-term N treatment 

2.2.1.Growth conditions at short-term N treatment 

Seedlings (10-d old) from RO (high NUE) and UC82 (low NUE) were grown under non-

limiting NO3
- conditions for 10 days. Plants (20-d old) were starved for 5 days and then 

exposed to low (LN; 0.5 mM) and high NO3
- (HN; 10 Mm). These two NO3

- concentrations 
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(0.5 and 10 mM) were previously established for tomato (Abenavoli et al., 2016). Both shoot 

and root of each genotype were harvested at 0h, 8h and 24h after N resupply (HN and LN) 

(Figure 24) and three biological replicates were used for the transcriptome analysis, each 

consisting of a pool of three plants. 

 
Figure 24.Experimental setup adopted for the short-term RNAseq analysis 

2.2.2.RNA-seq analysis and data processing 

Total RNA was extracted and purified using RNeasy Plant Mini Kit (Qiagen, Milano, Italy) 

following the manufacturer’s protocol. RNA integrity was monitored on 1% denaturing RNA 

agarose gels and its purity checked using a NanoDrop 2000 (ThermoFisher Scientific, 

Wilmington, Delaware USA). Separate RNA-seq single-end sequencing libraries were 

prepared for each genotype (RO and UC82), treatment (HN and LN), tissue (shoot and root) 

and time point (0h, 8h and 24h) following the Transeq approach (Tzfadia et al. 2018). The 60 

libraries were sequenced on six lanes HiSeq 2500 System (Illumina), using the SR60 protocol. 

The raw data were processed to obtain high quality clean reads, removing adapter sequences, 

reads with unknown N nucleotides larger than 5%, and low-quality sequences. Clean reads 

were mapped to the Solanum lycopersicum (tomato) genome (SL3.0) from Ensembl Plants 

(http://plants.ensembl.org/Solanum_lycopersicum/Info/Index) using TopHat v2.0.12 

(http://ccb.jhu.edu/software/tophat/index.shtml) (Kim et al., 2013). Reads per kilobase of 

transcript per million mapped reads (RPKM) were used to calculate the expression levels of 

genes. 
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2.2.3.Modeling of gene expression patterns 

To individuate the DEGs taking into account all the variables of our experimental setup, an 

ANOVA was performed on the normalized data in R environment (http://r-project.org/), using 

the following multivariate linear model:  

Y = α1G + α2N + α3T + α4G*N + α5G*T + α6N*T + α7G*N*T + ε 

where G, N and T represent genotype, nitrate, and time factors, respectively, α1 to α7 the 

angular coefficient or effect of each factor (G, N, and T) and their interactions, and ε the 

random error. DEGs were determiner at FDR < 5%. Finally, the model was performed on root 

and shoot separately. 

2.2.4.Time series clustering of gene expression after short term 

N-treatment 

The short time-series expression miner (STEM) software (Ernst and Bar-Joseph, 2006) was 

used to examine the DEGs expression profiles and to identify significant N-responsive genes 

over time (0h, 8h and 24h) after N-resupply. This algorithm uses exclusive methods for 

clustering, comparing and visualizing data, and provides useful and statistically rigorous 

biological explanations of short time-series data due to its integration with GO. Each gene 

was assigned to the filtering criteria of the model profiles and the correlation coefficient was 

determined. We performed the standard hypothesis test using the true order of time-points, 

and determined the P value using the number of genes assigned to the model profile and the 

expected number of assigned genes (adjusted p-value, 0.05 by Bonferroni correction). The 

clustered profiles with a P value ≤ 0.05 were coloured and considered differentially 

expressed.  

2.3. Differential gene expression analysis 

To narrow the focus on genes regulated by NO3
- over the entire data set, we selected all the 

clustered genes, which were up or down-regulated at least at 8h or 24h compared to the 

starting point (0h). The normalized counts of RO and UC82, at each time-point and for each 

tissue, were then compared using DESeq2 R package. A P value < 0.05 and an absolute log2 

(fold change) value ≥ 1 were set to identify the N responsive DEGs. 
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2.4. Weighted Gene Co-expression Network Analysis 

(WGCNA) 

A Weighted Gene Co-expression Network Analysis (WGCNA) was performed by using the 

RPKM values of the identified DEGs in ROvsUC82. The correlation between genes was 

performed by Pearson correlation coefficient (PCC), which was used to calculate the distance 

matrix. Both the WGCNA and distance matrix calculation were done using the WGCNA 

package v1.51 (Langfelder and Horvath, 2008). The distance matrix was then used for the 

dynamic hierarchical clustering and to build the edges (connections) between nodes (genes) in 

the regulatory networks. 

2.4.1.Co-expression Network Construction 

Eight treatment samples of both tissues were included in the WCGNA, namely RO-8h-LN, 

UC82-8h-LN, RO-24h-LN, UC82-24h-LN, RO-8h-HN, UC82-8h-HN, RO-24h-HN and 

UC82-24h-HN. The choice of soft thresholding value is a critical step to carry out the 

WGCNA, so we executed network topology research of 1 to 20 soft thresholding power using 

scale-free topology criteria for both tissues, and used a power of 16 and 14 to identify 

modules in shoot and root, respectively (Figure 34A and 35A). The minimum module size 

was set to 30, and the merge cut height was set to 0.15 (to merge modules with at least 85% of 

similarity). The correlations between one gene and all the others were incorporated into an 

adjacency matrix, which was then transformed into the topological matrix (TOM) (Yip and 

Horvath, 2007). After hierarchical clustering, highly correlated genes were assigned to the 

same module (Ravasz et al., 2002). 

2.4.2.Identification of Significant Co-expression Modules 

Once the treatment data were imported into the network, the module eigengene (ME), module 

membership (MM), and gene significance (GS) were calculated. The eigengenes are the 

representative genes in a module and the MEs represent the expression pattern of eigengenes, 

and the MM is the correlation degree between eigengenes and module. For MM close to 1, the 

eigengene is highly correlated with the module. GS is the association of a gene with the 

samples treatment information. A module is considered as a key module when it shows a high 

ME value with the samples treatment information (Langfelder and Horvath, 2008). 
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2.4.3.Identification and visualization of Hub genes 

In a network, a hub gene is a node with a high degree of connectivity (many interactions with 

other nodes), and usually plays an important role in other genes regulation and biological 

processes (Yu et al., 2017). To deepen the analysis on differential behavior between the two 

NUE contrasting genotypes, we focused on the identification of hub genes that might regulate 

the early plant responses to LN. Thus, the DEGs in ROvsUC82 comparison, at the early 

stages (0h, 8h and 24h) after N-resupply in both tissues, were used to structure the co-

expression networks. The hub genes were filtered for the MM and GS absolute values. After 

identifying the hub genes highly associated with LN treatment in the efficient genotype (RO), 

the functional analysis (GO, KEGG) of relevant modules was performed to identify the 

potential mechanisms involved in plant response to the corresponding treatment. Then, the 

regulatory network visualization and analysis for the highly connected genes were carried out 

by Cytoscape v3.8.2 software (Shannon et al., 2003).  

2.5.  Quantitative real-time PCR 

Quantitative real-time PCR (RT-qPCR) was performed to validate the transcriptomic results 

on 10 chosen N-metabolism related genes. Total RNA was extracted and purified using 

TRIzolTM reagent (Qiagen, Milano, Italy) according to the instructions provided by the 

manufacturer. The Maxima First Stand cDNA Synthesis Kit (Thermo Fisher Scientific Baltics 

UBA) was used to produce cDNA samples via reverse transcription according to the 

manufacturer instructions.  Primer specificity of candidate genes was verified by melting 

curve using the mixed cDNA as template, and by 2% agarose gel electrophoresis analysis. 

The PowerUp SYBR Green master mix (Applied Biosystems by Thermo Fisher Scientific) 

and the StepOne™ Real-Time PCR System (Applied Biosystems, foster, CA, USA) were 

employed to perform qPCR with gene specific primers. Three biological and three technical 

replicates were adopted and the means of the relative gene expression (Ct) were normalized to 

the reference genes, Actin and Ef1-α (Lovdal and Lillo, 2009). Primers were designed using 

Primer3 (v0.4.0) and listed in Table S4. Results of the Pearson correlation between RNAseq 

data and qRT-PCR were plotted in a scatter plot which revealed a good and significant 

correlation (r = 0.96, P < 0.0001) (Figure S5). 
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3. Results 

3.1. Transcriptome modulation analysis in responses to 

short-term N-treatment 

3.1.1.RNA-seq analysis 

We constructed 60 libraries to study the changes occurring in both shoot and root of RO and 

UC82 at the transcriptome level in response to short-term LN treatment at 3 different 

sampling times (0h, 8h and 24h after N-resupply). Up to 268 million clean reads were 

obtained and mapped to the tomato genome (SL3.0). Two hundred and six million reads were 

aligned to the reference genome, yielding an overall mapping percentage of 72.14% (Table 

S5). Finally, 35,845 transcripts were identified after assembly. 

A Principal component analysis (PCA), on the whole transcriptome dataset, revealed a clear 

distinction between shoot and root samples (Figure 25). Thus, the downstream analyses were 

performed on root and shoot separately.  

 

Figure 25.Principal component analysis (PCA) of the whole transcriptome data set. 

3.1.2.Modeling of gene expression patterns 

We analyzed the global gene expression patterns, at 0h, 8h and 24h after N-resupply, in all the 

possible combinations of G, N, T factors, using analysis of variance (ANOVA). In detail, the 

analysis identified the DEGs for each factor and 4812 and 4802 unique genes were 

differentially expressed among G, G*N, and G*N*T in shoot and root, respectively (P value < 

0.05) (Table S6). The whole DEGs expression patterns in both tissues are presented in Figure 

26. 
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Figure 26.Hierarchical clustering of normalized expression levels of the differentially expressed genes (DEGs) between 
genotypes, times, N levels and their interactions. 

3.1.3.Temporal gene expression patterns analysis and 
identification of N-responsive DEGs in response to short-
term N-resupply 

The DEG expression profiles overtime were examined using STEM software and 2041 and 

3119 unique DEGs were significantly clustered in shoot and root, respectively (P-value < 

0.05) (Table S7). The clustering patterns of all the DEGs were divided into 15 different 

profiles in both genotypes for each N condition and only the significant enriched temporal 

expression profiles were presented (Figure 27). The black lines in the profile boxes depict the 

gene expression patterns overtime (0h, 8h and 24h). The profile number on the top left corner 

of each profile box was assigned by STEM, the number on the bottom-left represents the 

adjusted p-value, and that on the bottom-right corner represents the number of genes assigned 

to the profile.  
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Figure 27.Significant temporal expression profiles of the DEGs identified between genotypes, times, N levels and their 
interactions in shoot (A) and root (B). 

In shoot, in HN condition, DEGs of RO and UC82 were enriched into four significant 

profiles, including only up-regulated patterns (15, 11, 13, 12 in RO and 11, 15, 14, 12 in 

UC82). In LN condition, DEGs were enriched into 3 significant profiles for both genotypes 

including one down-regulated (5) and three up-regulated patterns (10, 14) in RO and one 

biphasic (6), one up-regulated (8) and one down-regulated (5) pattern in UC82 (Figure 27A).  

In the root, in HN condition, DEGs were enriched into 5 and 3 significant profiles in RO and 

UC82, respectively, including 3 biphasic patterns (7, 9, 8) and two down-regulated patterns 

(2, 3) in RO, and 3 up-regulated patterns (14, 11, 12) in UC82. In LN condition, DEGs were 
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enriched into 3 and 5 significant profiles in RO and UC82, respectively, including two up-

regulated (14, 10) and one down-regulated (1) patterns in RO, and 5 up-regulated patterns (11, 

15, 13, 14, 12) in UC82 (Figure 27B). These results showed that all clustered genes were 

responsive to early N-treatment and were considered as the most important genes for the 

downstream analysis.  

3.1.4.Differential gene expression analysis 

In shoot, 395 DEGs including 275 up-regulated and 120 down-regulated were identified in 

ROvsUC82, while, in root, 482 DEGs, 223 up-regulated and 259 down-regulated, were 

identified. The DEGs increased overtime (from 0 to 24h) in both N conditions, except for the 

number of down-regulated genes in shoot (Figure 28). Moreover, after 24h, the number of 

significantly up- and down-regulated genes in ROvsUC82 increased in both tissues under LN 

treatment compared to HN (in shoot +25% and +17% of up- and down-regulated genes were 

observed, while in root +8% and +5%). These results indicated that both genotypes after 24h 

of N resupply were more responsive to LN compared HN, mainly in root (Figure 28). 

 

Figure 28.Number of up- and down-regulated genes for the comparison ROvsUC82 at different sampling-time and N level. 

3.1.5.Gene Ontology (GO) and KEGG Enrichment analysis of 

N-responsive DEGs  

To understand their function, the up- and down-regulated genes at starvation (0h) and after 8 

and 24h N resupply in both tissues were functionally classified into biological process (BP), 

molecular function (MF) and cellular component (CC) (Figure 29, 30). 
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In BP, most of the up-regulated genes in ROvsUC8 were significantly enriched in “oxidation-

reduction process”, “response to stimulus”, “response to stress” and “catabolic process”, in 

both root and shoot at different times (Figure 29, 30). Interestingly, 7.2% of the up-regulated 

genes in shoot were enriched in “signaling” and “signal transduction” GO terms (Figure 29). 

The down-regulated genes in root were mainly involved into “response to stimulus”, 

“localization” and “transport”, while in shoot, they were associated to “protein metabolic 

process”, “response to stimulus”, “proteolysis” and “transmembrane transport” GO terms 

(Figure 29, 30). 

Concerning MF, most of the up-regulated genes in root of ROvsUC8 were enriched in 

“oxidoreductase activity”, “cation binding”, “metal ion binding” and “cofactor binding” 

(Figure 29), whereas, in shoot, they were mainly enriched in “hydrolase activity”, “catalytic 

activity acting on a protein” and “oxidoreductase activity” GO terms (Figure 30). The down-

regulated genes in root were associated to “hydrolase activity”, “transporter activity” and 

“transmembrane transporter activity” GO terms (Figure 29), while, in shoot, “cation binding”, 

“metal ion binding” and “oxidoreductase activity” were the most enriched GO terms (Figure 

30) 

In CC, the up-regulated genes in root of ROvsUC8 were mainly enriched in the “extracellular 

region”, “cell wall” and “external encapsulating structure” (Figure 29), while no CC GO term 

enrichment was observed in shoot (Figure 30). Finally, the down-regulated genes in root were 

enriched into the “cell periphery”, “plasma membrane” and “Extracellular region” GO terms 

(Figure 29), while, in shoot, into the “cell periphery”, “Chloroplast” and “plastid” GO terms 

(Figure 30).  

The Kyoto Encyclopedia of Genes and Genomes orthologs (KEGG) analysis did not show 

any significant KEGG pathway enrichment of the down-regulated genes in both tissues of 

ROvsUC8. By contrast, the up-regulated genes were mainly enriched in the metabolic and 

MAPK (mitogen-activated protein kinases) signaling pathways as well as in plant hormone 

signal transduction KEGG pathways in shoot, and in the metabolic pathway, biosynthesis of 

secondary metabolites and phenylpropanoid biosynthesis KEGG pathways in root (Figure 31). 
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Figure 29.GO term enrichment analysis of the significant DEGs between RO and UC82 in root 

 
Figure 30.GO term enrichment analysis of the significant DEGs between RO and UC82 in shoot.
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Figure 31.The KEGG pathway enrichment analysis of the up-regulated genes in ROvsUC82 in shoot and root. 

3.1.6.DEGs involved in Plant Hormone Signal transduction, 

protein kinases signaling pathway, and N-transport in 

both shoot and root 

3.1.6.1. DEGs involved in Plant Hormone Signal transduction  

In our study, many hormones signaling-related transcripts were identified. In shoot, two auxin 

(auxin-regulated IAA17 and IAA-amido synthetase GH3.6), three ethylene (an ethylene 

response factor AP2/ERF4, and two ethylene-responsive transcription factor ERF1a and 

ERF2), an abscisic acid (ABA) signaling (protein STH-2-like), a Cytokinin activating enzyme 

encoding gene (cytokinin riboside 5'-monophosphate phosphoribohydrolase LOG8) and a 

Gibberellic Acid signaling (DELLA-GAI transcription factor) related genes were 

differentially expressed in ROvsUC82, after short-term N resupply (Figure 32A). In root, five 

auxin (an auxin responsive protein SAUR26, an auxin efflux carrier, two auxin response 

factor ARF, and the IAA-amido synthetase GH3.6), three ethylene-responsive transcription 

factors (ERF4, ERF1b and ERF2b), an abscisic acid (ABA) signaling (protein STH-2-like), a 
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jasmonic acid (JAZ3/TIFY6B) and a brassinosteroid (CURL3) related genes were 

differentially expressed (Figure 32B).  

Most of the plant hormone related DEGs exhibited also a spatio-temporal specificity as shown 

in Figure 32. In shoot, IAA17, GH3.6 and ERF2 resulted up-regulated in ROvsUC8 only at 

24h-LN (Figure 32A); in root, GH3.6, ARF22-like and ERF1b were up-regulated, and 

SAUR26, ARF3, ERF4 and STH-2-like were down-regulated in the N-use efficient genotype 

(RO) at 24h-LN (Figure 32B).  

3.1.6.2. DEGs involved in Protein kinase signaling pathways  

The protein kinases (PKs) act as signal transducers or receptor proteins playing a crucial role 

in protein phosphorylation. In our study, many PK genes were found differentially expressed, 

in both tissues, between genotypes after the short-term LN-resupply, especially after 24h. In 

shoot, twenty-two PKs DEGs were identified including four receptor-like protein kinases 

(RLKs), four serine/threonine protein kinases (STPKs), four protein kinases family protein, 

three mitogen activated protein kinase kinase kinase (MAPKKKs), two CBL-interacting 

protein kinases (CIPK), two receptor-like protein kinases (RPKs), as well as a SNF1-related 

protein kinase, a protein NSP-interacting kinase 3-like and a CDPK (Figure 32A). Among the 

PKs, identified in shoot, CIPK2 and MAPK72 as well as a CDPK and a PK superfamily 

protein resulted up- and down-regulated in the N-use efficient genotype, respectively, at 8h, 

while two RLKs (of which 1 LRR-RLK), a RPK, a CIPK, two STPK, and a SNF1-related 

protein kinase appeared up-regulated in RO after 24h LN resupply (Figure 32A).  

In root, fifteen (15) PKs were identified among which three STPKs, three MAPKs, three 

RPKs, three receptor-like kinase (LRR-RLK), as well as a histidine kinase (HK4), a calcium-

dependent protein kinase (CDPK) and a protein kinase domain (Figure 32B). In root, the 

ROvsUC8 comparison highlighted a MAPK14 and a LRR-RLK up-regulation as well as a 

HK4, MKS1 and cysteine-rich RPK42 down-regulation, after 24h. Only an LRR-RLK gene 

appeared down-regulated at both 8h and 24h LN-resupply (Figure 32B). 
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Figure 32.Heatmap of the main DEGs functional classes based on GO term and KEGG pathways enrichment analyses in root 

and shoot. (A) Heatmap of DEGs involved in Signal transduction and protein kinases signaling pathways, N-transport and 

proteolysis in shoot. (B) Heatmap of DEGs involved in Signal transduction and protein kinase signaling pathways, N-

transport and phenylpropanoid and flavonoid biosynthesis in root. The color key indicates higher (red) or lower (navy) 

expression in ROvsUC82 at each sampling time and N level. 
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3.1.6.3. Differentially expressed N-transport related genes 

In the early response to N resupply, eight and six N-transporters were found differentially 

expressed between genotypes in shoot and root, respectively (Figure 32). In shoot, three 

amino acid transporters (AATs), four nitrate/peptide transporters (two NPF1.2, NPF3.1 and 

NPF6.3) and a high-affinity nitrate transporter were identified among the DEGs; while in 

root, an AAT (AVT1H), an amino acid permease, three nitrate/peptide transporters (NPF5.6, 

NPF6.3, and NPF7.3) and a high affinity nitrate transporter NRT2.4 were detected. All the 

DEGs exhibited a spatio-temporal expression patterns, except NPF6.3, which was down-

regulated in RO regardless the tissue and N-treatment after 24h, and NPF1.2 that appeared 

up-regulated in RO shoot regardless of time and N-treatment (Figure 32A,B). Besides, a high-

affinity nitrate transporter and NPF1.2 were up-regulated in RO shoot compared to UC82 

after 24h LN-resupply, while NPF3.1, AAT3 and AAT-AVT1I were down-regulated in the N-

use efficient genotype only at 8h and 24h in LN, respectively (Figure 32A). In root, NRT2.4, 

NPF6.3 and NPF7.3 were down-regulated in RO only at 24h-LN (Figure 32B). 

3.1.7.Expression patterns of DEGs involved in proteolysis in 

shoot 

In response to NO3
- treatments, many DEGs identified in shoot were enriched in proteolysis, 

proteins degradation process, which regulates the availability of organic N for remobilization 

and allocation to N-demanding tissues. The ubiquitin-proteasome pathway is critical for plant 

protein degradation and mainly composed of ubiquitin-activating enzymes E1, ubiquitin-

binding enzyme E2, ubiquitin-protein ligase E3, and 26S proteasome. In our results, genes 

encoding proteasome and E3 ubiquitin-protein ligase were more expressed in RO compared to 

UC82. In particular, the proteasome subunit beta type transcripts were more abundant in RO 

shoot after 24h LN resupply compared to the control (HN). In detail, an E3 SUMO-protein 

ligase MMS21 as well as two E3 ubiquitin-protein ligases (CHFR and RHG1A) encoding 

genes were up-regulated after 8 and 24h LN resupply, respectively, and an E3 ubiquitin 

transferase transcripts were more abundant in RO compared to UC82 at 24h LN (Figure 32A). 

Moreover, since most plant proteases assume regulatory roles, their activity is strictly 

controlled by the presence of protease/proteinase inhibitors, which limits the proteolysis 

process. In our study, many protease/proteinase inhibitors related genes were down-regulated 

in RO shoot compared to UC82, among which an ethylene-responsive proteinase inhibitor, a 

proteinase inhibitor 1 PPI3A2, and a proteinase inhibitor 1 PPI3B2, which was down-
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regulated only at 24h LN-resupply (Figure 32A). Overall, the variation in protease and 

protease inhibitor related gene expressions support the differences in organic N remobilization 

intensity between tomato genotypes (Figure 32A). 

3.1.8.Expression patterns of DEGs involved in 

phenylpropanoids and flavonoids biosynthesis in root 

Under abiotic stress, many plants increase the phenolic acids and flavonoids biosynthesis 

activting the phenylpropanoid biosynthesis pathway as an adaptive plant response to enhance 

stress tolerance. In our transcriptome data, the phenylpropanoid and flavonoid pathways 

enrichment was observed at LN condition. All the genes involved in these pathways were up-

regulated in RO root compared to UC82, including a chalcon synthase (CHS1) (up-regulated 

in RO only after 8h form LN resupply), a cinnamyl alcohol dehydrogenase (CAD) and a 

cytochrome P450 (up-regulated in RO only after 24h LN) and 4 peroxydases, among which 

the peroxydase 7 was up-regulated in RO only after 24h LN (Figure 32B).  

3.1.9.Differentially expressed transcription factors in response 

to early N-treatments 

Our data revealed thirty-seven differentially expressed TFs between genotypes at the different 

times, in both shoot and root (Figure 33). Fourteen TFs encoding genes were found more 

expressed in RO shoot compared to UC82, including an ethylene response factor 

(AP2/ERF4), two basic helix-loop-helix (bHLH), a calmodulin-binding transcription activator 

(CAMTA4), a Gibberellic Acid Insensitive (DELLA/GAI), two ethylene responsive 

transcription factors (ERF), a Golden2-like 2 (GLK2), two MYBs and four zinc finger 

proteins (ZF).  

In root, twenty-three differentially expressed TFs were identified: two auxin response factor 

(ARF), a CAMTA4, three ERF, a protein far-red impaired response 1 (FAR1), a GAGA-

binding transcriptional activator (GAF), a Heat stress transcription factor A-5 (HSF A-5), a 

lateral organ boundaries (LOB/LBD37), a MADS-box transcription factor, two MYB, three 

nuclear factors Y (NFYA6, B5 and B10), a protein indeterminate-domain (IDD9), a Teosinte 

branched1/Cincinnata/Proliferating cell factor (TCP), a TGACG motif-binding protein (TGA) 

and four ZF proteins (Figure 33). All the differentially expressed TFs were tissue-specific; by 

contrast, CAMTA4 appeared down-regulated in both tissues regardless of time and N-

condition. Moreover, 50% and 56.5% of TFs were differentially expressed only in LN 
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conditions in shoot and root, respectively. In detail, MYB61 and MYB-S3 were differentially 

expressed in shoot only after 8h LN-resupply, while bHLH93-like, ERF2, GLK2, ZF-

Constans-9-like and ZF-STOP1 were up-regulated in RO only after 24h from LN resupply. In 

root, all the LN-responsive TFs exhibited a differential expression between RO and UC82 

only after 24h LN resupply (Figure 33).  

 
Figure 33.Heatmap of the differentially expressed TFs in shoot and root of RO and UC82 after 0h, 8h and 24h of N resupply. 

3.3. Weighted Gene Co-expression network analysis 

To identify co-expression modules and hub genes of tissue-specific transcriptional regulation 

networks associated to short-term LN supply, we conducted a weighted gene co-expression 

network analysis (WGCNA) including the 395 and 477 N-responsive DEGs identified in 

ROvsUC82 comparison in shoot and root, respectively. Our results revealed six co-expressed 

modules in both shoot and root including from 38 to 105 genes and from 30 to 159 genes, 

respectively (Figure 34B, C and 35B, C). 
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Figure 34.Scale independence and Mean Connectivity (A), Cluster dendrogram (B) and Module-trait relationship (C) of the 
395 DEGs in tomato root exposed to low and high NO3

- for 0, 8 or 24h (see Materials and Methods). 
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Figure 35.Scale independence and Mean Connectivity (A), Cluster dendrogram (B) and Module-trait relationship (C) of the 
395 DEGs in tomato shoot exposed to low and high NO3

- for 0, 8 or 24h (see Materials and Methods). 
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The analysis of the interaction between the co-expression and the sample treatments modules 

showed the expression levels of eigengenes (idealized representative genes) within each 

module for both shoot and root (Figures 34C and 35C). The results indicated that the brown 

module (ME= 0.91, P=1 × 10-9) was the unique in shoot, exhibiting a significant correlation 

with LN treatment in the efficient genotype RO after 24h (Figure 34C), whereas in root the 

blue module (ME= 0.76, P= 6 × 10-6) was significantly correlated to LN treatment in RO after 

24h (Figure 35C). These results suggest that the DEGs belonging to these modules may play 

significant roles in the early response to LN-resupply in the efficient genotype compared to 

the inefficient ones. 

3.3.1. LN-responsive modules analysis and identification of 

hub genes in shoot of the efficient genotypes 

The identification of the LN-responsive modules were based on the ME absolute value > 0.75, 

while the hub genes, for each module, were selected using two scores: the Module 

Membership (MM) value, which emphasizes genes of importance to the module definition, 

and the Gene Trait Significance (GS), which pinpoints genes for which expression profiles are 

correlated with treatment sample.  

3.3.1.1.  Functional analysis of the brown module in shoot 

The brown module, the unique highly correlated to LN treatment in shoot (ME= 0.91), 

grouped 98 genes induced only in RO. The GO term analysis of the eigengenes in this module 

showed a significant enrichment in Chlorophyll binding, Transferase activity and Anion 

binding molecular functions (Table S8). Here, 22 Hub genes related to RO-LN-24h were 

selected to meet the absolute value of the geneModuleMembership > 0.80 and 

geneTraitSignificance for RO-LN-24h > 0.80 (Figure 36A). The functional analysis of the 

hub genes revealed a significant enrichment in many BP GO terms such as Vegetative phase 

change, Carbohydrate mediated signaling, Response to nutrient and Cytokinin biosynthetic 

process. They were also significantly involved in Steroid, Zeatin, and secondary metabolites 

biosynthesis, and in Carbon fixation in photosynthetic organisms KEGG pathways (Table 

S9). Furthermore, the brown module regulatory network analysis revealed the 10 most 

connected genes (Figure 36B), among which an asparagine synthetase (ASNS, 

Solyc01g079880.3), a CBL-interacting serine/threonine-protein kinase 1 (CIPK1, 

Solyc05g053210.3), a Cytokinin riboside 5'-monophosphate phosphoribohydrolase (LOG8, 

Solyc06g075090.3), a Glycosyltransferase (UGT73C4, Solyc10g085870.1), a Sulfate 
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transporter 3.1 (SULTR3.1, Solyc09g082550.3), an Alternative oxidase 1 (AOX1, 

Solyc08g075540.3) and an Ethylen-responsive transcription factor 2 (ERF2, 

Solyc01g090340.2) (Figure 36B). 

3.3.1.2. Functional analysis of the blue module in root 

The blue module was the unique highly correlated to LN treatment in root (ME= 0.76), 

grouping 102 genes induced only in RO in response to 24h LN resupply. The functional 

analysis of these genes revealed any significant GO term or KEGG pathways enrichment. 

Filtering for geneModuleMembership > 0.75 and geneTraitSpecificity > 0.60, 16 hub genes 

were identified (Figure 37A). Even, these hub genes did not show any significant GO term or 

KEGG pathways enrichment. The blue module regulatory network analysis revealed the 10 

most connected genes (Figure 37B), among them a Late embryogenesis abundant 

hydroxyproline-rich glycoprotein family (LEA, Solyc01g006320.3), a LRR receptor-like 

serine/threonine-protein kinase (FEI1, Solyc01g109650.3), a Nuclear transcription Factor 

YB5 (NF-YB5, Solyc01g067130.3), a Style cell-cycle inhibitor 1 (SCI1, Solyc05g008750.3) 

and an Annexin 5 (AnnSl5, Solyc01g097520.3) were identified (Figure 15B).  

Finally, the expression patterns of the key genes identified for early LN response in RO, in 

brown and blue modules in shoot and root, respectively, are graphically presented in the 

heatmap (Figure 38). 
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Figure 36.Module membership (MM) vs.gene significance (GS) for RO_24h_LN of the brown module in shoot (A), 

Network analysis of the selected genes by MM and GS (B). 

 

Figure 37.Module membership (MM) vs. gene significance (GS) for RO_24h_LN of the blue module in root (A), Network 

analysis of the selected genes by MM and GS (B). 
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Figure 38.Heatmap of the expression level of the hub genes in shoot (brown module) and root (blue module) identified by 
Weighted Gene Co-expression Network Analysis (WGCNA). 
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4. Discussion 

Improving crops nitrogen use efficiency (NUE) has become a significant challenge for a 

sustainable agriculture. To achieve this goal, a deep understanding of plant molecular 

responses to variable N conditions is crucial. Therefore, comparing the performances in 

response to N availability between high and low N-use efficient genotypes can effectively 

allow the dissection of the NUE complex regulatory networks. RNA-seq analysis has become 

the widely used approach to study the transcriptomic changes regulating crop responses to N 

availability as well as to identify key genes related to the N-stress tolerance between NUE-

contrasting genotypes (Sinha et al., 2018; Goel et al., 2018; Subudhi et al., 2020; Sultana et 

al., 2020; Mauceri et al., 2021). In tomato, few transcriptomic analyses, using microarray or 

RNA-seq, have been applied to identify genes differentially regulated by NO3
- (Wang et al., 

2001; Renau-Morata et al., 2021), while a comparative transcriptome profiling between two 

NUE contrasting genotypes in response to LN supply have not been reported so far. 

In this study, the early molecular response to low N (LN) was hypothesized to be crucial for 

determining the contrasting LN tolerance and NUE between the two tomato genotypes RO 

(NUE efficient) and UC82 (NUE inefficient) (Abenavoli et al., 2016, Aci et al., 2021). N-

starved tomato plants exposed to LN and HN were monitored for transcriptomic changes, at 

starvation as well as after 8 and 24h of N resupply, in both shoot and root. An ANOVA 

multivariate model was adopted to identify the DEGs between N conditions and genotypes 

overtime. The analysis yielded more than two and three thousand N-responsive genes in both 

tissues, among which 398 and 477, in shoot and root, respectively, resulted differentially 

expressed between genotypes. Thus, tomato root transcriptome appeared more affected by 

NO3
- resupply compared to shoot, confirming the already reported central role of roots in 

NUE (Sinha et al., 2018; Sun et al., 2020; Tiwari et al., 2020).  

4.1. LN resupply triggers a spatio-temporal differential gene 

expression between the two NUE contrasting genotypes 

The detailed analysis of the N-responsive DEGs expression patterns in the ROvsUC82 

comparison, in both tissues, showed significant differences between LN and HN treatments 

overtime (0h, 8h and 24h), which were more marked after 24h LN-resupply. Our results 

suggested that the distinct transcriptional profiles between genotypes in an early response to 

LN treatment might govern NUE performances in tomato. Based on the GO and KEGG 

pathways enrichment analysis, tissue specific processes and pathways involving genes up-
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regulated by LN treatment in ROvsUC82 were identified. In particular, “Plant hormone signal 

transduction” and “protein kinase signaling” as well as “phenylpropanoid and flavonoid 

biosynthesis” KEGG pathways were significantly enriched in shoot and root, respectively. 

Considering their important role in the early response to LN, we focused our analysis on the 

genes involved in these pathways. 

4.1.1.Plant hormone signal transduction mediated LN signaling 

response 

Phytohormones are key molecules in plant development and response to diverse 

environmental stimuli. Several studies demonstrated that NO3
− availability regulates 

biosynthesis, degradation, transport, and signaling of phytohormones, which in turn play a 

critical role during the plant adaptation to low N (Kiba et al., 2011; Krapp et al., 2011; 

Sakakibara, 2006; Ristova et al., 2016). For example, the auxin transport and signaling are 

critical for the root architecture modulation in response to N availability (Vanstraelen et al., 

2012). This relationship between NO3
−availability and auxin metabolism has been reported in 

Arabidopsis, maize and rice (Krouk et al., 2010; Wang et al, 2019). In our experiment, among 

the DEGs involved in plant hormone signal transduction, two and five auxin-related encoding 

genes were identified in shoot and root, respectively. Among them, an IAA amido-synthetase 

GH3.6, which regulates auxin excess in plant (Nakazawa et al., 2001; Staswick et al., 2005), 

was up-regulated in both shoot and root of ROvsUC82 only after 24h LN, indicating a 

synergic regulation of shoot and root auxin contents in the N-use efficient genotype during the 

response to LN. In addition, the expression of two auxin response factors encoding genes 

(SAUR26, ARF3) was significantly down-regulated in ROvsUC82 in root after 24h under N-

stress.  

Cytokinins are critical signaling molecules indicating N status in plants (Sakakibara, 2003; 

Sakakibara, 2006). Besides their fundamental role in root-shoot-root signaling (Narcy et al., 

2013; Naulin et al., 2020), cytokinins are reported to repress the high-affinity NO3
- transporter 

genes (Ruffel et al., 2011), as well as to induce N-metabolism related genes such as nitrate 

reductase (NR) (Gaudinova, 1990). In our study, a putative tomato cytokinin riboside 5'-

monophosphate phosphoribohydrolase LOG8 transcripts, the main enzyme converting 

inactive cytokinin nucleotides to the biologically active free-base form (Kuroha et al., 2009), 

was more abundant in ROvsUC82 in shoot after 24h LN resupply, confirming a potential 

cross-talk between NO3
- and cytokinin signaling in tomato.  
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Ethylene responsive transcription factors (ERFs) are involved in ethylene signaling pathways 

and regulate many stress-related gene expressions controlling plant growth and development 

(Kazan, 2015; Xiao et al., 2016). Many ERFs encoding genes (AP2/ERF4 and ERF2 in shoot 

as well as ERF1b in root) resulted up-regulated in ROvsUC82 after 24h LN. The role of 

ethylene in the regulation of Arabidopsis root hair elongation when exposed to low NH4
+ 

supply was recently revealed (Zhu et al., 2016). In response to low NO3
-, ERFs were 

differentially expressed in rice and spinach in response to LN (Xie et al., 2019; Sun et al., 

2020; Joshi et al., 2020), and comparative transcriptomics on barley and rice genotypes with 

contrasting responses to N-stress revealed differentially expressed ERFs in response to LN 

(Quan et al., 2016; Subudhi et al., 2020).  

4.1.2.Signal transduction-related protein kinases differentially 

expressed between RO and UC82 in response to early LN-

stress  

Protein Kinases (PKs) play important roles in the development and differentiation of 

eukaryotic cells, helping the organisms to cope with environmental stresses by regulating 

transcription through TFs activation (Hunter and Karin, 1992).  

Mitogen activated PKs (MAPKs), MAPKKs and MAPKKKs are involved in plant stress 

resistance signal transduction, NO3
-sensing and metabolism in several plants (Hu et al., 2009; 

Hao et al., 2011). In this respect, nitrate reductase (NR2) is phosphorylated by MPK7 and 

important regulatory proteins involved in NO3
-signaling such as LOB domain binding 

proteins (LDB37 and LDB39) are targeted by many MAPKs (Chardin et al., 2017). 

Furthermore, five MAPKKK genes have been identified as direct targets of NLP7 (NIN Like 

Protein 7) TF, a master regulator of early NO3
- signaling in root (Marchive et al., 2013; 

Chardin et al., 2017). In response to LN, we identified in our data set three MAKKKs 

significantly upregulated in the ROvsUC82 shoot, among which MAPKKK72 only after 8h 

LN. In the ROvsUC82 root, a MAPK14 and a MPK substrate (MKS1) resulted up- and down-

regulated, respectively, after 24h LN. 

Many genes encoding different subfamilies of receptor-like kinase (RLKs) are regulated by 

NO3
-, but their responses were found highly variable in different transcriptome datasets, 

suggesting a specialized RLKs role based on cell types, organs, developmental stages, and 

growth conditions (Liu et al., 2020). The leucine-rich repeat receptor-like kinases (LRR-

RLKs) are the largest RLKs family genes, with more than 200 members identified in 
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Arabidopsis (Shiu and Bleecker, 2001; Dievart and Clark, 2004). In our transcriptome data, 

many LRR-RLKs were differentially expressed between genotypes in both tissues after 8h or 

24h at LN only. Several well-characterized LRR-RLKs were involved in plant developmental 

processes such as the meristem size regulation, organ growth, inflorescence architecture, 

stomatal cell as well as the vascular differentiation (Clay and Nelson, 2002; Masle et al., 

2005; Shpak et al., 2005). Therefore, we hypothesize that LRR-RLKs might be decisive for 

tomato adaptation to low-N. 

4.1.2.1. Calcium signaling pathways-related proteins kinase 

The cross-link between calcium and NO3
- signaling and uptake regulations, that requires Ca2+ 

dependent PKs (CDPKs) and calcineurin N-like protein/ CBL-interaction PKs (CBL/CIPKs), 

has been well documented (Sakakibara, 2003; Hu et al., 2008). In our transcriptome dataset, a 

CDPK and two CIPKs (CIPK1 and CIPK2) were upregulated in the ROvsUC82 shoot after 8 

and 24h LN resupply. The CDPK family seems to take part in the downstream signaling 

mediated by Ca2+ (Harmon et al., 2000; Boudsocq and Sheen, 2013), while the CBL–CIPK 

complexes regulates the homeostasis of intracellular macro and microelements in stressed 

plants (Zhu, 2003; Luan, 2009; Mao et al., 2016; Bender et al., 2018). Interestingly, recent 

studies revealed that NO3
- resupply stimulated a rapid CIPK2 phosphorylation, highlighting 

the significance of NO3
--activated calcium-sensor protein kinases (CPKs), and the NO3

-–

CPK–NLP regulatory network (Linn et al., 2017; Liu et al., 2017; Liu et al., 2020). 

4.1.3.Transcription factors differential expression between 

genotypes induced by LN-stress  

Five to seven percent of coding sequences within a plant genome are TFs, important 

regulators of plant signal transduction pathways under nutritional stress (Canales et al., 2014, 

Hoang et al., 2017). Transcriptional regulation plays a pivotal role in the 

activation/suppression of gene expression, largely controlled by promoters and their 

contributing cis-acting regulatory elements (CREs), which are specific binding sites for 

proteins involved in the initiation and regulation of transcription such as the TFs (Hernandez-

Garcia and Finer, 2014). Among them, many TF families such as MYB, bHLH, bZIP, DOF, 

ERF, FAR1, G2-like, NF-YA, NF-YB and LOB have been reported to be involved in plant 

response to N deficiency (Castaings et al., 2008; Hao et al., 2011; Goel et al., 2018; Subudhi 

et al., 2020). In our transcriptomic analysis, TFs belonging bHLH and G2-like families 
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resulted upregulated in the ROvsUC82 shoot in response to LN resupply after 24h. 

Interestingly, the TF GLK2 directly activates many downstream target genes encoding 

chloroplast-localized or photosynthesis-related proteins, including those required for 

chlorophyll (Chl) biosynthesis, light harvesting, and electron transport (Waters et al., 2009; 

Wang et al., 2013). In addition, GLK2 is reported to regulate chloroplast development in 

many plants, promoting photosynthesis in previously non-green cells (Powell et al., 2012; 

Wang et al., 2013; Nguyen et al., 2014; Kobayashi et al., 2013). More recently, the GLK2 

over-expression increased photosynthetic capacity determining higher biomass and grain yield 

in rice (Li et al., 2020). This correlation suggested that the GLK2 upregulation in RO shoot 

could be involved in the higher biomass production observed in RO under N limiting supply 

(Aci et al., 2021), determining its higher N-use efficiency compared to UC82.  

In addition, many LN-responsive TFs were found differentially expressed only in ROvsUC82 

root such as ARF, FAR1, HSF, LOB/LBD and NF-YA and NF-YB. Lateral Organ Boundaries 

Domain TFs (LBD/LOB37/38/39) were reported to be up-regulated by NO3
- and to lesser 

extent by NH4
+ and glutamine supplies, but also directly involved in the down-regulation of 

NIA1, NIA2 and other NO3
--inducible genes (Rubin et al., 2009; Medici and Krouk, 2014). In 

our RNAseq analysis, LOB37 transcripts were less abundant in RO root respect to UC82 after 

24h LN resupply, suggesting a lower repression of NO3
- assimilation-related genes in the N-

use efficient genotype compared to the inefficient one. Forthermore, the nuclear transcription 

factors NF-YA and NF-YB are involved in many plant processes playing a role in N nutrition 

(A2, A3 and A5) (Zhao et al., 2011; Leyva-González et al., 2012), as well as in the primary 

root growth (A2, A10 and B2) (Ballif et al., 2011; Sorin et al., 2014). Noteworthy, three 

members of this TF family (NF-YA6, B5 and B10) were found upregulated in ROvsUC82 

after 24h LN resupply.  

4.1.4. LN-stress induces the phenylpropanoids and flavonoid 

biosynthesis in the N-use efficient genotype 

LN stressed plants show a significant reduction in the photosynthetic capacity becoming more 

susceptible to oxidative stress due to the accumulation of reactive-oxygen species (ROS) 

under light excess (Diaz et al., 2006). The induction of phenylpropanoid biosynthesis pathway 

represents a plant adaptive strategy in response to LN resulting in the synthesis of photo-

protective pigments such as anthocyanins and flavanols, well-known antioxidants protecting 

plants from oxidative stress (Peng et al., 2008). High expression of several genes involved in 
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phenylpropanoid pathway was observed in many plants exposed to N deficiency, such as 

cucumber, oilseed rape, Arabidopsis and barley (Zhao et al., 2015; Quan et al., 2016; Goel et 

al., 2018, Sun et al., 2020). Furthermore, other studies described flavonoids as signals 

molecules (Buer et al., 2007; 2010; Brunetti et al., 2013) and more interestingly, their key 

role in the signal transduction from root to shoot in the early LN plant response was 

highlighted (Sun et al., 2020). Interestingly, the N-use efficient genotype RO displayed higher 

transcriptional levels of genes related to phenylpropanoid and flavonoid biosynthesis 

pathways compared to UC82, in root at LN resupply. In detail, a Chalcone Synthase 1 (CHS1) 

encoding gene, key enzyme in the flavonoids and anthocyanins synthesis (Dao et al., 2011) 

and a Cinnamyl alcohol dehydrogenase (CAD) encoding gene, enzyme involved in the 

biosynthesis of phenylpropanoid compounds (Tobias and Chow, 2005) were upregulated in 

RO after 8 and 24h LN resupply, respectively.  

4.2. Co-expression network analysis reveals significant low N 

regulatory modules 

NO3
- regulates more than one thousand genes in both roots and shoots, and a significant 

percentage of these respond to NO3
- itself, sustaining the complexity of its regulatory 

network in plant being coordinated with many other processes (Vidal et al., 2015). Our 

co-expression network analysis identified NO3
- regulatory modules (one for each tissue) 

that were significantly up-regulated in response to LN in the N-use efficient genotype 

RO, after 24h N-resupply (brown and blue modules in shoot and root, respectively). 

Further, we identified the hubs genes with the maximum number of connections in the 

LN-regulatory networks, which might play key roles in the gene network. In shoot, the 

brown module included a Cytokinin riboside 5'-monophosphate phosphoribohydrolase 

(LOG8, Solyc06g075090.3) up-regulated in RO compared to UC82, among the most 

connected genes in the regulatory network. LOG8 is an activator of cytokinins, directly 

involved in NO3
- signaling and N-metabolism regulation (Ruffel et al., 2011; Naulin et 

al., 2020). More interestingly, in the same module, the ERF2 TF (Solyc01g090340.2), 

belonging to AP2/ERF family in tomato and homolog of Cytokinin Response Factor 5 

encoding gene (CRF5) in Arabidopsis, was also identified as hub gene. The analysis of 

tomato knockout mutants revealed that CRF5 homolog regulates leaves and flowers 

development but appeared also up-regulated in response to cytokinins, involved in the 

regulation of many abiotic stresses such as cold, drought and oxidative stresses in both 
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root and shoot (Shi et al., 2012; Gupta and Rashotte, 2014). These results might suggest 

an important regulatory role played by cytokinins in the differential early plant response 

to LN between the two N-contrasting tomato genotypes. Moreover, in the same module, 

an Asparagine synthetase (ASNS, Solyc01g079880.3) up-regulated in RO compared to 

UC82 at LN, was also identified as a hub gene. The ASNS is a key enzyme in the N-

metabolism, which hydrolyzes glutamine to synthesize asparagine, the amino acid with 

the highest N/C ratio, used as the main N form stored and transported through the 

vascular tissues in many plants (Lea et al. 2007; Gaufichon et al. 2010). The ASNS over-

expression in Arabidopsis revealed a higher asparagine levels in plant tissues together 

with an increased tolerance to N-deprivation (Lam et al., 2003; Igarashi et al., 2009), 

suggesting it as a good and viable strategy for improving NUE. Accordingly, our results 

suggested that RO is able to synthesize more asparagine in shoot compared to UC82, 

allowing to better withstand N-deficiency.  

In root, the blue module included as hub genes a Late Embryogenesis Abundant protein 

(LEA, Solyc01g006320.3) and an Annexin 5 (ANN5, Solyc01g097520.3), both up-

regulated in RO compared to UC82, after 24h LN-resupply. The LEA proteins are 

involved in plants adaptation to various abiotic stresses, acting as membrane stabilizers, 

ions chelators as well as antioxidants reducing cell damages (Tunnacliffe and Wise, 

2007; Hirayama et al., 2010; Debnath et al., 2011). In the root apical meristem, Reactive 

Oxygen Species (ROS) production is regulated by the soil nutrient availability and is 

induced under NO3
- deficiency (Wany et al., 2018). The antioxidant effect of LEA 

protein could attenuate ROS damages in RO root cells at LN. The Annexins are also 

stress induced proteins, among them OsANN1 and OsANN10 confer resistance to abiotic 

stress in rice by modulating ROS and/or lipid peroxidation levels (Qiao et al., 2015; Gao 

et al., 2020). Besides, AtANN1 showed a peroxidase activity in response to drought stress 

by regulating ROS production (Goreka et al., 2005; Konopka-Postupolska et al., 2009). 

Our results highlighted the importance of ROS balancing under N-limiting condition, and 

the LEA and ANN5 higher expressions in RO respect to UC82 could justify its higher 

tolerance to LN compared to UC82.  

Finally, a model scheme, highlighting the high-NUE genotype (RO) responses to short-

term LN stress, the main N-stress regulated pathways and the hub genes supposed to play 

a central role in the regulatory networks, has been proposed to sumup our results (Figure 

39). 
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Figure 39.Model scheme showing the multilevel regulation of the short-term low NO3
- stress in Regina Ostuni. Low NO3

- 
(LN) induced an upregulation of the phenylpropanoid biosynthesis pathway, which contributes to reduce ROS production 
together with a higher expression of stress induced genes, such as Late Embriogenesis Abundente protein (LEA) and 
Annexine (ANN) in root, and Alternative Oxidase (AOX1) in shoot, which were among the central genes in both tissues 
regulatory networks. The antioxidant and scavenging activities of the encoded proteins might lead to shoot and root cell 
homestasis sustaining cell development and growth under LN stress. In shoot, plant hormone signal transduction and protein 
kinases (PK) signaling pathways were upregulated. Among the genes involved in these pathways a CBL-interacting PK 
(CIPK1), an Ethylen Responsive Transcription Factor (ERF2) and a cytokinin activating enzyme encoding gene (LOG8) 
were central genes in the regulatory network. CIPK1 might be involved in primary NO3

- response (PNR), whereas ERF2 and 
LOG8 are supposed to play a pivotal role in nitrate-cytokinin signaling cross-talk. The LN-induced cytokinins activation, 
suppose a subsequent cell proliferation and plant tissues growth. The Asparagine synthetase (ASNS), identified as hub gene in 
the shoot regulatory network, was upregulated suggesting a better management of the absorbed NO3

- compared to low NUE 
genotype. The induced metabolic pathways and the function of the encoded protein are represented in yellow and orange, 
respectively. The putative responses resulting from the gene expressions, genes of interest, and transcription factors (TFs) are 
presented in green, red and blue colors, respectively. 

5. Conclusion 

This chapter represents the first transcriptional approach to deeply understand the tomato 

early responses (within 24 h) to LN, in both shoot and root. In our experimental setup, 

the potential mechanism underlying the nitrate regulation in two NUE-contrasting 

genotypes allowed us to formulate hypotheses for explaining RO higher NUE. In shoot, 

we provide a new scenario in which hormones and protein kinases signaling were 

probably involved in high NUE. So far, our results elucidated the nitrate, hormones and 

protein kinases interactions, furnishing novel insights in these combined signals, which 

have been unexplored in tomato. Thus, an interesting focus on future researches could be 
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the dissection of nitrate, hormone-protein kinase cross-talk interactions between N-

contrasting genotypes in different tissues.  

In root, the “phenylpropanoid and flavonoid biosynthesis” pathways were more enriched 

in the high-NUE genotype. In this regard, integrative transcriptomic and metabolomic 

analysis will be essential to provide a holistic understanding of N-nutrient/metabolite 

sensing and responses in tomato in order to plan future tomato breeding for NUE.  

Finally, WGCNA decoded the dynamic regulatory network related to LN, pointing out an 

important role played by cytokinins and ROS balancing in early LN-tolerance 

mechanisms adopted by the efficient genotypes RO. 
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Chapter III 

Weighted Gene Co-expression Network Analysis at tissue scale 

reveals candidate regulatory genes involved in long-term N-

deficiency tolerance and high-NUE in tomato 
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1. Introduction 

Nitrogen (N) deficiency has a significant impact on several plant physiological processes 

(Zhao et al., 2005). It directly affects the rate of photosynthesis since approximately 75% of N 

is allocated into chloroplasts and about 27% of it is utilized for the ribulose bisphosphate 

carboxylase/oxygenase (Rubisco) to ensure high photosynthetic activity (Evans, 1989, 

Makino, 2011). Nitrogen also influences stomatal opening (Evans, 1989) affecting CO2 

assimilation and sugar partitioning and consequently biomass production and crop yield 

(Foyer et al., 2011; Ishikawa-Sakurai et al., 2014; Jin et al., 2015). Besides, the plant 

responses to low N, at the molecular level, involve several transcriptome modulations 

inducing changes in different molecular functions and biological process mainly related to 

plant development (Zhang et al., 2006; Kant et al., 2011, Xu et al., 2012).  

The identification of key genes to improve stress tolerance to low N conditions is a feasible 

way to improve NUE. Firstly, the identification of NUE-contrasting genotypes for a 

comparative understanding of gene expression and regulation in response to N stress 

condition is decisive (Hirel et al., 2007; Kant et al., 2010). Moreover, the manipulation of a 

single gene encoding an enzyme or transporter associated with N use often fails to improve 

NUE (Good et al., 2004), thus targeting transcription factors that concurrently regulate many 

N-use related genes could represent a promising approach to improve this trait (Ueda & 

Yanagisawa, 2018). 

Transcriptome modulation and changes in the expression levels of N use-associated genes in 

tomato in response to N availability have been well documented (Wang et al., 2001, Ruzicka 

et al., 2010). Recently, the regulation of N-use related genes by a complex transcriptional 

network including several transcription factors has been revealed (Reneau-Morata et al., 

2021). Although, the transcriptional network associated with N use was mostly analyzed in 

the model plant Arabidopsis, focusing on the plant response upon exposure to N limiting 

supply (Gaudinier et al., 2018; Varala et al., 2018; Brooks et al., 2019), less attention has 

been paid to the transcriptional networks underlying NUE. Even though different sets of 

genes has been suggested in barley, in rice and tobacco (Coneva et al., 2014, Yang et al., 

2020, Sultana et al., 2020), key regulatory pathways and central transcription factors that 

regulate NUE have been hardly identified. 

Gene co-expression network (GCN) analysis is a powerful system biology approach to 

identify modules of highly co-expressed or connected genes, providing a meaningful strategy 

to examine gene expression correlations from complex RNA-seq datasets across 
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developmental stages, treatments, tissues and time courses. A GCN is a set of relationships 

between genes where a node is defined as a gene connected to other genes by edges based on 

pairwise similarities (Gehan et al., 2015). Instead, a weighted gene co-expression network 

approach (WGCNA) assigns weights to the edges based on the strength of the correlation and 

can be used for finding modules of highly correlated genes, for summarizing clusters using 

the module eigengene or an intra-modular hub gene (Steve and Peter, 2008). A network 

analysis aims to connect gene expression profiles to phenotypic traits related to a treatment 

response. Hub nodes have been found to play vital roles in many networks; these highly 

connected genes are expected to play an important role in biological processes albeit not 

always significantly related to the trait of interest (Peter et al., 2013). However, intra-modular 

hub genes highly connected within a module are more likely to be biologically significant if 

the module is associated to the trait of interest (Horvath et Dong, 2008; Peter et al., 2013). 

Studying plant responses to early low N is necessary to understand the differential regulatory 

mechanisms between the NUE-contrasting genotypes, but examining the differential adaptive 

responses to a longer low N stress between them is crucial to identify the key molecular 

factors leading to contrasting NUE. In this respect, this chapter investigate the molecular 

responses of two NUE contrasting tomato genotypes, RO (high-NUE genotype) and UC82 

(low-NUE genotype), grown at LN for 7-days. Since the gene expression in plant is tissue 

specific, the present study aims to furnish a broad transcriptome profiling at tissue scale on 

tomato genotypes grown under different N supply to identify novel candidate regulatory 

genes related to N-limiting tolerance and high-NUE in tomato under long-term stress, 

combining a transcriptomic co-expression network approach with morpho-physiological 

traits. 

2. Material and methods 

2.1. Growth conditions under long-term N treatment 

Seedlings of RO and UC82 (10-d old) were grown for 10 days under non-limiting NO3
- 

conditions. Plantlets (20-d old) were starved for 5 days into an N-free solution, and then 

resupplied with low (LN; 0.5 mM) and high NO3
- (HN; 10 mM) for 7 days. Then, shoot and 

root of each genotype were separately harvested and three biological replicates were used for 

the transcriptome analysis, each consisting of a pool of three plants (Figure 40). 
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Figure 40.Experimental setup adopted for the long-term RNA-seq analysis. 

2.2. RNA-seq analysis and data processing 

Total RNA was extracted and purified using RNeasy Plant Mini Kit (Qiagen, Milano, Italy) 

following the manufacturer’s protocol. RNA integrity was monitored on 1% denaturing RNA 

agarose gels and its purity checked using a NanoDrop 2000 (ThermoFisher Scientific, 

Wilmington, Delaware USA). Separate RNA-seq single-end sequencing libraries were 

prepared for each genotype (RO and UC82), treatment (HN and LN) and tissue (shoot and 

root) following the Transeq approach (Tzfadia et al., 2018). The 24 Libraries were sequenced 

on six lanes HiSeq 2500 System (Illumina), using the SR60 protocol. The raw data were 

processed to obtain high quality clean reads, removing adapter sequences, reads with 

unknown nucleotides “N” larger than 5%, and low-quality sequences. Clean reads were 

mapped to the tomato genome (SL3.0) from Ensembl Plants 

(http://plants.ensembl.org/Solanum_lycopersicum/Info/Index) using TopHat v2.0.12 

(http://ccb.jhu.edu/software/tophat/index.html) (Kim et al., 2013). Reads per kilobase of 

transcript per million mapped reads (RPKM) were used to calculate genes expression levels. 

2.2.1.Differentially expressed genes in response to long 

term N-limiting resupply 

The gene expression profiles of both genotypes after 7 days HN and LN resupplies were 

analyzed to identify DEGs for the following pairwise comparisons: LNvsHN in RO and UC82 

to evaluate the N effect, and ROvsUC82 at HN and LN for the genotypic effect in both shoot 
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and root. In detail, the normalized counts were compared for each comparison, employing the 

DESeq2 R package and for a false discovery rate (FDR) of 5% (Benjamini and Hochberg, 

1995). The transcripts with an absolute adjusted log2 (fold change) ≥ 1 and FDR < 0.05 were 

considered. The DEGs and Venn diagrams were defined by the online tool 

https://bioinfogp.cnb.csic.es/tools/venny/index.html. Gene ontology (GO) enrichment analysis 

of DEGs was then performed using topGO R package version 2.14.0 (Pearce et al., 2014). In 

addition, pathway enrichment analysis was conducted by using kobas (v3.0) online tool 

(http://kobas.cbi.pku.edu.cn/), based on the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database (http://www.genome.ad.jp/kegg/).  

2.3. Weighted Gene Coexpression Network Analysis 

(WGCNA) 

The RPKM values of the identified DEGs were used for the gene co-expression network 

analysis performed using the WGCNA R package v1.51 (Langfelder and Horvath, 2008). The 

correlation between genes was performed by Pearson correlation coefficient (PCC) and used 

to calculate the distance matrix. The matrix was then used for the dynamic hierarchical 

clustering and to build the edges (connections) between nodes (genes) in the network. 

2.3.1.Co-expression Networks Construction 

Nine morpho-physiological traits related to both shoot and root and previously identified (Aci 

et al., 2021) were included in the WCGNA. In particular, NUE and its components NUtE and 

NUpE were considered for both tissues, shoot dry weight (SDW), SPAD values, shoot length 

(SL), leaf area (LA), leaf number (LN) and shoot N content (SNC) were also included into the 

shoot co-expression analysis, while root dry weight (RDW), root fineness (RF), root tissue 

density (TD), root length ratio (RLR), root mass ratio (RMR) and root N-content (R-Ncont) 

were included into the root co-expression analysis. The WCGNA was performed as already 

described in Chapter II except for the threshold powers, which were 14 and 26 to identify 

modules in shoot and root, respectively (Figure 51A and 52A).  
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2.3.2.Identification of Significant Modules and Functional 

Annotation 

After the integration of the morpho-physiological data into the network, the module eigengene 

(ME), module membership (MM), and gene significance (GS) were then calculated. The 

functional analysis of relevant modules was performed to identify the potential processes and 

pathways involved in the traits. Gene ontology (GO) functional annotation and the KEGG 

were analyzed by Shiny and KOBAS 3.0, respectively. 

2.3.3.Identification and visualization of hub genes 

The hub genes were filtered for the geneModuleMembership and the geneTraitSignificance. 

After identifying the hub genes highly associated to NUE or NUE-related traits, a network 

visualization and analysis were carried out on Cytoscape v3.8.2 software (Shannon, 2003), 

allowing the identification of the highly connected genes.  

2.4. Quantitative real-time PCR 

Quantitative real-time PCR (RT-qPCR) was performed to validate the transcriptomic results 

on 10 genes associated with N-metabolism. Total RNA was extracted and purified using 

TRIzolTM reagent (Qiagen, Milano, Italy) according to the instructions provided by the 

manufacturer. The Maxima First Stand cDNA Synthesis Kit (Thermo Fisher Scientific Baltics 

UBA) was used to produce cDNA samples via reverse transcription according to the 

manufacturer instructions.  Primer specificity of candidate genes was verified by melting 

curve using the mixed cDNA as template, and by 2% agarose gel electrophoresis analysis. 

The PowerUp SYBR Green master mix (Applied Biosystems by Thermo Fisher Scientific) 

and the StepOne™ Real-Time PCR System (Applied Biosystems, foster, CA, USA) were 

employed to perform qPCR with gene specific primers. Three biological and three technical 

replicates were adopted and the means of the relative gene expression (Ct) were normalized to 

the reference genes Actin and Ef1-α (Lovdal and Lillo, 2009). Primers were designed using 

Primer3 (v0.4.0) and listed in Table S4. Results of the Pearson correlation between RNAseq 

data and qRT-PCR were plotted in a scatter plot, which revealed a good and significant 

correlation (r = 0.81, P < 0.0001) (Figure S6). 
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3. Results 

3.1. Transcriptome modulation in response to long-term N-

limiting stress 

3.1.1.RNA-seq analysis 

Twenty-four libraries were construted to study the transcriptomic changes occurring in both 

shoot and root of RO and UC82 in response to long-term low (LN) and high N (HN) resupply 

(7 days) (Figure 40). Up to one hundred thirteen million clean reads were obtained and 

mapped to the tomato genome (SL3.0). Almost ninety-one million reads were aligned to the 

reference genome yielding an overall mapping percentage of 77.12% (Table S10), and about 

thirty-five thousand (35,845) transcripts were identified after assembly. 

3.1.2.Differential gene expression analysis 

To identify the differentially expressed genes (DEGs) after 7 days N-resupply, RO and UC82 

transcriptome profiles were analyzed by the following pairwise comparisons: LNvsHN in RO 

and UC82 for evaluating the N effect and ROvsUC82 at HN and LN for the G effect in both 

tissues. About three thousand two hundred (3203) and two thousand (2031) DEGs were 

identified in the four comparisons in shoot and root, respectively (Figure 41A,B), and five 

hundred fifty-three (553) DEGs were shared between tissues (Figure 41C). To identify the 

common and specific DEGs for each treatment and genotype, Venn diagrams were plotted 

(Figure 42). 

In shoot, in the LNvsHN comparison, two thousand two hundred twenty (2220) DEGs were 

found in RO, among which 1021 and 1119 up- and down-regulated, respectively. One 

thousand six hundred twenty-eight (1628) DEGs, 849 and 779 up- and down-regulated, 

respectively were found in UC82, nine hundred two (902) DEGs were shared between 

genotypes (Figure 42A,C). Furthermore, three hundred forty-one (341) DEGs, 166 and 175 

up- and down-regulated, respectively, were found in the ROvsUC82 comparison at LN, while 

three hundred and ten (310) DEGs, among which 177 up- and 133 down-regulated, were 

identified at HN, and finally, eighty-three (83) DEGs were shared between N-treatments 

(Figure 42A,C). In root, nine hundred fifty-five (955) DEGs were identified in the LNvsHN 

comparison in RO, among which 407 up- and 548 down-regulated, respectively; one thousand 

three hundred thirty-four (1334) DEGs were found in UC82, 562 up- and 772 down-regulated, 

and five hundred thirty-one (531) DEGs were shared between genotypes (Figure 42B,D). 
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Figure 41.Heatmap of the expression profiles of all the identified DEGs from the four pairwise comparisons for N (RO-

LNvs.HN and UC82-LNvs.HN) and G effect (ROvs.UC82-LN and ROvs.UC82-HN) in shoot (A) and root (B) The values are 

expressed as log2FC. Venn diagram of the DEGs identified in shoot and root (C). 

In addition, two hundred five (205) DEGs were identified comparing ROvsUC82 at LN, 

among which 113 up- and 92 down-regulated, while three hundred fifteen (315) were found at 

HN, including 178 up- and 137 down-regulated, respectively (Figure 42B,D).  

3.1.2.1. Genotype-specific LN-responsive DEGs 

To study the genotype-specific LN responses, we focused on the DEGs identified exclusively 

in the LNvsHN comparison for each genotype in both shoot and root (Figures 43A, 44A). 

Interestingly, the LN-responsive DEGs in RO shoot were significantly enriched in 

photosynthesis, small molecule and organic acid metabolic processes GO terms, and in 

metabolic pathways, biosynthesis of secondary metabolites, aminoacyl-tRNA biosynthesis 

and carbon metabolism KEGG pathways (Figure 43B,C). By contrast, the UC82-specific LN-

responsive DEGs were significantly enriched in negative regulation of proteolysis, of 

endopeptidase activity and of hydrolase activity GO terms, while any KEGG pathway was 

significantly enriched (Figure 43B,C). 
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Figure 42.Venn diagrams of differentially expressed genes (DEGs) between the four comparisons in shoot (A) and root (B). 
The number of up and downregulated genes in shoot (C) and root (D). 
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Figure 43.Functional enrichment analysis of genotype specific DEGs in response to LN in shoot: Venn diagram (A). Top 10 

Biological process GO terms (B), KEGG pathways enrichment (C). 
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In root, the RO-specific LN-responsive DEGs were not significantly enriched in any GO term 

or KEGG pathway, while the UC82-specific DEGs were significantly enriched in oxidation-

reduction and catabolic processes GO term, as well as in phenylpropanoid biosynthesis, 

metabolic pathway and the biosynthesis of secondary metabolites KEGG pathways (Figure 

44B, C). In addition, under LN stress, nine hundred two (902) and five hundred thirty-one 

(531) DEGs were shared between genotypes in shoot and root, respectively. These last were 

significantly enriched in photosynthesis, generation of precursor metabolites energy and 

oxidation-reduction process GO terms, and in photosynthesis, carbon metabolism and carbon 

fixation in photosynthetic organism, as well as biosynthesis of amino acids and nitrogen 

metabolism KEGG pathways (Table S11). 

3.1.4. LN-specific DEGs 

We considered as “LN-specific”, the DEGs found in the ROvsUC82 comparisons at LN 

condition excluding those shared with HN condition (Figure 45A, B). Thus, two hundred 

fifty-eight (258) and one hundred forty-one (141) LN-specific DEGs between genotypes were 

identified, in shoot and root, respectively (Table S12, S13). In shoot, photosynthesis, 

photosynthetic electron transport chain, and photosynthesis, light reaction were the three most 

significantly enriched biological process GO terms (Figure 45C). Furthermore, fatty acid 

degradation and tyrosine metabolism were the most significantly enriched KEGG pathways 

(Figure 45D). By contrast, any significant GO terms or KEGG pathways were enriched in 

root (Figure 45C, D).  
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Figure 44.Functional enrichment analysis of genotypes specific DEGs in response to LN in root: Venn diagram (A), Top 10 

Biological process GO terms (B), KEGG pathways enrichment (C).
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Figure 45.Functional enrichment analysis of the LN-specific DEGs identified by Venn diagrams for ROvs.UC82-LN 

comparison in shoot (A) and root (B), Top 10 Biological process terms (C), KEGG pathways enrichment (D).
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3.1.4.1. Differentially expressed genes involved in 

photosynthesis 

Among the two hundred fifty-eight (258) DEGs identified in shoot, thirty-four (34), involved 

in photosynthesis, were analyzed to better understand the relationship between NUE and C 

fixation and assimilation. Twenty-six DEGs were related to the light reaction, three to the 

Calvin cycle and one involved in photorespiration (Figure 46). Moreover, most of these DEGs 

were almost more expressed in RO compared to UC82 only at LN. In the primary 

photochemistry of the photosynthesis (light reaction), the transcript abundances of thirteen 

genes encoding protein related to the photosystem I reaction center (PSI RC), including nine 

P700 chlorophyll A apoprotein A1 and A2, were significantly higher in RO shoot (Figure 46). 

In the photosystem II reaction center (PSII RC), twelve genes were significantly more 

expressed in RO shoot compared to UC82, including D1 and D2 proteins as well as PSII 

reaction center CP43, Z proteins and two genes encoding the cytochrome b6/f complex 

subunits, which mediates electron transfer between PSI and PSII (Figure 46).  

Three genes encoding the Rubisco large subunits, primary enzyme in C fixation and 

assimilation in the Calvin cycle were significantly more expressed in RO compared to UC82 

shoot (Figure 46), indicating that RO channels more N into the photosynthetic apparatus, 

leading to a higher N utilization for C fixation under LN condition.  

Furthermore, among the LN-specific DEGs, two chloroplast localized protein encoding genes 

Ycf2 (Solyc04g024540.2) and TIC214 (Solyc11g021260.1), involved in chloroplast protein 

import across the inner membrane, were found. The expression of Ycf2 was significantly up-

regulated in RO while TIC214 appeared significantly down-regulated in UC82 in response to 

LN, as consequence, transcript abundances of both genes were significantly higher in RO 

compared to UC82 shoot only under LN condition. These results suggest the possible 

involvement of chloroplast protein import process in the differential LN response between 

genotypes. 
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Figure 46.Heatmap of the DEGs involved in the photosynthesis process GO term. The values are expressed in log2FC 

3.1.5. Differentially expressed transcription factors 

Interestingly, one hundred seventy-nine (179) and eighty-five (91) identified DEGs were TF 

coding genes in shoot and root, respectively, and only 32 were shared between tissues (Figure 

47A). They belonged to 31 and 24 families in which bHLH and WRKY were the most 

represented TF families in shoot and root, respectively (Figure 47B,C). Venn diagrams were 

distinctly plotted for both tissues (Figure 47D,E) and their log2(FC) for the four comparisons 

are reported in Table S14, S15.  
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Figure 47.Distribution of DEGs encoding for different transcription factors families in shoot and root. Venn diagram for TFs 

total number in shoot and root (A), distribution for each TF family in shoot (B) and root (C), Venn diagrams for TFs 

identified in each comparison in shoot (D) and root (E).  

In the LNvsHN comparisons, one hundred seventeen (117) genes encoding TFs, were 

differentially expressed in RO (84 up-regulated and 33 down-regulated) and one hundred 

seven (107) in UC82 (80 up-regulated and 27 down-regulated) in shoot (Figure 47D). In root, 

fifty-four genes encoding TFs were differentially expressed in RO (36 up-regulated and 18 

down-regulated), and fifty-three in UC82 (36 up-regulated and 17 down-regulated) (Figure 

47E). However, in the ROvsUC82 comparisons, the TFs differentially expressed were less 

than in the previous comparisons. In shoot, sixteen and fifteen were differentially expressed at 

LN and HN, respectively, while 4 TFs were shared between the N conditions (Figure 47D); in 

root, fifteen and eleven TFs were differentially expressed at LN and HN, respectively, and 

only 3 were shared (Figure 47E). 
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3.1.5.1. Genotype-specific LN-responsive TFs  

We focused the analyses on the TF encoding genes that were differentially expressed in 

response to LN compared to HN supply within each genotype. Thirteen TF families encoded 

by 58 genes were LN-responsive only in RO shoot, including 40 up- and 18 down-regulated 

TFs (Figure 47D). The TF families bHLH (13), ZF (9), WRKY (8) and MYB (6) were the 

most represented (Figure 48A, Table 5). By contrast, forty-eight (48) DEGs encoding TFs 

belonging to twenty-four families were LN-responsive only in UC82 shoot , counting 36 up- 

and 12 down-regulated TFs (Figure 47D). The MYB (7), HD-ZIP (5), bHLH (4) and WRKY 

(4) TF families were mostly represented (Figure 48B, Table 5). In addition, fifty-nine (59) 

DEGs encoding TFs belonging twenty-one families were regulated by LN regardless of 

genotype (Figure 47D). All these TFs exhibited the same expression patterns in both 

genotypes shoot, in response to LN compared to HN, 44 up- and 15 down-regulated (Table 6). 

In detail, TF encoding genes belonging to NAC, MYB, NF-YA and HD-ZIP families were 

up-regulated by LN treatment, whereas LBD/LOB and G2-like TFs resulted down-regulated 

in both genotypes (Table 6).  

 

 
Figure 48.Genotype-specific LN responsive DEGs encoding transcription factors and their distribution in shoot of RO (A) 

and UC82 (B). 
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Table 5.Genotype-specific LN-responsive TFs in shoot of RO (A) and UC82 (B) 

Genotype-specific 
RO RO-LNvs.HN UC82 UC82-LNvs.HN 
TFs families Total Up-regulated Down-regulated TFs families Total Up-regulated Down-regulated 
bHLH 13 10 3 MYB 7 7 0 
ZF 9 3 6 HD-ZIP 5 4 1 
WRKY 8 8 0 bHLH 4 2 2 
MYB 6 3 3 WRKY 4 4 0 
bZIP 4 3 1 bZIP 2 2 0 
HSF 3 3 0 ERF 2 2 0 
NAC 3 3 0 GRAS 2 1 1 
MYB_related 2 2 0 HSF 2 2 0 
YABBY 2 0 2 NAC 2 2 0 
TALE 2 2 0 NF-YA 2 2 0 
B3 1 0 1 PLATZ 2 1 1 
HD-ZIP 1 1 0 ZF 2 2 0 
JUMONJI 25 1 1 0 ARR-B 1 1 0 
PLATZ 1 1 0 B3 1 1 0 
TCP 1 0 1 E2F/DP 1 0 1 
Trihelix 1 0 1 G2-like 1 0 1 
- - - - GATA 1 0 1 
- - - - GRF 1 1 0 
- - - - GTFIIH 1 1 0 

 
- - - JUMONJI C 1 0 1 

 
- - - NF-YB 1 0 1 

 
- - - Nin-like 1 0 1 

 
- - - TCP 1 0 1 

 
- - - Trihelix 1 1 0 

Total 58 40 18 Total 48 36 12 
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Table 6.Shared LN-responsive TFs in shoots of RO and UC82 after 7days of N-resupply. 

  
RO-LNvs.HN UC82-LNvs.HN 

TF families Totale Up-regulated Down-regulated Up-regulated Down-regulated 

NAC 7 7 0 7 0 

ZF-CO-like 7 5 2 5 2 

bHLH 6 2 4 2 4 

MYB 5 5 0 5 0 

NF-YA 5 5 0 5 0 

HD-ZIP 4 4 0 4 0 

bZIP 3 2 1 2 1 

LBD 3 0 3 0 3 

WRKY 3 3 0 3 0 

ERF 2 2 0 2 0 

G2-like 2 0 2 0 2 

MIKC_MADS 2 2 0 2 0 

MYB_related 2 2 0 2 0 

AP2 1 0 1 0 1 

ARR-B 1 1 0 1 0 

EIL 1 1 0 1 0 

GRAS 1 0 1 0 1 

HSF 1 1 0 1 0 

PLATZ 1 1 0 1 0 

SBP 1 0 1 0 1 

TALE 1 1 0 1 0 

Total 59 44 15 44 15 

 

Fourteen and sixteen DEGs encoding TFs, belonging to 25 and 24 families, were LN-

responsive in root of RO and UC82, respectively (Figure 47E). In RO, 14 and 11 TFs were up 

and down-regulated, respectively, with WRKY (6) and ZF (4) as the most represented 

families (Figure 49A, Table 7). In UC82, 13 and 11 TFs were up and down-regulated, 

respectively, in response to LN with bHLH (4) and MYB (3) as the most represented families 

(Figure 49B, Table 7). Twenty-nine DEGs, encoding 17 TF families, were shared between 

genotypes at LN, showing the same expression patterns (up- and down-regulated) in both 

genotypes (Table 8).  
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Figure 49.Genotype-specific LN responsive DEGs encoding transcription factors and their distribution in root of RO (A) and 

UC82 (B). 

 
Table 7.Genotype-specific LN-responsive TFs in root of RO and UC82 after 7 days N-resupply. 

Genotypic-specific 

RO RO-LNvs.HN UC82 UC82-LNvs.HN  

TFs families Total Up-regulated Down-regulated TFs families Total Up-regulated Down-regulated 

WRKY 6 6 0 bHLH 4 2 2 

ZF 4 2 2 MYB 3 2 1 

bHLH 2 2 0 LBD 2 1 1 

bZIP 2 0 2 ZF 2 1 1 

ERF 2 0 2 ARR-B 1 1 0 

AP2/ERF 1 0 1 bZIP 1 1 0 

G2-like 1 0 1 HD-ZIP 2 1 1 

GATA 1 1 0 GATA 1 0 1 

HSF 1 1 0 HSF 1 1 0 

MIKC_MADS 1 0 1 M-type_MADS 1 0 1 

MYB 1 0 1 NAC 1 1 0 

MYB_related 1 1 0 NF-YB 1 0 1 

NAC 1 0 1 SBP 1 0 1 

TALE 1 1 0 TALE 1 1 0 

- - - - WRKY 1 1 0 

- - - - ERF 1 0 1 

Total 25 14 11 Total 24 13 11 
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Table 8.LN-responsive TFs shared between RO and UC82 in root after 7days N-resupply. 

LN-responsive 

  
RO-LNvs.HN UC82-LNvs.HN 

TFs families Total Up-regulated Down-regulated Up-regulated Down-regulated 
ARF 2 2 0 2 0 
bHLH 2 1 1 1 1 
bZIP 2 1 1 1 1 
ZF 1 1 0 1 0 
ERF 3 3 0 3 0 
G2-like 1 0 1 0 1 
HD-ZIP 1 1 0 1 0 
LBD 3 0 3 0 3 
MIKC_MADS 1 1 0 1 0 
MYB 2 2 0 2 0 
MYB_related 1 1 0 1 0 
NAC 2 2 0 2 0 
NF-YA 3 3 0 3 0 
NF-YB 1 1 0 1 0 
Nin-like (NLP) 2 2 0 2 0 
TALE 1 1 0 1 0 
WRKY 1 0 1 0 1 
Total 29 22 7 22 7 

 

3.1.5.2. LN-specific DEGs encoding TFs 

To identify the LN-regulated TFs probably involved in N-use efficiency, we firstly examined 

the expression profiles of the differentially expressed TFs in the genotype-specific LN-

response (RO-LNvsHN or UC82-LNvsHN), in the LN-specific response between genotypes 

(ROvsUC82-LN), and those in common between these comparisons. We excluded from the 

analysis all the TFs differentially expressed between RO and UC82 regardless N-level (DEGs 

shared between ROvsUC82-LN and ROvsUC82-HN) and those specifically regulated at HN 

(ROvsUC82-HN) (Figure 50). 

So, twenty-five DEGs encoding TFs, LN and tissue-specific, were identified. Twelve (12) 

TFs, belonging to 9 TF families, were identified in shoot, including 3 bHLH, 2 NAC, and one 

member each for HD-ZIP, NLP, HSF, MYB, TGA, G2-like and ZF, while 13, belonged to 9 

TF families, were identified in root, including 3 ERF, 2 WRKY, 2 ZF and one member each 

for MYB, NAC, LOB, B3, HD-ZIP and TGA (Figure 50). The heatmap showed that bHLH 

style2.1 (PRE2), bHLH 013 and NAC2 TF encoding genes were up-regulated only in RO 

shoot in the LNvsHN as well as ROvsUC82 comparisons only at LN. By contrast, a NAC and 

HSF8 TF encoding genes were up-regulated only in UC82 shoot in LNvsHN comparison and 

only at LN for ROvsUC82 comparison. More interestingly, a NLP1 (Nin-like TF) resulted 
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significantly down-regulated in UC82 shoot in response to LN resupply respect to HN, but 

was up-regulated in RO compared to UC82 only under LN condition. Finally, the remaining 

LN-specific TFs were differentially expressed only between genotypes (ROvsUC82) at LN. In 

detail, G2-like and TGA2 were up-regulated while the others were down-regulated in RO 

shoot compared to UC82 (Figure 50).  

 
Figure 50.Heatmap of LN-specific transcription factors in tomato shoot and root. The values are expressed in log2FC 

By contrast, the LN-specific TFs in root showed different expression patterns. In detail, 3 TFs 

namely ERF1B, ERF3 and TGA7 appeared down-regulated only in RO in LNvsHN as well as 

in ROvsUC82 comparisons at LN (Figure 50). Furthermore, 4 TFs namely ERF4, NAC, HD- 

ZIP HOX21, and ZF-Daysleeper-like, were differentially expressed in the LNvsHN 

comparison only in UC82. The first two were up-regulated in the LNvsHN comparison but 

down-regulated in RO compared to UC82 only at LN, while the last two exhibited an opposite 

trend. Moreover, a LOB38 was down-regulated in the LNvsHN regardless of genotypes but 

significantly up-regulated in RO compared to UC82. Finally, 5 TFs were differentially 

expressed only in ROvs.UC82 at LN, WRKY46 and ZF-FYVE/PHD-type were up-regulated, 

while WRKY4, MYB48 and B3 down-regulated in RO compared to UC82 (Figure 50). 
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3.2. Weighted Gene Co-expression Network analysis 

To identify hub genes, in the transcriptional regulation networks, associated with a long-term 

LN-stress in both tissues, we conducted a weighted gene correlation network analysis 

(WGCNA), including 3203 and 2031 DEGs identified in shoot and root, respectively. We 

tagged seventeen and fifteen co-expressed modules including from 39 to 1136 and from 37 to 

510 genes in shoot and root, respectively (Figure 51B, C and 52B, C).  

The interactions between the co-expression and the morpho-physiological traits modules were 

then analyzed and the expression levels of eigengenes (idealized representative genes) within 

each module in both tissues were reported (Figures 51D, 52D). The module-trait relationships 

were determined for ME value > 0.75. The identification of the hub genes for each module 

was carried out by using the Module Membership (MM) value, which emphasizes genes of 

importance into the module, and the Gene Trait Significance (GS), which pinpoints genes 

whose expression profiles are correlated with a physiological trait.  

The results showed the lightgreen (ME= 0.97, P= 1×10-7) and greenyellow (ME= 0.87, P= 

2×10-4) modules as the most significantly correlated with NUE, and the turquoise module to 

SDW (ME = 0.88, P = 2 × 10-4) and SNC (ME = 0.93, P = 5 × 10-5) in shoot (Figure 51D).  

In root, the turquoise module appeared significantly correlated to NUpE (ME = 0.96, P= 

6×10-7) and R-Ncont (ME= 0.82, P= 1×10-3) (Figure 52D). 
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Figure 51.Scale independence and Mean Connectivity (A), Clustering of module eingengenes (B), Cluster dendrogram (C) 
and Module-trait relationship (D) of the 3203 DEGs in the tomato shoot (see Materials and Methods). 
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Figure 52.Scale independence and Mean Connectivity (A), Clustering of module eingengenes (B), Cluster dendrogram (C) 
and Module-trait relationship (D) of the 3203 DEGs in the tomato root (see Materials and Methods). 
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3.2.1. NUE-related modules in shoot and identification of 

novel candidate genes for LN-tolerance and NUE 

improvement  

3.2.1.1. Functional analysis of the lightgreen module in 

shoot 

In shoot, the lightgreen co-expression module was the most correlated to NUE (ME= 0.97) 

and its co-expressed genes were up-regulated in RO respect to UC82 in LN condition. GO 

term analysis of the eigengenes included in this module showed a significant enrichment in 

the photosynthesis and regulation of translational elongation BP (Table S16). The NUE-

related hub genes in the lightgreen module were selected for a geneModuleMembership > 

0.85 and a geneTraitSignificance for NUE > 0.80 (Figure 53A). Twenty-four genes satisfied 

this condition among which seven potential key genes related to NUE: three TFs, 

Solyc06g008590.3 (Auxin-regulated IAA17), Solyc05g024230.2 (ERF/CRF2-like) and 

Solyc12g009050.2 (Nuclear transcription factor NFY-A6), and four genes, Solyc12g033060.2 

(Photosystem I P700 chlorophyll a apoprotein A2), Solyc01g105350.2 (Glycosyltransferase), 

Solyc05g045670.3 (Glucose-6-phosphate/phosphate-translocator) and Solyc03g115650.3 

(Eukaryotic translation initiation factor 5A-1) (Figure 53B). 
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Figure 53.Module membership (MM) vs. gene significance (GS) for NUE in the lightgreen module in shoot (A), Network 

analysis of the hub genes in the same module (B). Node size represents the connectivity degree of genes. 

3.2.1.2. Functional analysis of the greenyellow 

module in shoot 

The greenyellow module was also induced by LN and positively correlated to NUE (ME= 

0.87). The eigengenes were significantly enriched in photosynthesis, photosynthetic electron 

transportchain, photosynthetic electron transport in photosystem II and photosynthetic light 

reaction BP GO term (Table S16). Filtering for a geneModuleMembership > 0.80 and a 

geneTraitSignificance for NUE > 0.75, we identified fifty-two hub genes (Figure 54A). The 

network analysis identified six key genes in the module including three TFs, 

Solyc02g067380.3 (bHLH style2.1 (PRE2)), Solyc02g088180.3 (NAC2), and four genes 

namely Solyc04g024540.2 (Ycf2), Solyc01g081310.3 (Glutathione S-transferase T3), 

Solyc11g012130.2 (Early nodulin-like protein 2-like) and Solyc05g016120.2 (PSII protein 

D1) (Figure 54B). 
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One hundred sixty-three hub genes were identified in this module for a 

geneModuleMembership > 0.95 and a geneTraitSignificance for SDW > 0.85 (Figure 55A). 

The network analysis revealed 8 key genes related to SDW with the highest connectivity, 

including Solyc01g009990.3 (Peptidyl-prolyl cis-trans isomerase), Solyc08g006930.3 

(photosystem I reaction center subunit psaK, chloroplastic), Solyc02g063150.3 (RuBP 

carboxylase small subunit), Solyc04g076870.3 (Glutamyl-tRNA reductase), 

Solyc08g014340.3 (Cysteine synthase), Solyc02g083810.3 (Ferredoxin--NADP reductase, 

chloroplastic), Solyc04g009030.3 (Glyceraldehyde-3-phosphate dehydrogenase) and 

Solyc10g018300.2 (Transketolase). The regulatory network showed the highly correlated 

genes to the identified key genes in turquoise module (PCC > 0.99) (Figure 55B). 

 
Figure 55.Module membership (MM) vs. gene significance (GS) for SDW in the turquoise module in shoot (A), Network 
analysis of the hub genes in the same module (B). Node size represents the connectivity degree of genes. 
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3.2.2. NUpE-related modules analysis and identification 

of hub genes in root 

3.2.2.1. Functional analysis of the turquoise 

module in root 

In root, the turquoise module included 235 genes mainly downregulated by LN w.r.t HN in 

both genotypes. This module was significantly related to NUpE (ME= 0.96) and RN-content 

(ME= 0.82). GO term analysis of the eigengenes showed significant enrichment in response 

to stimulus, to inorganic substance and stress, as well as transmembrane transport and 

response to nitrate biological processes (Table S18). The NUpE-related hub genes in the 

turquoise module were selected for a geneModuleMembership > 0.85 and a 

geneTraitSignificance for NUpE > 0.85 (Figure 56A).  

 
Figure 56.Module membership (MM) vs.gene significance (GS) for NUpE in the turquoise module in roots (A), Network 
analysis of the hub genes in the same module (B). Node size represents the connectivity degree of genes. 

One hundred fourteen hub genes were identified and they were significantly enriched in 

establishment of localization, transport, localization and transmembrane transport BP GO 

terms. Network analysis allowed the identification of 11 key genes related to NUpE among 

the most connected genes in the turquoise module, including three N-transporters: 
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Solyc08g007430.2 (NIT2), Solyc08g078950.3 (NIT1), and Solyc11g069760.1 (NRT2.4); three 

TFs: Solyc02g092550.3 (LOB37), Solyc01g107190.3 (LOB38) and Solyc10g079680.2 

(bHLH 068) and two aquaporins (plasma membrane intrinsic protein): Solyc08g008050.3 

(PIP1.1) and Solyc10g084120.2 (PIP2.5). Furthermore, Solyc12g017910.2 a potassium 

transporter, Solyc02g090450.3 a Peroxidase 10 and Solyc11g006910.2 a Ferredoxin R-B2 

were also identified (Figure 56B). 

The heatmaps show the expression patterns of key genes identified for NUE, SDW and NUpE 

in the different comparisons for N and G effect in lightgreen, greenyellow and turquoise 

modules in shoot (A), and turquoise in root (B) (Figure 57A,B). 

 
Figure 57.Heatmaps of the expression patterns of the key genes identified for NUE, SDW and NUpE in the different 
comparisons for N and G effects in modules lightgreen, greenyellow and turquoise in shoot (A), and turquoise in root (B). 
The values are expressed in log2FC. 
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4. Discussion 

The identification of key genes involved in the plant adaptation to low N availability has 

become strategic for improving NUE, especially when NUE-contrasting genotypes are 

compared (Hirel et al., 2007; Kant et al., 2010). Recently, through comparative transcriptomic 

approach, key genes regulating NUE have been identified in several species (Goel et al., 

2018; Subudhi et al., 2020, Mauceri et al., 2021). To deepen the knowledge on the molecular 

mechanisms mediating the long term (7 days) N-deficiency responses leading to high-NUE in 

tomato, we performed a transcriptomic analysis between two NUE-contrasting genotypes, RO 

and UC82, which yielded 3,203 and 2,031 DEGs in shoot and root, respectively, taking into 

account both nitrate (N) and genotype (G) variables. 

4.1. LN-stress positively affects photosynthesis in the N-use 

efficient genotype 

A high photosynthesis capacity is mainly dependent on the chloroplasts N content in leaf 

(Evans, 1989; Evans and Poorter, 2001; Ripullone et al., 2003), therefore, N availability 

affects significantly this vital physiological process (Wei et al., 2016; Lin et al., 2017). The 

cross-talk between photosynthesis and N assimilation has been underlined by a significant 

correlation between the leaf N content and CO2 assimilation rate (Makino, 2011). Indeed, 

photosynthesis provides energy and carbon skeletons required for N assimilation, but in this 

mutual interplay, N promotes the expression of photosynthesis-related genes (Martin et al. 

2002), and soluble sugars promote the expression of NO3
- assimilation-related genes (Faure et 

al. 1994; Melo-Oliveira et al. 1996). Thus, the interaction between C and N metabolisms is 

the reason for which N nutrition is crucial for biomass production and crop yield. 

De Groot et al., (2003) demonstrated that the abundance of PSI and PSII related proteins and 

their activities were negatively affected by N deficiency in tomato. Recently, the down-

regulation of genes encoding components of the photosynthesis light and dark reactions in 

two rapeseed NUE-contrasting genotypes in response to LN-stress, with less extent in the 

high-NUE genotype, was reported, suggesting that the photosynthesis process might be 

inhibited under long-term LN-stress (Yang et al., 2020; Li et al., 2020). Conversely, in our 

study, thirty (30) genes were significantly enriched in the photosynthesis process, including 

photosynthesis light reaction, photosynthetic electron transport chain, and C fixation in 

Calvin-Benson cycle, and specifically up-regulated by LN-stress in RO compared to UC82. 
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These results also appeared in agreement with our previous hypothesis, where we supposed 

that RO at LN was able to allocate more N into the shoot compared to UC82 (Aci et al., 

2021), which in turn positively affected its photosynthetic process as well as C fixation and 

assimilation. Recent studies on Arabidopsis mutants, aap2, with enhanced N partitioning to 

leaves respect to wild-type, revealed an increase of the electron transport rate as well as 

chlorophyll and Rubisco contents, which in turn promoted leaf growth, C fixation rate and 

delay in leaf senescence and overall higher NUE (Perchlik and Tegeder, 2018). The pivotal 

role of these genes in photosynthesis efficiency and plant growth, among which PSI and II 

subunits, cytochrome B6/f complex, FNRs and Rubisco, has been previously demonstrated 

(Carmo-Silva et al., 2015; Ermakova et al., 2019). Taken together, the up-regulation of the 

genes involved in photosynthesis in RO shoot compared to UC82 might sustain the different 

NUE performances between genotypes at long-term LN-stress. 

4.2. Co-expression network analysis reveals a synergic 

effect of root and shoots enriched functions essential for 

LN-adaptation and NUE enhancement 

The co-expression network analysis allows the identification of gene clusters with similar 

expression pattern, and is useful to assess how genes expression is relevant to a specific 

phenotype. Here, the WGCNA was applied for the first time, to identify co-expression 

modules and hub genes correlated to the high-NUE phenotype in tomato. The analysis was 

able to classify shoot and root N-responsive DEGs in 17 and 15 co-expression modules, 

respectively. In shoot, the most significant modules (lightgreen and greenyellow) were 

positively correlated to NUE and SDW, and the functional analysis of the co-expressed genes 

highlighted their significant involvement in photosynthesis process, C and N metabolism 

pathways. In root, the most significant co-expression module (turquoise) was correlated to 

NUpE including genes involved in transmembrane transport activity and response to nitrate 

biological processes.  

In the lightgreen and greenyellow module regulatory networks identified in shoot, three and 

two hub TF genes were found, respectively. The TFs are known to play a central role in many 

abiotic stress adaptations including N-deficiency stress (Canales et al., 2014). Among them, 

bHLH style2.1 and NAC2 were specifically up-regulated in the N-use efficient genotype under 

LN. The tomato bHLH style2.1 or PRE2 over-expression was reported to promote cell 

elongation and affect plant morphogenesis (Chen et al. 2007, Zhu et al., 2017). The NAC2 
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over expression resulted in drought and salt stress tolerant phenotype in tobacco and 

Arabidopsis, by maintaining high chlorophyll content and positively affecting photosynthesis 

and other biological processes (Borgohain et al., 2019; van Beek et al., 2021). Interestingly, 

in the greenyellow module, these hub TF genes were co-expressed with two central hub 

nodes, the chloroplast protein encoding genes PSII-D1 and Ycf2. In particular, the D1 protein, 

a key PSII subunit, is dynamically regulated by environmental signals and its decrease results 

in the photosynthesis inhibition (Nishiyama and Murata, 2014; Watkins et al., 2020). In 

addition, the chloroplastic protein Ycf2 has been recently described as a fundamental 

component of the chloroplast proteins import complex. This complex, responsible for the 

protein import from cytosol into the chloroplast, has a crucial role from which rely other plant 

essential biological processes such as C and N-metabolism (Paila et al., 2015; Sjuts et al., 

2017; Nakai, 2018). Thus, the up-regulation of these genes involved in the photosynthesis 

machinery regulation in RO respect to UC82 further confirm the RO high potential to adapt to 

a long-term LN stress.  

In root, the module correlated to NUpE was enriched in transmembrane transport and nitrate 

response. Interestingly, two nitrate transporters NIT1 and NIT2 and two aquaporins PIP1.1 

and PIP2.5 were identified as hub genes in this regulatory network. The two NIT genes are 

homologs of the Arabidopsis NPF6.3 encoding gene, a nitrate transporter which coordinates 

root branching beyond nitrate transport (Liu and Tsay, 2003; Léran et al., 2013; Maghiaoui et 

al, 2020; Wang et al., 2020). More recently, the over-expression of the OsNPF6.5 and 

VvNPF6.5 homologs from rice and grape resulted in a significantly NUE improvement in rice 

and Arabidopsis, respectively (Hu et al., 2015; Wang et al., 2018; He et al., 2020). 

Furthermore, the identification of two plasma membrane-type (PIPs) aquaporins (PIP1.1 and 

PIP2.5) as central genes in the regulatory network of a NUpE correlated module agreed with 

their role in water and nutrients transport in the root xylem-mesophyll (Shatil-Cohen et al., 

2011; Vandeleur et al., 2014). Notably, the aquaporins (AQPs) role in plant N uptake and 

transport is largely regulated by water flow, and this cross-talk has been widely investigated, 

showing that AQPs over-expression positively affects total N uptake (Tanguilig et al., 1987; 

Aharon et al., 2003; Sadok and Sinclair., 2010). Moreover, root aquaporin genes were 

significantly up-regulated in rice after 24h N-resupply, including OsPIP1.1, OsPIP2.2, 

OsPIP2.3, OsPIP2.4 and OsPIP2.5 (Wang et al., 2001). By contrast, AtPIP2.1, AtPIP2.2, 

AtPIP2.4, AtPIP1.2, and AtPIP1.3 gene expressions significantly decreased in response to 6 

days nitrogen starvation (Di Pietro et al., 2013). Accordingly, in our transcriptome data, NIT 

and PIP genes were key regulator genes in the turquoise module network. Exhibiting a strong 



PROOF 

 

124 

 

GS for NUpE, they represent significant molecular markers, which over-expression might 

improve tomato NUpE and by the way NUE in N-deficient condition. Finally, the results of 

the analyses performed in this chapter allowed us to depict a model scheme of the long-term 

LN stress regulation in RO (Figure 58). 

Figure 58.Model scheme showing the multilevel regulation of the long-term low NO3
- stress in Regina Ostuni. In shoot, the 

photosynthesis is the main biological process upregulated by stress, including genes involved in photosynthesis light reaction 
(PSI, PSII, CytB6-f, FNR) as well as C fixation (Rubisco, RBC) which are central genes in the regulatory networks correlated 
to NUE. These results suggest the C/N balance as a potential target for NUE improvement. The results also suggest the 
central role played by the chloroplast in high NUE genotype, since YCF2 in chloroplast genome is strongly upregulated. 
Recently reported to be involved in chloroplast protein import, YCF2 is among the central genes in shoot regulatory network 
correlated to NUE, suggesting an ongoing and improved activity of chloroplast stroma proteins leading to a higher plant 
adaptation to NO3

- stress. In root, the central genes identified in the regulatory networks correlated to NUpE are involved in 
Nitrate response and transmembrane transport activity biological processes, including two NO3

- transporters (NIT1 and NIT2) 
and two aquaporins (PIP1.1 and PIP2.5). The overexpression of these genes should improve solute/ NO3

- transport and 
distribution in the plant to sustain plant adaptation to long-term low NO3

- stress. The induced metabolic pathways and the 
function of the encoded protein are presented in yellow and orange, respectively. The putative responses resulting from the 

gene expressions, genes of interest and transcription factors (TFs) are indicated in green, red and blue colors, respectively. 
Tomato chloroplast genome (Daniell et al., 2006). 

5. Conclusion 

In the present study, we performed a transcriptome comparative analysis of two tomato 

genotypes in response to low nitrate treatments for 7 days (long-term). Our data provided 

deeper knowledge on LN-stress adaptive molecular mechanism in tomato and allowed us to 

identifyspecific gene networks that might confer high NUE. So, we can sustain that the 

contrasting genotypes adopt different strategies in response to long-term low nitrate 
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conditions. In shoot, the efficient genotype (RO) compared to the inefficient one (UC82) 

showed a higher expression of genes related to photosynthesis light and dark reactions. In this 

respect, future research should focus on the role of chloroplast in plant LN-adaptive 

responses. The weighted gene co-expression network analysis (WGCNA) in both tissues 

revealed several nitrate regulatory modules and the main biological functions correlated to 

NUE and NUpE in tomato. In shoot, the general mechanisms regulating NUE appeared 

mainly related to photosynthesis process and the interaction between N and C metabolisms. 

Whereas, in root, the main processes regulating NUpE were related to transmembrane 

transport activity. The significance of these analyses indicated that in shoot (NUtE) and root 

(NUpE) the regulated functions might synergistically contribute to the high-NUE phenotype, 

combining N-transport (root) and photosynthetic (shoot) activities. Thus, our data-mining 

approach, correlating the morpho-physiological traits to the gene expression profiles, was able 

to identify new candidate genes and TFs as key regulators for improving tomato NUE, and 

provided further insight on the LN-stress effect on the biological processes in tomato. 
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General conclusions and future perspectives 

The present PhD thesis aimed to investigate the main differences between two NUE 

contrasting tomato genotypes, at morpho-physiological and molecular levels, underlying the 

NUE complex trait. Our comprehensive analyses confirmed the complexity of the 

physiological and molecular events leading to an efficient N-use in the plant system, as well 

as the functional regulations taking place in both shoot and root to achieve a high-NUE. They 

resulted highly controlled at the transcriptional level involving different key genes and 

regulators that operated in a time and tissue dependent manner. 

The analysis on the NUE contrasting genotypes corroborated our previous results confirming 

a first hypothesis on the major role played by NUtE in the determination of high-NUE 

phenotype in tomato (Chapter I). Relative expression of genes such as SlCLCa and SlNRT1.5 

highlighted two different strategies adopted by the N-use efficient genotype (RO), which 

placed in order nitrate transport/allocation to shoot for assimilation instead of its storage into 

root vacuoles as observed in the N-use inefficient ones (UC82). Although the data furnished 

by this first analysis on the genotype pair were consistent, they were considered as the tip of 

the iceberg. Thus, to reach a general framework on the molecular mechanisms underlying the 

LN-deficiency tolerance and the high-NUE in tomato, an RNAseq approach was adopted. 

Firstly, we dissected and compared the transcriptomic responses between genotypes at short 

term to study the N-induced responses within 24h N resupply, later, the same experimental 

setup was adopted under long-term (7 days) LN-stress to detect genotype specific adaptive 

responses. 

Taking into accounts the variables genotype (G), nitrogen supply (N) and sampling time (T) 

and their interactions, the analysis of differentially expressed genes (DEGs) revealed a time-

dependent differential response between genotypes. Two DEG panels were identified: the 

LN-stress responsive DEGs (identified after short-term LN-resupply) and the LN-stress 

adaptive DEGs (resulting from the long-term or adaptive responses to LN-stress). Moreover, 

besides the time effect on the LN-stress responses, we emphasized the specific responses in 

both tissues at short-term, which roles became synergic at the long-term LN-stress to achieve 

high-NUE. At short-term (Chapter 2), in shoots,  NUE-contrasting genotypes showed a 

differential regulation of plant hormone signal transduction and protein kinases signaling 

pathways, in which important genes involved in primary nitrate response such as CIPKs and 

CDPKs were up-regulated in the NUE-efficient genotype. In root, the same genotype 

exhibited higher expression of a cinnamyl alcohol dehydrogenase (CAD) and a chalcone 
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synthase 1 (CHS1) encoding genes, which are two important enzymes involved in 

phenylpropanoids and flavonoids biosynthesis, pathways highly induced in the plant stress-

adaptive responses. Besides, the differential expression of several TFs such as GLK2 in shoot 

and LOB37 in root could be correlated with a higher LN-tolerance given their involvement in 

the regulation of chloroplasts development processes and N-assimilation enzyme encoding 

genes (NIA and NIR), respectively. These results suggested that the early molecular events in 

response to LN-stress are pivotal for determining the future adaptive responses.  

As a complementary tool to the differential expression analysis, the co-expression network 

analysis offers the advantage to capture more relevant transcriptomics information using the 

gene co-expression modules and the analysis of their regulatory networks (Chapter 2 and 3). 

A set of co-expressed modules associated to LN-stress response in tomato by the weighted 

gene co-expression network analysis (WGCNA) was identified, providing insights into the 

biological processes and regulation of the early responses to low N.  

The functional analysis of the co-expressed modules correlated to LN-treatment at short-term 

indicated the putative genes regulating LN-stress responses in the N-use efficient genotype. In 

detail, a cytokinin riboside 5'-monophosphate phosphoribohydrolase (LOG8, 

Solyc06g075090.3), an ethylene responsive transcription factor (ERF2, Solyc01g090340.2) 

and an asparagine synthetase (ASNS, Solyc01g079880.3), as well as a late embryogenesis 

abundant protein (LEA, Solyc01g006320.3) and an annexin5 (ANN5, Solyc01g097520.3) 

were the key regulatory genes in shoot and root, respectively. These results decoded the 

dynamic regulatory networks of the early responses adopted by the high NUE genotypes (RO) 

to face LN-stress, in which cytokinin metabolism (LOG8 and ERF2) and ROS balancing 

(LEA and ANN5) appeared to be the main regulators. 

At long-term (Chapter 3), the genotypes exhibited a differential regulation of the 

photosynthesis processes, in which most of the related DEGs were up-regulated in the 

efficient genotype. Among them, we identified both light and dark reaction related genes 

leading to an unquestionable C/N balancing helpful for growth optimization under low nitrate 

stress. The WGCNA emphasized the co-expressed modules significantly correlated to NUE 

and its component NUpE, as well as the main biological functions and key genes in the 

regulatory networks controlling these complex traits. In shoot, the general mechanisms 

regulating NUE were related to photosynthesis and the interaction between N and C 

metabolisms, while those regulating NUpE in root were related to transmembrane transport 

activity. In shoot, two TFs, bHLH style2.1 (Solyc02g067380.3) and NAC2 

(Solyc02g088180.3), as well as two chloroplastic protein encoding genes, Ycf2 
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(Solyc04g024540.2), and the photosystem II subunit D1 psbA (Solyc05g016120.2) were 

identified as the key genes in the regulatory network of the NUE-associated module. In root, 

two nitrate transporters NIT1 and NIT2 and two aquaporins PIP1.1 and PIP2.5 as key genes in 

the regulatory network of the NUpE-associated module were identified. These analyses 

highlighted a possible synergic action of shoot (NUtE) and root (NUpE), combining the 

photosynthetic and solute transport activities, respectively, to achieve the low nitrate stress 

adaptation and high-NUE. 

The molecular mechanisms and functional features of the genes responsible for NUE in 

tomato have not been determined so far, but the information obtained from chapter 2 and 3 

represent a valuable source of data that will guide our future researches. For instance, the 

identification of a cytokinin-activating encoding gene as a hub gene in the short-term LN 

resupply regulatory network suggests the key role of this hormone in sustaining NO3
--stress 

and high NUE in tomato. These findings are in agreement with previous studies which 

highlighted the high correlation between nitrogen nutrition and cytokinin content observed in 

several crops such as tobacco, barley and maize, as well as the role played by cytokinin in the 

partial restoration of the morphological adaptation to nutritional stress. Accordingly, future 

researches might focus on the comparative evaluation of the endogen cytokinin level in 

response to short- and long-term NO3
- stress between RO and UC82 to elucidate the effective 

role of cytokinin in high NUE. In addition, Ycf2 as hub gene in the NUE regulatory network 

attracted our attention on the potential role that chloroplast might play in the regulation of 

NO3
- stress and NUE improvement. Thus, further researches should focus on the comparative 

analysis of the chloroplast protein import between RO and UC82 to highlight the chloroplast 

proteome modulation in response to N stress. 

Likewise, increasing knowledge on the Arabidopsis genes and their transcripts has produced a 

large number of mutants for specific genes. Thus, the identified tomato NUE key regulatory 

genes, such as NIT1 and NIT2, as well as bHLH style 2.1 and NAC2 were found to be 

AtNPF6.3, AtBNQ3 and AtORE1 homologs, respectively. The incorporation of such genes in 

targeted studies would complement our findings by validating their effective implication in 

NUE and NUpE. In addition, to date most of the genetic studies focused on over-expressing 

gene of interest to improve NUE, but the advances in genome sequencing and high-

throughput approaches have enabled the researchers to use genome editing tools for the 

functional characterization of many genes useful for crop improvement. Hence, the use of 

CRISPR/Cas9 to down-regulate or knockdown the identified key genes would be a more 

specific approach to improve NUE in tomato. Finally, the study of the proteome and 
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metabolome changes beside the transcriptome response and estimate their correlations is 

another important objective. The combination of different “omics” studies will provide a more 

detailed view on the tomato response to low nitrate stress, and will allow us to have a 

complete framework on NUE mechanisms to better guide future breeding programs in the 

frame of sustainable agriculture. 
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Appendix 

 
Table S1. ANOVA of root and shoot N content 

N-content Shoot Root 
G *** ** 
[N] *** *** 
G*[N] *** ns 
* 0.01 < p ≤ 0.05 ; ** 0.001 < p < 0.01 ; *** p < 0.001 
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Table S2. ANOVA of relative gene expression (2-∆Ct) in shoot and root of RO and UC82 at T0 

T0 Shoot Root 

 
NR NIR GS2 GOGAT NRT1.7 NRT2.7 CLCa NR CLCa NRT1.5 NRT1.8 

G * ns ** ns ns ns ns ** ** * *** 
* 0.01 < p ≤ 0.05 ; ** 0.001 < p < 0.01 ; *** p < 0.001  
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Table S3: ANOVA of relative gene expression (2-∆∆Ct) in shoot and root of RO and UC82 within each time point (8h, 24h 
and 7 days) 

Time Shoot Root  

8h NR NIR GS2 GOGAT NRT1.7 NRT2.7 CLCa NR CLCa NRT1.5 NRT1.8  

G ns * ns * ** ns *** ***  * *** *  

N ** ns ns *** *** ns ** ** ns ns **  

G*N ns ** ns * ** ns *** * *** ns *  

24h NR NIR GS2 GOGAT NRT1.7 NRT2.7 CLCa NR CLCa NRT1.5 NRT1.8  

G ** ns *** *** *** *** *** ***  *** *** **  

N ns ns *** *** * ** *** ***  *** *** ***  

G*N ns ns *** ** ns *** *** ns * *** **  

7d NR NIR GS2 GOGAT NRT1.7 NRT2.7 CLCa NR CLCa NRT1.5 NRT1.8  

G ** *** ns *** ns *** *** ns ** ** ***  

N ** *** ns *** *** *** *** ***  *** *** ns  

G*N ns *** ns ** ns *** *** ns * ** ns  
 * 0.01 < p ≤ 0.05 ; ** 0.001 < p < 0.01 ; *** p < 0.001  
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Table S4. Primers designed for qRT-PCR 

Gene Accession ID Primer Sequences (5' to 3') 
Amplicon 
length 

NR NM_001328498.1 Forward 
 

5'-GGTGGATGGATGGCAAAGGA-3' 
127 

 
 Reverse 

 
5'-TCCTCACCTCGGACATGGAA-3' 

GOGAT XM_004234907.4 Forward 
 

5'-GTGGTTTGGGCCATCTCTGA-3' 
83 

 
 Reverse 

 
5'-CACGACTGTTGGCTGCTTTT-3' 

GS2 NM_001323669.1 Forward 
 

5´-TGGAGTTGAGGTGTAATTGTTGG-3´ 
105 

 
 Reverse 

 
5´-CATTCGGAAAGAGCACACCA-3´ 

Nir2 XM_004248688.4 Forward 
 

5´-GGACAGGTTGCCCAAATACA-3´ 
67 

 
 Reverse 

 
5´-GTCAGGCATCCCATGAATCCG-3´ 

NRT1.7 XM_004238712.2 Forward 
 

5'- TCCCCGAAAACATGAGCAGT -3' 117 

 
 Reverse 

 
5'- GCCCATTTCCTCCCGTAGTG -3' 

 
CLC-a XM_004231738 Forward 

 
5´-CGTCTCCCTTTTCACCTCCA-3´ 

93 

 
 Reverse 

 
5´-CCAGGACAGGACCCTTGAAT-3´ 

NRT1.5 XM_004244498.4 Forward 
 

5´-TCCTTAGTGTAGCAGGCGTC-3´ 
127 

 
 Reverse 

 
5´-ACCAGTCCAATACCCATCCG-3´ 

NRT1.8 XM_010328990.3 Forward 
 

5´-GCCTTTGTGCAGTGTCTCAA-3´ 
141 

 
 Reverse 

 
5´-CTGTTTTCATTGCAGCCCCT-3´ 

SlNITR2.1 XM_004236138.3 Forward 
 

5’-AGTCAAGTGGATGCATTTCGG-3’ 70 

  Reverse  5’-CAGTTTCTGGGTTGAATGAGAA-3’  

ERF1a NM_001247912.2 Forward  5’- AGGGGTCCTTGGTCTCTACT-3’ 147 

  Reverse  5’- ACTTCTCTTGTGCTTGACTCTTC-3’  

Actin* NM_001330119.1 Forward  5´AGGTATTGTGTTGGACTCTGGTGAT-3´ 81 

  Reverse  5´-ACGAGAATGGCATGTGGAA-3´  

EF1-αααα∗∗∗∗    NM_001247106.2 Forward  5´-GGAACTTGAGAAGGAGCCTAAG-3´ 165 

  Reverse  5´-TTCTTGACAACACCGACAGC-3´  

*) Reference genes used as internal standards.
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Table S5. Number of clean reads generated from each sample sequenced (Transeq) and mapped to the tomato genome using 
TopHat for RO and UC82, at 0h (T0), 8h (T1) and 24h (T2), in HN and LN conditions, in shoot (S) and root (R) 

Sample clean_reads Mapped-reads Mapping % 

ROT0S 1906022 1280489 67,18 

ROT0S 2133203 1306173 61,23 

ROT0S 1465065 838270 57,22 

ROT0R 3401261 2491873 73,26 

ROT0R 2049678 1239176 60,46 

ROT0R 3571786 2426064 67,92 

UCT0S 1509414 864869 57,3 

UCT0S 5178363 3810513 73,59 

UCT0S 1419839 821282 57,84 

UCT0R 1332848 729165 54,71 

UCT0R 3469504 2555943 73,67 

UCT0R 3395649 2474260 72,87 

ROT1SH 5152158 3748111 72,75 

ROT1SH 3586413 2757065 76,88 

ROT1SH 2583650 1911254 73,97 

ROT1SL 2335660 1642635 70,33 

ROT1SL 3559648 2755046 77,4 

ROT1SL 1416171 738684 52,16 

ROT1RH 3366388 2520089 74,86 

ROT1RH 3365036 2451567 72,85 

ROT1RH 6093885 4594774 75,4 

ROT1RL 14533866 11489361 79,05 

ROT1RL 3604946 2615165 72,54 

ROT1RL 1367049 795828 58,22 

UCT1SH 6217803 4958484 79,75 

UCT1SH 3540802 2692242 76,03 

UCT1SH 3697532 2856704 77,26 

UCT1SL 2299919 1646243 71,58 

UCT1SL 2672861 1957243 73,23 

UCT1SL 917008 467909 51,03 

UCT1RH 3712470 2661288 71,69 

UCT1RH 7124110 5830217 81,84 

UCT1RH 9329400 7622436 81,7 

UCT1RL 9992107 8028419 80,35 

UCT1RL 7291868 5863890 80,42 

UCT1RL 2092043 1424449 68,09 

ROT2SH 2489830 2024078 81,29 

ROT2SH 3852398 2955460 76,72 

ROT2SH 585464 304249 51,97 

ROT2SL 3980049 3077826 77,33 

ROT2SL 2159429 1561060 72,29 

ROT2SL 15326609 11696417 76,31 

ROT2RH 1106165 657169 59,41 

ROT2RH 5605041 4289862 76,54 

ROT2RH 3174546 2100201 66,16 

ROT2RL 11723454 9089555 77,53 

ROT2RL 3629206 2626764 72,38 

ROT2RL 928381 364513 39,26 

UCT2SH 10635783 9125540 85,8 

UCT2SH 4703095 3840046 81,65 

UCT2SH 5861620 4710523 80,36 

UCT2SL 5974063 4979620 83,35 

UCT2SL 5595378 4441595 79,38 

UCT2SL 9453256 7711955 81,58 
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Table S5. Number of clean reads generated from each sample which were sequenced (Transeq) and mapped to the tomato 
genome using TopHat (continue) 

UCT2RH 8205400 6643086 80,96 

UCT2RH 1070968 798855 74,59 

UCT2RH 6337623 5259622 82,99 

UCT2RL 6768783 5638612 83,3 

UCT2RL 2656735 2079494 78,27 

UCT2RL 6317154 5227071 82,74 

Total 268825855 206070353 72,14 
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Table S6. Differentially expressed genes (p<0.05) detected by multivariate linear model in shoot and root including 
Genotype (RO and UC82), Time (0h, 8h, 24h), Nitrate (Low N, and High N) and their interactions. 

Fitted model No. of Gene in Shoot No. of Gene in Root 

Genotype (G) 3387 3357 

N level (N) 912 2123 

Time (T) 8281 7329 

G*N 1084 1272 

G*T 2133 2418 

N*T 1417 1300 

G*N*T 1190 886 

Total unique genes 4812 4802 
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Table S7. Number of significantly clustered genes in shoot and root after 0h, 8h and 24h of N treatment  

N level Shoot Root 

HN 1160 2754 
LN 1315 1104 
Total unique genes 2041 3119 



PROOF 

 

174 

 

Table S8. Molecular function GO term enrichment of the co-expressed genes in the brown module in shoot. 

 Enrichment 
FDR 

Genes in 
list 

Total 
genes 

Functional Category 

MF 0.0384 3 42 Chlorophyll binding  

MF 0.0477 2 15 Secondary active sulfate transmembrane transporter activity  

MF 0.0477 2 16 Sulfate transmembrane transporter activity  

MF 0.0477 2 20 Anion:anion antiporter activity  

MF 0.0477 2 20 Solute:anion antiporter activity  

MF 0.0484 2 27 Peptide:proton symporter activity  

MF 0.0484 2 26 Oxidoreductase activity. acting on the CH-CH group of donors. NAD or 
NADP as acceptor  

MF 0.0484 4 198 Active ion transmembrane transporter activity  

MF 0.0484 2 24 Sulfur compound transmembrane transporter activity  

MF 0.0485 1 2 Abscisic acid glucosyltransferase activity  

MF 0.0485 4 229 Secondary active transmembrane transporter activity  

MF 0.0485 1 2 12-oxophytodienoate reductase activity  

MF 0.0485 18 3298 Transferase activity  

MF 0.0485 2 35 Thiolester hydrolase activity  

MF 0.0485 2 31 Oligopeptide transmembrane transporter activity  

MF 0.0485 18 3216 Anion binding  

MF 0.0485 1 2 Delta24-sterol reductase activity  

MF 0.0485 2 39 Quercetin 3-O-glucosyltransferase activity  

MF 0.0485 2 39 Quercetin 7-O-glucosyltransferase activity  
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Table S9. Biological process GO term enrichment of the brown module hub genes 

 Enrichment 
FDR 

Genes in list Total 
genes 

Functional Category 

BP 0.0229 1 3 Vegetative phase change 

BP 0.0229 1 2 Carbohydrate mediated signaling 

BP 0.0269 1 4 Response to nutrient 

BP 0.0380 1 10 Cytokinin biosynthetic process 

BP 0.0315 1 6 Regulation of autophagy 

BP 0.0315 1 8 Monocarboxylic acid transport 

BP 0.0315 1 8 Response to monosaccharide 

BP 0.0315 1 5 Response to decreased oxygen levels 

BP 0.0315 1 6 Response to oxygen levels 

BP 0.0315 1 6 Cellular response to carbohydrate stimulus 

BP 0.0315 1 7 Positive regulation of response to alcohol 

BP 0.0315 1 7 Positive regulation of cellular response to alcohol 

BP 0.0315 1 8 Detection of chemical stimulus 

BP 0.0315 1 8 Response to hexose 

BP 0.0315 1 8 Response to glucose 

BP 0.0315 1 7 Positive regulation of abscisic acid-activated signaling pathway 
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Table S10. Number of clean reads generated from each sample sequenced (Transeq) and mapped to the tomato genome using 
TopHat for RO and UC82, at 7 days (T3), in HN and LN conditions, in shoot (S) and root (R) 

Sample clean_reads Mapped-reads Mapping % 

ROT3SH 3107845 2398164 77,16 

ROT3SH 4494375 3578928 79,63 

ROT3SH 4600766 3616028 78,6 

ROT3SL 3836049 3042013 79,3 

ROT3SL 3716852 2845552 76,56 

ROT3SL 2353197 1571870 66,8 

ROT3RH 5264489 4263259 80,98 

ROT3RH 11056404 9034300 81,71 

ROT3RH 481448 249179 51,76 

ROT3RL 2308771 1356120 58,74 

ROT3RL 6908084 5381598 77,9 

ROT3RL 3181312 2497200 78,5 

UCT3SH 1930357 1488231 77,1 

UCT3SH 4470751 3439242 76,93 

UCT3SH 6078711 4862125 79,99 

UCT3SL 5283474 4377207 82,85 

UCT3SL 4109698 3317847 80,73 

UCT3SL 4741566 3911465 82,49 

UCT3RH 5233669 4278101 81,74 

UCT3RH 5714540 4662286 81,59 

UCT3RH 6880676 5909860 85,89 

UCT3RL 5040767 4051984 80,38 

UCT3RL 6434248 5036824 78,28 

UCT3RL 6642419 5000646 75,28 

Total 113870468 90170029 77,12 
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Table S11. Top 10 Biological process GO terms and KEGG pathways enrichment of the common DEGs between RO-
LNvsHN and UC82-LNvsHN comparisons 

 Enrichment 
FDR 

Genes in list Total genes Functional Category 

BP 1,63E-38 59 225 Photosynthesis  

BP 1,76E-21 33 122 Photosynthesis, light reaction  

BP 7,92E-18 17 28 Photosynthesis, light harvesting  

BP 1,36E-17 50 396 Generation of precursor metabolites and energy  

BP 6,47E-16 109 1679 Oxidation-reduction process  

BP 1,01E-12 11 15 Photosynthesis, light harvesting in photosystem I  

BP 3,87E-12 175 3757 Biosynthetic process  

BP 1,89E-11 169 3652 Organic substance biosynthetic process  

BP 6,46E-11 80 1265 Organonitrogen compound biosynthetic process  

BP 8,07E-10 160 3559 Cellular biosynthetic process  

KEGG  9,54E-09 122 1630 Metabolic pathways 

KEGG 1,07E-08 76 831 Biosynthesis of secondary metabolites 

KEGG  1,70E-06 20 102 Photosynthesis 

KEGG  2,65E-06 27 190 Carbon metabolism 

KEGG  3,13E-06 10 21 Photosynthesis - antenna proteins 

KEGG  3,64E-05 13 56 Carbon fixation in photosynthetic organisms 

KEGG  4,68E-05 11 40 Porphyrin and chlorophyll metabolism 

KEGG  1,15E-04 12 55 Glyoxylate and dicarboxylate metabolism 

KEGG  3,50E-04 10 43 Glycine  serine and threonine metabolism 

KEGG  1,85E-02 16 166 Biosynthesis of amino acids 
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Table S12. List of the LN-specific DEGs in ROvsUC82 comparison in shoot 

Gene ID Gene annotation LFC LFC LFC LFC padjs padjs padjs padjs 

  
ROvsUC82
-LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN 

ROvsUC82
-LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN 

ENSRNA050029895 2,452 0 0,000 0,000 0,003 * * * 

ENSRNA050030006 3,756 0 0,000 -2,507 0,000 * * 0,000 

Solyc00g174330.3 Pathogenesis-related protein 1 -2,397 0 0,000 1,989 0,008 * * 0,013 

Solyc00g174340.2 Pathogenesis-related protein 1b -2,715 0 0,000 2,674 0,002 * * 0,000 

Solyc00g230080.1 Photosystem II protein D2  4,904 0 3,657 0,000 0,000 * 1,4E-06 * 

Solyc01g005770.3 Unknown protein 1,635 0 0,000 0,000 0,012 * * * 

Solyc01g006300.3 LECEVI1A -1,280 0 1,755 2,411 0,000 * 4,7E-10 0,000 

Solyc01g006400.3 Pistil extensin like protein, partial CDS only  -2,178 0 0,000 1,623 0,000 * * 0,000 

Solyc01g006560.3 Lipoxygenase -1,015 0 0,000 1,649 0,046 * * 0,000 

Solyc01g017330.2 Photosystem I P700 chlorophyll a apoprotein A1  3,165 0 3,180 0,000 0,002 * 1,9E-04 * 

Solyc01g017600.3 transmembrane protein 45B-like  -1,458 0 0,000 0,000 0,000 * * * 

Solyc01g020285.1 Unknown protein 4,748 0 2,370 0,000 0,000 * 1,0E-04 * 

Solyc01g048590.2 Photosynthetic reaction centre, L/M 5,191 0 2,750 -2,328 0,000 * 8,4E-04 0,012 

Solyc01g057000.3 Universal stress protein -3,470 0 0,000 3,279 0,000 * * 0,000 

Solyc01g057760.3 RNA helicase DEAD2 -2,049 0 -2,581 0,000 0,029 * 2,4E-04 * 

Solyc01g060085.1 Ribulose bisphosphate carboxylase large chain 3,632 0 1,867 0,000 0,000 * 2,4E-03 * 

Solyc01g073680.3 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein  -1,214 0 0,000 0,000 0,000 * * * 

Solyc01g073720.2 Transmembrane protein  -1,450 0 0,000 1,337 0,016 * * 0,009 

Solyc01g079300.3 Stachyose synthase  -3,052 0 0,000 0,000 0,002 * * * 

Solyc01g081310.3 glutathione S-transferase T3 1,466 0 1,817 0,000 0,002 * 5,0E-06 * 

Solyc01g087780.2 serine protease SBT4A -1,654 0 -1,758 0,000 0,010 * 9,2E-04 * 

Solyc01g095960.3 O-acyltransferase WSD1-like  -3,238 0 0,000 0,000 0,001 * * * 

Solyc01g102770.1 Photosystem II reaction center protein Z  2,125 0 0,000 -2,058 0,000 * * 0,000 

Solyc01g105120.3 protein LNK1  1,212 0 0,000 0,000 0,000 * * * 

Solyc01g105350.2 Glycosyltransferase  2,512 0 3,111 0,000 0,000 * 9,1E-09 * 

Solyc01g105450.3 ABC transporter G family member 11  -1,640 0 1,886 3,070 0,005 * 1,3E-04 0,000 

Solyc01g108020.3 Thioredoxin M3, chloroplastic  -3,210 0 0,000 0,000 0,001 * * * 
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Solyc01g110340.3 Endoglucanase  -1,761 0 -1,771 0,000 0,005 * 1,0E-03 * 

Solyc01g111110.3 transmembrane protein  1,007 0 1,763 0,000 0,000 * 3,3E-29 * 

Solyc01g112010.3 RNA-binding (RRM/RBD/RNP motifs) family protein  2,294 0 0,000 0,000 0,015 * * * 

Solyc01g112190.3 NIN-like 1,146 0 0,000 -1,639 0,048 * * 0,000 

Solyc02g011800.1 NAD(P)H-quinone oxidoreductase subunit 1, chloroplastic  2,142 0 2,065 0,000 0,048 * 1,1E-02 * 

Solyc02g011815.1 Unknown protein 2,508 0 0,000 0,000 0,027 * * * 

Solyc02g011990.1 Photosystem II protein D1  2,338 0 0,000 0,000 0,048 * * * 

Solyc02g020960.2 Photosystem I P700 chlorophyll a apoprotein A1  2,853 0 0,000 0,000 0,003 * * * 

Solyc02g062390.3 abscisic acid and environmental stress-inducible protein TAS14  -2,679 0 0,000 3,948 0,005 * * 0,000 

Solyc02g062500.3 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein  -1,091 0 1,493 1,696 0,026 * 1,4E-04 0,000 

Solyc02g062570.3 Phosphatidic acid phosphatase  1,817 0 0,000 0,000 0,013 * * * 

Solyc02g062680.3 Anaphase-promoting complex subunit 10  -1,760 0 0,000 1,755 0,015 * * 0,004 

Solyc02g065060.3 Short-chain dehydrogenase/reductase SDR  1,248 0 0,000 0,000 0,005 * * * 

Solyc02g066830.3 
Nuclear transport factor 2 (NTF2) family protein with RNA binding (RRM-RBD-RNP motifs) 
domain-containing protein  

1,880 0 0,000 0,000 0,032 * * * 

Solyc02g067380.3 bHLH style2.1 (PRE2) 2,402 0 2,599 0,000 0,046 * 3,3E-03 * 

Solyc02g067975.1 Unknown protein -2,088 0 -2,241 0,000 0,025 * 2,0E-03 * 

Solyc02g069910.2 Unknown protein -2,069 0 -1,742 0,000 0,018 * 2,1E-02 * 

Solyc02g076920.3 bHLH transcription factor 013 1,484 0 2,298 0,000 0,015 * 3,7E-06 * 

Solyc02g077420.3 Phospholipase A1-II 1  -1,393 0 0,000 1,502 0,032 * * 0,004 

Solyc02g077860.1 Ribulose bisphosphate carboxylase large chain  2,568 0 2,473 0,000 0,013 * 2,7E-03 * 

Solyc02g078610.3 Splicing factor 3B subunit 2  2,370 0 0,000 0,000 0,028 * * * 

Solyc02g080635.1 Unknown protein 4,388 0 0,000 -3,321 0,000 * * 0,000 

Solyc02g081980.3 Apyrase  -1,095 0 -1,415 0,000 0,001 * 2,7E-07 * 

Solyc02g083720.3 MLO-like protein  2,122 0 0,000 -2,162 0,050 * * 0,011 

Solyc02g084800.3 Peroxidase  2,326 0 1,569 0,000 0,000 * 2,6E-03 * 

Solyc02g088180.3 NAC domain-containing protein  2,100 0 2,300 0,000 0,002 * 6,4E-05 * 

Solyc02g088270.3 hypothetical protein (DUF1997)  -2,472 0 0,000 2,178 0,011 * * 0,009 

Solyc02g090070.3 BTB/POZ domain-containing protein  -1,023 0 -1,495 0,000 0,043 * 3,4E-05 * 

Solyc02g090230.3 Nuclear pore complex protein NUP58  -1,418 0 -1,646 0,000 0,009 * 2,0E-04 * 

Solyc02g093180.3 HXXXD-type acyl-transferase family protein  -2,941 0 1,702 3,223 0,000 * 2,4E-02 0,000 

Solyc03g006110.3 Non-specific serine/threonine protein kinase  2,849 0 0,000 -1,725 0,000 * * 0,034 

Solyc03g006350.3 Zinc finger transcription factor 23 -2,467 0 0,000 0,000 0,019 * * * 

Solyc03g006490.3 Stem-specific protein TSJT1  -1,058 0 0,000 0,000 0,041 * * * 

Solyc03g006550.3 Terpene synthase  -4,394 0 -2,412 2,256 0,000 * 3,5E-04 0,000 

Solyc03g013160.3 Amino acid transporter  -2,168 0 0,000 0,000 0,022 * * * 
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Solyc03g020060.3 Proteinase inhibitor type-2  -3,522 0 0,000 0,000 0,000 * * * 

Solyc03g025830.3 Myosin heavy chain-related protein  -1,797 0 -1,557 0,000 0,038 * 3,0E-02 * 

Solyc03g026120.3 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein  1,760 0 0,000 -1,998 0,003 * * 0,000 

Solyc03g026260.3 TraB family protein  1,175 0 0,000 0,000 0,005 * * * 

Solyc03g034240.3 Abscisic acid (Aba)-deficient 4  -2,495 0 0,000 0,000 0,028 * * * 

Solyc03g044660.3 4-hydroxy-tetrahydrodipicolinate synthase  -1,057 0 -1,183 0,000 0,001 * 2,6E-05 * 

Solyc03g095650.3 MLO-like protein  -1,708 0 0,000 2,597 0,030 * * 0,000 

Solyc03g096050.3 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein  -2,366 0 0,000 1,590 0,005 * * 0,044 

Solyc03g097930.3 Unknown protein -1,117 0 0,000 0,000 0,049 * * * 

Solyc03g098100.3 Methylecgonone reductase  -1,339 0 0,000 1,563 0,001 * * 0,000 

Solyc03g098710.1 Kunitz-like protease inhibitor  -3,302 0 0,000 0,000 0,001 * * * 

Solyc03g098760.2 Serine protease inhibitor 1  -3,420 0 0,000 2,790 0,000 * * 0,001 

Solyc03g098790.2 cathepsin D inhibitor protein -3,688 0 0,000 2,127 0,000 * * 0,000 

Solyc03g114020.3 D-ribose-binding periplasmic protein  -1,016 0 0,000 0,000 0,001 * * * 

Solyc03g114100.1 hypothetical protein  -1,862 0 -1,887 0,000 0,009 * 1,2E-03 * 

Solyc03g114970.3 Protein SPIRAL1  1,075 0 0,000 -1,177 0,005 * * 0,000 

Solyc03g115650.3 eukaryotic translation initiation factor 5A-1 1,660 0 0,000 0,000 0,000 * * * 

Solyc03g116680.3 Methyl-CpG-binding domain-containing protein 11  -2,307 0 0,000 0,000 0,012 * * * 

Solyc03g117640.1 MAP kinase kinase kinase 29 2,671 0 0,000 0,000 0,016 * * * 

Solyc03g120090.1 Pyridoxal 5'-phosphate synthase pdxS subunit  -1,808 0 0,000 0,000 0,040 * * * 

Solyc03g122000.3 Cytochrome b6-f complex subunit 4  2,633 0 2,469 0,000 0,018 * 5,6E-03 * 

Solyc03g122180.3 Oligouridylate-binding protein 1A  3,295 0 4,060 0,000 0,000 * 1,6E-08 * 

Solyc04g005280.3 bHLH transcription factor 028 -1,268 0 0,000 0,000 0,041 * * * 

Solyc04g007820.3 Sn-1 protein  1,384 0 1,078 0,000 0,030 * 4,6E-02 * 

Solyc04g007825.1 Kirola  1,231 0 0,000 0,000 0,020 * * * 

Solyc04g010230.3 Pectate lyase  2,459 0 2,118 0,000 0,036 * 2,5E-02 * 

Solyc04g015340.3 Carboxypeptidase  -1,195 0 0,000 0,000 0,004 * * * 

Solyc04g016000.3 Heat shock transcription factor protein 8  -1,740 0 0,000 2,856 0,041 * * 0,000 

Solyc04g016170.2 Photosystem I P700 chlorophyll a apoprotein A2 2,934 0 2,557 0,000 0,005 * 4,3E-03 * 

Solyc04g017620.3 Phosphatidylinositol 4-phosphate 5-kinase  -1,372 0 0,000 0,000 0,026 * * * 

Solyc04g017720.3 Gibberellin regulated protein  -1,324 0 -2,846 -1,750 0,000 * 1,1E-33 0,000 

Solyc04g024540.2 Protein Ycf2  5,121 0 3,200 0,000 0,000 * 1,8E-05 * 

Solyc04g024885.1 Unknown protein 3,666 0 2,088 0,000 0,000 * 1,5E-02 * 

Solyc04g025170.3 ABC transporter G family member 24  -1,605 0 0,000 0,000 0,039 * * * 

Solyc04g025560.3 ADP-ribosylation factor  3,362 0 0,000 0,000 0,000 * * * 
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Solyc04g039840.1 Ribulose bisphosphate carboxylase large chain  3,650 0 2,194 0,000 0,000 * 1,7E-02 * 

Solyc04g049150.2 Unknown protein 3,110 0 0,000 0,000 0,001 * * * 

Solyc04g051280.3 nucleolin  -2,585 0 0,000 0,000 0,011 * * * 

Solyc04g051670.3 RNA cytidine acetyltransferase  1,088 0 0,000 0,000 0,018 * * * 

Solyc04g072375.1 Unknown protein -4,003 0 0,000 3,119 0,000 * * 0,000 

Solyc04g074780.3 Plastid-targeted protein 3  2,670 0 0,000 0,000 0,008 * * * 

Solyc04g081070.3 Protein ACCUMULATION AND REPLICATION OF CHLOROPLASTS 6, chloroplastic  -1,300 0 -1,533 0,000 0,010 * 1,7E-04 * 

Solyc04g081650.3 Cyclin  -2,002 0 0,000 0,000 0,001 * * * 

Solyc04g082980.2 Tetratricopeptide repeat protein SKI3  2,154 0 0,000 -2,962 0,015 * * 0,000 

Solyc05g006980.3 Homeobox-leucine zipper protein HOX16  -1,648 0 0,000 0,000 0,035 * * * 

Solyc05g007240.1 zinc finger CCHC domain protein  1,062 0 0,000 0,000 0,001 * * * 

Solyc05g007675.1 apyrase 6 2,495 0 2,304 0,000 0,031 * 1,1E-02 * 

Solyc05g007770.3 NAC domain TF -1,910 0 0,000 3,413 0,006 * * 0,000 

Solyc05g008190.3 Transducin/WD40 repeat-like superfamily protein  1,001 0 0,000 0,000 0,048 * * * 

Solyc05g009990.3 Leucine-rich repeat  -1,329 0 -2,096 0,000 0,005 * 7,9E-09 * 

Solyc05g010160.3 Importin-9  1,072 0 0,000 0,000 0,026 * * * 

Solyc05g010420.2 S-adenosylmethionine decarboxylase -1,076 0 0,000 0,000 0,000 * * * 

Solyc05g010423.1 Unknown protein -1,463 0 -1,234 0,000 0,000 * 1,4E-05 * 

Solyc05g015415.1 Unknown protein -2,367 0 0,000 0,000 0,048 * * * 

Solyc05g016120.2 Photosystem II protein D1  5,276 0 2,715 0,000 0,000 * 3,0E-04 * 

Solyc05g021190.2 Photosystem II D2 protein  2,858 0 0,000 0,000 0,007 * * * 

Solyc05g021510.2 Unknown protein 3,367 0 0,000 0,000 0,000 * * * 

Solyc05g023720.1 Cytochrome f  1,799 0 -1,662 -2,587 0,004 * 7,6E-04 0,000 

Solyc05g026600.3 Terpene synthase  2,612 0 0,000 0,000 0,012 * * * 

Solyc05g045670.3 Glucose-6-phosphate/phosphate-translocator  1,799 0 1,614 0,000 0,000 * 3,8E-09 * 

Solyc05g051350.2 Rhamnogalacturonate lyase  -2,416 0 0,000 0,000 0,030 * * * 

Solyc05g051530.3 ABC transporter G family member 11  1,623 0 1,366 0,000 0,017 * 2,0E-02 * 

Solyc05g052890.3 Plant/protein  1,844 0 -1,410 -2,560 0,005 * 2,7E-03 0,000 

Solyc05g053080.2 scarecrow-like protein 14 1,166 0 0,000 0,000 0,000 * * * 

Solyc05g054560.3 CASP-like protein  -1,616 0 0,000 1,360 0,030 * * 0,029 

Solyc06g005890.3 DUF674 family protein  -2,128 0 0,000 0,000 0,000 * * * 

Solyc06g006110.3 Vacuolar cation/proton exchanger  -1,125 0 0,000 0,000 0,000 * * * 

Solyc06g008590.3 auxin-regulated IAA17 1,409 0 1,411 0,000 0,011 * 2,2E-03 * 

Solyc06g009940.1 Photosystem I P700 chlorophyll a apoprotein A1  3,314 0 2,127 0,000 0,000 * 1,7E-02 * 

Solyc06g043038.1 Unknown protein 3,896 0 3,150 0,000 0,000 * 2,5E-04 * 
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Solyc06g048930.3 two-component response regulator ARR17 -1,588 0 0,000 1,405 0,033 * * 0,022 

Solyc06g051080.3 UDP-glucose pyrophosphorylase 3  -1,098 0 -1,334 0,000 0,036 * 7,0E-04 * 

Solyc06g060010.3 Terpene synthase  3,102 0 2,962 0,000 0,001 * 2,7E-04 * 

Solyc06g062370.3 acid phosphatase 1-like  -1,835 0 0,000 1,757 0,005 * * 0,002 

Solyc06g066860.2 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein  1,612 0 0,000 0,000 0,018 * * * 

Solyc06g068120.3 DUF4050 family protein  1,819 0 0,000 -1,073 0,000 * * 0,039 

Solyc06g069240.2 branched1b 3,310 0 0,000 0,000 0,000 * * * 

Solyc06g071310.3 LIM domain-containing protein  -1,175 0 -1,204 0,000 0,035 * 6,4E-03 * 

Solyc06g071670.1 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein  1,384 0 0,000 -1,434 0,004 * * 0,000 

Solyc06g072160.3 Alcohol dehydrogenase 1  2,584 0 0,000 -2,233 0,016 * * 0,017 

Solyc06g072845.1 hypothetical protein  -2,784 0 0,000 3,832 0,000 * * 0,000 

Solyc06g074090.3 7-dehydrocholesterol reductase  1,272 0 1,946 1,023 0,000 * 4,5E-14 0,001 

Solyc06g074320.3 Transcription factor TGA2  1,759 0 0,000 0,000 0,002 * * * 

Solyc06g076370.3 low-temperature-induced protein  2,572 0 2,047 0,000 0,024 * 3,0E-02 * 

Solyc06g076580.1 Unknown protein -1,648 0 0,000 0,000 0,011 * * * 

Solyc06g083030.3 Carboxypeptidase  -1,163 0 0,000 0,000 0,038 * * * 

Solyc06g083070.3 Fimbrin-2  -2,345 0 0,000 0,000 0,041 * * * 

Solyc07g006380.3 Defensin-like protein  -2,709 0 0,000 2,993 0,004 * * 0,000 

Solyc07g006500.3 trehalose-6-phosphate synthase 1 -1,822 0 0,000 1,139 0,001 * * 0,027 

Solyc07g006550.2 ribonuclease 3-like  -2,285 0 0,000 0,000 0,033 * * * 

Solyc07g007250.3 Metallocarboxypeptidase inhibitor  -3,478 0 0,000 2,864 0,000 * * 0,000 

Solyc07g008610.2 (DB142) meloidogyne-induced giant cell protein -2,021 0 -2,163 0 0,023 * 1,9E-03 * 

Solyc07g014670.3 Cytochrome P450  -1,389 0 0,000 1,236 0,011 * * 0,009 

Solyc07g041720.1 Germin-like protein  -1,252 0 -3,447 -1,985 0,026 * 1,1E-19 0,000 

Solyc07g051890.1 MAP kinase kinase kinase 53 -2,503 0 0,000 0,000 0,030 * * * 

Solyc07g054280.1 Tyrosine/DOPA decarboxylase 3  2,542 0 0,000 0,000 0,026 * * * 

Solyc08g005960.2 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein  1,115 0 0,000 -2,248 0,012 * * 0,000 

Solyc08g008420.3 Mitochondrial pyruvate carrier  1,183 0 0,000 0,000 0,005 * * * 

Solyc08g013758.1 putative F-box protein At1g49610 -2,156 0 -1,413 0,000 0,002 * 4,3E-02 * 

Solyc08g061160.2 Unknown protein 3,099 0 2,390 0,000 0,002 * 7,7E-03 * 

Solyc08g066880.3 Nucleoside phosphorylase, family 1 -2,102 0 0,000 1,240 0,001 * * 0,040 

Solyc08g067520.2 Non-specific lipid-transfer protein  1,831 0 0,000 0,000 0,031 * * * 

Solyc08g068330.3 Aspartate aminotransferase  -1,292 0 0,000 1,102 0,035 * * 0,032 

Solyc08g068390.3 Glyoxysomal fatty acid beta-oxidation multifunctional protein MFP-a  1,921 0 1,935 0,000 0,000 * 9,2E-11 * 

Solyc08g074410.3 Tryptophan--tRNA ligase, cytoplasmic  -2,042 0 0,000 0,000 0,033 * * * 
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Solyc08g074680.2 partialpolyphenol oxidase A -1,372 0 0,000 1,217 0,038 * * 0,027 

Solyc08g075490.3 9-cis-epoxycarotenoid dioxygenase  -1,164 0 -1,946 0,000 0,004 * 3,5E-10 * 

Solyc08g075790.3 Vacuolar protein sorting-associated protein 62  -1,099 0 0,000 0,000 0,013 * * * 

Solyc08g077100.3 RING/U-box superfamily protein  2,277 0 0,000 0,000 0,043 * * * 

Solyc08g079200.1 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein  -1,623 0 0,000 0,000 0,000 * * * 

Solyc08g079850.2 Subtilisin-like protease  -1,669 0 -1,695 0,000 0,020 * 3,8E-03 * 

Solyc08g079870.2 subtilisin -1,694 0 0,000 0,000 0,012 * * * 

Solyc08g080730.3 Tetraspanin-10  1,597 0 0,000 -1,327 0,044 * * 0,049 

Solyc08g081620.3 LEU13054  endo-1,4-beta-glucanase precursor -1,165 0 0,000 1,316 0,028 * * 0,002 

Solyc09g005730.3 Plant protein 1589 of Uncharacterized protein function  1,612 0 3,951 3,540 0,002 * 3,7E-16 0,000 

Solyc09g006000.3 zinc/iron-chelating domain protein  -1,354 0 -1,279 0,000 0,018 * 6,7E-03 * 

Solyc09g007020.2 Pathogenesis-related protein 1  -1,557 0 0,000 0,000 0,029 * * * 

Solyc09g008670.3 threonine deaminase -3,340 0 0,000 3,492 0,000 * * 0,000 

Solyc09g009690.3 Inosine/uridine-preferring nucleoside hydrolase domain-containing protein  -1,575 0 0,000 0,000 0,001 * * * 

Solyc09g010860.3 expansin precursor 4 -1,007 0 -1,116 0,000 0,010 * 4,9E-04 * 

Solyc09g011970.2 Laccase  -1,985 0 0,000 0,000 0,002 * * * 

Solyc09g014480.2 Polygalacturonase inhibiting protein  -1,886 0 0,000 0,000 0,005 * * * 

Solyc09g014860.3 Protein LURP-one-related 15  -2,422 0 0,000 0,000 0,018 * * * 

Solyc09g015280.1 Photosystem I assembly protein Ycf3  2,069 0 0,000 -2,172 0,001 * * 0,000 

Solyc09g055950.1 Photosystem II D2 protein  4,891 0 2,447 0,000 0,000 * 3,1E-03 * 

Solyc09g059240.3 Cytochrome P450  -2,246 0 -1,225 1,662 0,000 * 4,8E-03 0,000 

Solyc09g059640.2 Photosystem I P700 chlorophyll a apoprotein A2  2,582 0 2,879 0,000 0,023 * 7,2E-04 * 

Solyc09g065620.3 Chlorophyllase  -2,841 0 0,000 2,679 0,001 * * 0,000 

Solyc09g082760.3 Aspartic proteinase A1  -1,132 0 0,000 0,000 0,000 * * * 

Solyc09g083440.3 Proteinase inhibitor I13, potato inhibitor I -3,237 0 0,000 1,914 0,000 * * 0,000 

Solyc09g089490.3 Proteinase inhibitor  -2,768 0 0,000 2,583 0,011 * * 0,005 

Solyc09g089500.3 Proteinase inhibitor 1 PPI3B2  -3,737 0 0,000 2,991 0,000 * * 0,001 

Solyc09g089540.3 Proteinase inhibitor  -4,406 0 0,000 3,427 0,000 * * 0,000 

Solyc09g089580.3 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein  -1,845 0 1,598 3,196 0,023 * 3,2E-02 0,000 

Solyc09g091800.3 glycine-rich protein 23-like -2,348 0 0,000 0,000 0,017 * * * 

Solyc09g092715.1 pupal cuticle protein Edg-91-like 1,340 0 0,000 0,000 0,003 * * * 

Solyc10g005320.3 Tryptophan synthase beta chain  -3,036 0 0,000 1,976 0,003 * * 0,049 

Solyc10g008160.3 uniform ripening 1,793 0 0,000 0,000 0,035 * * * 

Solyc10g009060.1 MAP kinase kinase kinase 72 -2,166 0 0,000 0,000 0,005 * * * 

Solyc10g012370.3 Cysteine synthase  -1,631 0 0,000 0,000 0,026 * * * 
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Solyc10g017890.1 Photosystem I chlorophyll a apoprotein A1  1,231 0 0,000 -1,064 0,002 * * 0,004 

Solyc10g017900.1 Photosystem I P700 chlorophyll a apoprotein A1  4,517 0 4,288 0,000 0,000 * 9,8E-08 * 

Solyc10g017910.2 Photosystem I P700 chlorophyll a apoprotein A2  2,715 0 2,294 0,000 0,010 * 8,9E-03 * 

Solyc10g045640.2 Transmembrane emp24 domain-containing protein p24delta5  -1,549 0 0,000 0,000 0,036 * * * 

Solyc10g050730.2 Cupredoxin  -2,823 0 0,000 2,516 0,007 * * 0,006 

Solyc10g052740.2 Photosystem I psaA and psaB 2,860 0 3,179 0,000 0,007 * 1,4E-04 * 

Solyc10g055390.2 Major facilitator superfamily protein  1,845 0 0,000 -1,569 0,002 * * 0,004 

Solyc10g075110.2 Non-specific lipid-transfer protein  -1,782 0 1,910 2,912 0,000 * 5,0E-08 0,000 

Solyc10g075160.1 Ferredoxin  -1,310 0 0,000 0,000 0,000 * * * 

Solyc10g076670.2 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein  -2,602 0 0,000 0,000 0,022 * * * 

Solyc10g076860.2 FH protein interacting protein FIP2  1,375 0 1,304 0,000 0,029 * 1,2E-02 * 

Solyc10g078350.2 Transcription elongation factor  -3,031 0 0,000 2,505 0,001 * * 0,002 

Solyc10g078770.2 11 kDa late embryogenesis abundant protein  -2,618 0 0,000 2,288 0,018 * * 0,017 

Solyc10g079010.2 hypothetical protein  -1,862 0 -2,058 0,000 0,014 * 6,9E-04 * 

Solyc10g079320.2 Glycosyltransferase  -2,736 0 0,000 0,000 0,009 * * * 

Solyc10g080870.3 Cytochrome P450  2,393 0 0,000 -1,760 0,008 * * 0,037 

Solyc10g081540.2 2-(3-amino-3-carboxypropyl)histidine synthase subunit 2  1,412 0 0,000 0,000 0,007 * * * 

Solyc10g084150.2 Cytokinin riboside 5'-monophosphate phosphoribohydrolase  -1,023 0 1,513 1,693 0,030 * 2,1E-05 0,000 

Solyc10g085150.2 Alkyl transferase  -1,519 0 0,000 1,558 0,009 * * 0,001 

Solyc11g006070.2 Peptidyl-prolyl cis-trans isomerase  -1,686 0 0,000 0,000 0,001 * * * 

Solyc11g006890.2 Unknown protein 1,323 0 0,000 0,000 0,000 * * * 

Solyc11g007530.2 RING/U-box superfamily protein  1,869 0 0,000 0,000 0,037 * * * 

Solyc11g008420.2 SKP1-like protein  2,654 0 0,000 0,000 0,017 * * * 

Solyc11g010870.2 Unknown protein -2,517 0 0,000 0,000 0,021 * * * 

Solyc11g012130.2 Early nodulin-like protein 2-like  1,770 0 2,376 1,422 0,001 * 3,4E-07 0,012 

Solyc11g012860.2 coiled-coil protein -1,680 0 -1,837 0,000 0,005 * 2,1E-04 * 

Solyc11g013780.1 Photosystem II protein D1  2,744 0 1,823 0,000 0,006 * 4,6E-02 * 

Solyc11g021260.1 Protein TIC 214  2,425 0 0,000 -2,879 0,012 * * 0,000 

Solyc11g039860.2 Unknown protein 3,205 0 1,788 -1,266 0,000 * 4,0E-04 0,029 

Solyc11g044638.1 Unknown protein 3,216 0 0,000 0,000 0,001 * * * 

Solyc11g044910.2 Beta-D-xylosidase 4  -2,427 0 -1,416 1,632 0,000 * 1,3E-02 0,002 

Solyc11g045260.1 Photosystem II CP43 reaction center protein  3,605 0 0,000 0,000 0,000 * * * 

Solyc11g050770.1 Photosystem II reaction center protein Z  1,167 0 -1,293 -1,653 0,002 * 3,0E-05 0,000 

Solyc11g056340.1 Photosynthetic reaction centre, L/M 3,703 0 2,103 0,000 0,000 * 1,4E-04 * 

Solyc11g056680.1 Leucine-rich repeat receptor-like protein  1,406 0 0,000 0,000 0,004 * * * 
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Solyc11g071205.1 Unknown protein 1,495 0 1,171 0,000 0,008 * 2,0E-02 * 

Solyc11g071290.2 Alcohol dehydrogenase-like protein  -3,352 0 -1,645 0,000 0,000 * 1,5E-02 * 

Solyc12g005640.2 R2R3MYB transcription factor 68 -2,817 0 0,000 0,000 0,008 * * * 

Solyc12g006260.1 Glycine rich protein-interacting protein  -1,623 0 0,000 1,665 0,018 * * 0,003 

Solyc12g007080.2 Unknown protein -3,141 0 -2,908 0,000 0,001 * 3,0E-04 * 

Solyc12g009270.1 Plant invertase/pectin methylesterase inhibitor superfamily protein  1,042 0 0,000 0,000 0,030 * * * 

Solyc12g010020.2 Leucine aminopeptidase A1 -3,467 0 0,000 1,663 0,000 * * 0,049 

Solyc12g010980.2 HXXXD-type acyl-transferase family protein  -1,211 0 -1,889 0,000 0,002 * 1,6E-09 * 

Solyc12g011370.2 Cationic amino acid transporter  -2,472 0 -2,045 0,000 0,033 * 3,2E-02 * 

Solyc12g019110.2 Valine--tRNA ligase  -1,024 0 -1,855 0,000 0,046 * 1,1E-07 * 

Solyc12g019320.2 Protein DETOXIFICATION  -1,100 0 -1,398 0,000 0,000 * 5,8E-10 * 

Solyc12g032990.2 UDP-glucuronosyl/UDP-glucosyltransferase  4,907 0 3,237 0,000 0,000 * 3,4E-05 * 

Solyc12g033060.2 Photosystem I P700 chlorophyll a apoprotein A2  3,455 0 2,600 0,000 0,000 * 1,8E-03 * 

Solyc12g035670.2 SAC3/GANP/Nin1/mts3/eIF-3 p25  -1,592 0 -1,405 0,000 0,015 * 1,2E-02 * 

Solyc12g036850.2 Unknown protein 2,594 0 2,387 0,000 0,017 * 7,5E-03 * 

Solyc12g038080.1 Photosystem II CP43 reaction center protein  4,459 0 3,722 0,000 0,000 * 7,1E-06 * 

Solyc12g039030.1 Photosystem II protein D1  4,324 0 3,025 0,000 0,000 * 1,9E-04 * 

Solyc12g088640.2 Carbohydrate esterase, putative (DUF303)  2,618 0 0,000 0,000 0,010 * * * 

Solyc12g094700.2 Xylem cysteine proteinase 1  -1,701 0 0,000 0,000 0,000 * * * 

Solyc12g096770.1 HXXXD-type acyl-transferase family protein  -1,377 0 -1,386 0,000 0,000 * 1,7E-05 * 

Solyc12g096900.2 Disease resistance protein (TIR-NBS-LRR class) family  -1,007 0 0,000 0,000 0,003 * * * 
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Table S13. List of the LN-specific DEGs in ROvsUC82 comparison in root 

Gene ID Gene annotation Log2(FC) FDR 

  
ROvsUC82-
LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN 

ROvsUC82-
LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN 

ENSRNA050029895 -2,262 0 0,000 0,000 0,009 * * * 

ENSRNA050029901 -2,301 0 0,000 2,384 0,009 * * 0,001 

ENSRNA050029911 -2,508 0 0,000 0,000 0,000 * * * 

ENSRNA050030202 -3,046 0 0,000 2,083 0,000 * * 0,001 

ENSRNA050030523 -2,464 0 0,000 1,757 0,001 * * 0,012 

ENSRNA050030532 -3,313 0 0,000 0,000 0,000 * * * 

Solyc00g007110.3 -1,135 0 0,000 0,000 0,043 * * * 

Solyc00g020000.1 Unknown protein -1,847 0 0,000 0,000 0,045 * * * 

Solyc01g005730.3 NL0C 1,857 0 0,000 0,000 0,045 * * * 

Solyc01g005860.2 Unknown protein 1,007 0 0,000 0,000 0,036 * * * 

Solyc01g006950.3 syntaxin-121-like 1,067 0 0,000 0,000 0,016 * * * 

Solyc01g067370.3 TSB 1,630 0 0,000 0,000 0,000 * * * 

Solyc01g081310.3 glutathione S-transferase T3 2,427 0 1,784 0,000 0,000 * 0,000 * 

Solyc01g087320.3 Zinc finger, FYVE/PHD-type 1,010 0 0,000 0,000 0,028 * * * 

Solyc01g101120.3 Carbohydrate-binding X8 domain superfamily protein -1,149 0 0,000 0,000 0,021 * * * 

Solyc01g103230.3 Non-lysosomal glucosylceramidase -2,062 0 0,000 0,000 0,025 * * * 

Solyc01g103590.3 Lactoylglutathione lyase / glyoxalase -1,086 0 0,000 0,000 0,005 * * * 

Solyc01g105550.1 Acylsugar acetyltransferase 2,014 0 0,000 0,000 0,034 * * * 

Solyc01g106810.3 short hypocotyl in white light1 -1,633 0 0,000 0,000 0,036 * * * 

Solyc01g107190.3 LOB domain-containing protein 38 1,202 0 -2,248 -3,233 0,003 * 0,000 0,000 

Solyc01g109470.3 BURP domain-containing protein -1,141 0 0,000 1,365 0,000 * * 0,000 

Solyc01g111230.3 Dirigent protein 1,213 0 0,000 0,000 0,000 * * * 

Solyc02g062500.3 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 1,160 0 0,000 0,000 0,015 * * * 

Solyc02g063420.3 Hydroxyproline-rich glycoprotein family protein -2,192 0 0,000 0,000 0,005 * * * 

Solyc02g064680.3 Calcium-transporting ATPase 2,133 0 1,886 -1,881 0,022 * 0,018 0,015 

Solyc02g066830.3 
Nuclear transport factor 2 (NTF2) family protein with RNA binding (RRM-RBD-RNP 
motifs) domain-containing protein 

2,292 0 0,000 0,000 0,001 * * * 

Solyc02g067410.2 Homeobox-leucine zipper protein HOX21 1,181 0 0,000 -2,000 0,028 * * 0,000 
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Solyc02g069180.3 SBP (S-ribonuclease binding protein) family protein -1,448 0 0,000 0,000 0,010 * * * 

Solyc02g082130.2 Surfeit locus protein 6 -1,536 0 0,000 0,000 0,026 * * * 

Solyc02g085120.3 Laccase 1,050 0 0,000 0,000 0,008 * * * 

Solyc02g091050.3 Protein DETOXIFICATION -1,888 0 0,000 0,000 0,049 * * * 

Solyc02g092700.3 DUF1230 family protein (DUF1230) 1,177 0 0,000 0,000 0,043 * * * 

Solyc03g007820.3 Unknown protein 1,381 0 0,000 -1,191 0,001 * * 0,001 

Solyc03g031590.3 S-type anion channel SLAH1 1,713 0 -2,709 -5,168 0,040 * 0,000 0,000 

Solyc03g032050.3 Ras-related protein Rab-11A -1,817 0 0,000 0,000 0,036 * * * 

Solyc03g032080.3 Auxin efflux carrier -1,596 0 0,000 0,000 0,029 * * * 

Solyc03g083770.1 Plant invertase/pectin methylesterase inhibitor superfamily protein, putative -1,828 0 0,000 2,948 0,031 * * 0,000 

Solyc03g090990.1 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein -1,545 0 0,000 0,000 0,040 * * * 

Solyc03g094060.3 Polyadenylate-binding protein 1 -2,405 0 0,000 0,000 0,003 * * * 

Solyc03g097950.3 50S ribosomal protein L29, chloroplastic 1,638 0 0,000 0,000 0,036 * * * 

Solyc03g113580.2 Germin -1,743 0 -1,191 0,000 0,000 * 0,016 * 

Solyc03g113610.3 Polynucleotide 5'-hydroxyl-kinase NOL9 1,444 0 0,000 0,000 0,007 * * * 

Solyc03g114860.3 alpha-1,4-glucan-protein synthase [UDP-forming] 2-like 1,977 0 1,526 0,000 0,000 * 0,000 * 

Solyc03g114940.3 Cytochrome P450 -2,288 0 1,041 3,333 0,000 * 0,006 0,000 

Solyc03g114960.3 Galactose oxidase/kelch repeat superfamily protein -1,076 0 0,000 0,000 0,009 * * * 

Solyc03g118200.3 Calcium-dependent phospholipid-binding Copine family protein -1,036 0 0,000 0,000 0,048 * * * 

Solyc03g118530.3 Protein kinase domain -1,143 0 0,000 0,000 0,030 * * * 

Solyc03g119600.1 NIMIN2b protein -1,744 0 -2,156 0,000 0,036 * 0,001 * 

Solyc03g120600.3 Plant cadmium resistance protein 1,969 0 0,000 -2,986 0,030 * * 0,000 

Solyc04g007075.1 Unknown protein 1,962 0 0,000 -1,756 0,009 * * 0,005 

Solyc04g008075.1 Unknown protein 1,459 0 0,000 -2,199 0,019 * * 0,000 

Solyc04g009690.2 Disease resistance protein 1,872 0 0,000 -1,636 0,007 * * 0,005 

Solyc04g014310.1 Unknown protein -2,265 0 0,000 0,000 0,007 * * * 

Solyc04g015490.3 Mg-protoporphyrin IX chelatase 1,130 0 0,000 0,000 0,050 * * * 

Solyc04g015610.3 DUF642 domain-containing protein 1,332 0 -1,246 -2,177 0,009 * 0,004 0,000 

Solyc04g049670.3 Pseudo-response regulator 1,080 0 0,000 0,000 0,010 * * * 

Solyc04g050220.2 Unknown protein -1,929 0 0,000 0,000 0,041 * * * 
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Solyc04g051100.3 Unknown protein 2,835 0 0,000 0,000 0,000 * * * 

Solyc04g056507.1 Unknown protein -2,305 0 0,000 0,000 0,003 * * * 

Solyc04g063245.1 Cytochrome -2,490 0 0,000 0,000 0,002 * * * 

Solyc04g071615.1 Unknown protein -1,892 0 0,000 2,779 0,030 * * 0,000 

Solyc04g072460.3 Transcription factor TGA7 -2,471 0 -1,823 0,000 0,002 * 0,022 * 

Solyc04g074950.3 Dihydrofolate reductase 1,790 0 0,000 0,000 0,029 * * * 

Solyc04g077860.3 Sigma-B regulation protein RsbQ -1,195 0 -1,677 -1,297 0,039 * 0,000 0,000 

Solyc05g012770.3 WRKY transcription factor 4 -1,281 0 0,000 0,000 0,000 * * * 

Solyc05g014275.1 DUF659 domain-containing protein/Dimer_Tnp_hAT domain-containing protein 1,088 0 0,000 -1,026 0,031 * * 0,010 

Solyc05g024415.1 Unknown protein -1,078 0 -1,461 0,000 0,000 * 0,000 * 

Solyc05g046020.3 Peroxidase 1,106 0 0,000 0,000 0,000 * * * 

Solyc05g050490.3 ATPase 2,166 0 0,000 0,000 0,003 * * * 

Solyc05g050500.1 ATP synthase delta chain chloroplastic-like -1,646 0 0,000 0,000 0,013 * * * 

Solyc05g051030.3 Protein cornichon-like protein 4 -1,419 0 0,000 0,000 0,000 * * * 

Solyc05g051480.2 Unknown protein 2,389 0 0,000 0,000 0,001 * * * 

Solyc05g051530.3 ABC transporter G family member 11 1,090 0 -1,181 -1,528 0,046 * 0,006 0,000 

Solyc05g052030.1 ethylene response factor 4 -1,681 0 0,000 2,105 0,010 * * 0,000 

Solyc05g052420.2 Abscisic acid receptor PYL6 -1,374 0 0,000 1,526 0,006 * * 0,000 

Solyc05g052870.3 Glycosyltransferase 1,042 0 0,000 -1,269 0,035 * * 0,000 

Solyc06g005310.3 Transcription factor MYB48 -1,052 0 0,000 0,000 0,000 * * * 

Solyc06g005470.3 Unknown protein -1,421 0 -2,236 -1,339 0,000 * 0,000 0,000 

Solyc06g007760.3 Ycf54-like protein 1,514 0 0,000 0,000 0,010 * * * 

Solyc06g064970.3 GDSL esterase/lipase 5-like 1,421 0 0,000 0,000 0,030 * * * 

Solyc06g066750.3 
To encode a PR protein, Belongs to the plant thionin family with the following members:, 
putative 

1,316 0 0,000 -1,564 0,003 * * 0,000 

Solyc06g066820.3 Le3OH-13b-hydroxylase -1,786 0 0,000 0,000 0,000 * * * 

Solyc06g082070.3 Protein trichome birefringence-like 45 1,375 0 0,000 0,000 0,035 * * * 

Solyc07g008980.3 defensin-like protein 19 -2,141 0 0,000 1,758 0,000 * * 0,000 

Solyc07g009020.2 defensin-like protein 19 -1,063 0 -1,165 0,000 0,000 * 0,000 * 

Solyc07g009070.3 defensin-like protein 19 -1,529 0 -1,440 0,000 0,003 * 0,003 * 

Solyc07g009080.3 defensin-like protein 19 -1,039 0 -1,321 0,000 0,030 * 0,000 * 
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Solyc07g009090.3 defensin-like protein 19 -1,063 0 -1,741 0,000 0,000 * 0,000 * 

Solyc07g009310.3 Unknown protein -1,337 0 0,000 2,123 0,002 * * 0,000 

Solyc07g014590.3 Isoamylase 1, chloroplastic -1,431 0 0,000 1,110 0,035 * * 0,038 

Solyc07g017880.3 Peroxidase 1,291 0 0,000 -1,368 0,000 * * 0,000 

Solyc07g049550.3 1-aminocyclopropane-1-carboxylate oxidase 2 -1,366 0 1,200 2,890 0,000 * 0,000 0,000 

Solyc07g052660.1 Early nodulin-like protein 1-like 1,086 0 0,000 -1,282 0,001 * * 0,000 

Solyc07g053560.3 phosphorelay protein 2,052 0 0,000 0,000 0,025 * * * 

Solyc07g056170.3 Subtilisin-like protease 2,046 0 0,000 -1,920 0,002 * * 0,001 

Solyc08g006280.2 Transcriptional factor B3 family protein -2,097 0 0,000 0,000 0,023 * * * 

Solyc08g013940.3 Protein kinase family protein 1,687 0 0,000 -1,529 0,018 * * 0,008 

Solyc08g066310.2 Receptor-like protein kinase 1,829 0 0,000 -2,034 0,041 * * 0,002 

Solyc08g067340.3 WRKY transcription factor  46 2,426 0 0,000 0,000 0,004 * * * 

Solyc08g067690.2 Unknown protein -1,402 0 -2,895 -1,421 0,000 * 0,000 0,000 

Solyc08g067740.3 Unknown protein -1,166 0 0,000 0,000 0,017 * * * 

Solyc08g068380.3 Unknown protein -2,252 0 0,000 1,820 0,001 * * 0,002 

Solyc08g078460.3 Oxidoreductase family protein 1,031 0 0,000 -1,184 0,042 * * 0,001 

Solyc08g080310.1 Protein DETOXIFICATION 1,318 0 -2,400 -3,868 0,026 * 0,000 0,000 

Solyc08g083370.3 Soluble inorganic pyrophosphatase 1,365 0 0,000 -1,104 0,010 * * 0,016 

Solyc09g005480.3 F-box associated interaction domain-containing protein -1,407 0 0,000 0,000 0,001 * * * 

Solyc09g009420.1 hypothetical protein 1,559 0 0,000 0,000 0,015 * * * 

Solyc09g082210.3 DUF581 domain-containing protein -1,170 0 0,000 1,011 0,040 * * 0,026 

Solyc09g082280.3 Lipid transfer protein -1,972 0 0,000 2,348 0,001 * * 0,000 

Solyc09g083090.3 Non-specific serine/threonine protein kinase -1,744 0 0,000 0,000 0,036 * * * 

Solyc09g091200.3 Serinc-domain containing serine and sphingolipid biosynthesis protein 1,019 0 -1,113 -1,454 0,001 * 0,000 0,000 

Solyc09g098500.3 Got1/Sft2-like vescicle transport protein family 1,498 0 0,000 0,000 0,001 * * * 

Solyc10g007280.3 P-loop containing nucleoside triphosphate hydrolases superfamily protein 1,656 0 0,000 0,000 0,036 * * * 

Solyc10g008350.3 hypothetical protein 1,021 0 0,000 -1,460 0,037 * * 0,000 

Solyc10g018200.2 Ankyrin repeat/KH domain protein (DUF1442) -1,149 0 -1,163 0,000 0,000 * 0,000 * 

Solyc10g045240.2 Beta-glucosidase 1,475 0 0,000 -1,030 0,005 * * 0,034 

Solyc10g054850.2 Er lumen protein retaining receptor-like protein 1,172 0 0,000 0,000 0,047 * * * 
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Solyc10g078410.2 F-box protein 1,883 0 0,000 0,000 0,029 * * * 

Solyc10g079010.2 hypothetical protein -1,500 0 0,000 0,000 0,025 * * * 

Solyc10g080010.2 Glycosyltransferase family 61 protein 1,399 0 0,000 -1,188 0,014 * * 0,012 

Solyc10g080090.2 zinc finger BED domain-containing protein DAYSLEEPER-like 1,466 0 0,000 -1,163 0,018 * * 0,028 

Solyc10g083290.2 invertase 6 2,481 0 0,000 0,000 0,000 * * * 

Solyc10g084070.1 Unknown protein -2,267 0 0,000 1,823 0,009 * * 0,016 

Solyc10g085160.2 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 1,123 0 0,000 0,000 0,026 * * * 

Solyc10g085830.2 O-methyltransferase, putative 1,174 0 0,000 0,000 0,005 * * * 

Solyc11g011225.1 Unknown protein -1,126 0 0,000 0,000 0,042 * * * 

Solyc11g011750.2 Ethylene-responsive transcription factor 1B -1,760 0 -1,768 0,000 0,010 * 0,003 * 

Solyc11g039950.2 Splicing factor 3B subunit 4 1,040 0 0,000 0,000 0,050 * * * 

Solyc11g045240.2 Unknown protein 2,009 0 0,000 0,000 0,017 * * * 

Solyc11g061720.1 Serine/threonine-protein kinase UCNL -1,561 0 -1,587 0,000 0,014 * 0,004 * 

Solyc11g069750.2 High-affinity nitrate transporter 2 -1,960 0 0,000 0,000 0,002 * * * 

Solyc11g072930.2 Leucine-rich repeat protein kinase family protein 1,095 0 0,000 -1,515 0,034 * * 0,000 

Solyc12g005360.2 MAP kinase kinase kinase 83 1,190 0 0,000 0,000 0,000 * * * 

Solyc12g005960.2 Ethylene-responsive transcription factor 4 -2,146 0 -2,041 0,000 0,001 * 0,001 * 

Solyc12g006997.1 Heavy metal transport/detoxification superfamily protein -1,640 0 -2,214 -1,118 0,000 * 0,000 0,000 

Solyc12g008910.2 Translation machinery-associated protein 22 -1,359 0 0,000 0,000 0,021 * * * 

Solyc12g036415.1 Unknown protein -2,289 0 0,000 0,000 0,005 * * * 

Solyc12g037950.2 protein PLANT CADMIUM RESISTANCE 2-like 1,463 0 0,000 -1,413 0,000 * * 0,000 

Solyc12g077630.1 Unknown protein 2,021 0 0,000 0,000 0,032 * * * 

Solyc12g088020.1 Farnesylcysteine lyase -2,375 0 0,000 0,000 0,004 * * * 

Solyc12g088410.2 Glycosyl hydrolase family 35 protein 1,946 0 0,000 0,000 0,042 * * * 
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Table S14. List of the TF encoding genes differentially expressed in the four comparisons in shoot: ROvsUC82-LN, 
ROvsUC82-HN, RO-LNvsHN and UC82-LNvsHN 

Gene ID Gene annotation Log2(FC) 

  
ROvsUC82-
LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN Family 

Solyc04g049800.3 AP2-like ethylene-responsive transcription factor 0,000 0,000 -1,170 -1,338 AP2 

Solyc05g014260.3 Two-component response regulator 0,000 0,000 1,845 1,697 ARR-B 

Solyc07g005140.3 Two-component response regulator 0,000 0,000 0,000 1,759 ARR-B 

Solyc01g108120.3 B3 domain-containing protein 0,000 0,000 0,000 1,641 B3 

Solyc03g111500.3 B3 domain-containing protein 0,000 0,000 -2,023 0,000 B3 

Solyc01g102300.3 bHLH transcription factor 006 0,000 -2,552 3,641 0,000 bHLH 

Solyc01g109700.3 bHLH transcription factor 010 0,000 0,000 -1,623 -2,390 bHLH 

Solyc02g062690.3 bHLH transcription factor 012 0,000 0,000 -1,197 0,000 bHLH 

Solyc02g067380.3 bHLH style2.1 (PRE2) 2,402 0,000 2,599 0,000 bHLH 

Solyc02g076920.3 bHLH transcription factor 013 1,484 0,000 2,298 0,000 bHLH 

Solyc02g078130.3 bHLH transcription factor 079 0,000 0,000 1,422 0,000 bHLH 

Solyc02g079760.3 
Basic helix-loop-helix (BHLH) DNA-binding 
superfamily protein 

0,000 0,000 1,040 0,000 bHLH 

Solyc02g084880.3 
Basic helix-loop-helix (BHLH) DNA-binding 
superfamily protein 

0,000 0,000 1,659 0,000 bHLH 

Solyc03g007410.3 
Basic helix-loop-helix (BHLH) DNA-binding 
superfamily protein 

0,000 0,000 -2,697 0,000 bHLH 

Solyc03g095980.3 bHLH transcription factor 021 0,000 0,000 0,000 -2,590 bHLH 

Solyc03g097820.2 bHLH transcription factor 022 0,000 0,000 0,000 1,267 bHLH 

Solyc03g114230.2 bHLH transcription factor 082 -2,504 -2,347 0,000 0,000 bHLH 

Solyc03g114720.3 bHLH transcription factor 023 0,000 -1,071 0,000 0,000 bHLH 

Solyc03g118310.3 bHLH transcription factor 083 0,000 0,000 -3,913 -2,766 bHLH 

Solyc03g119390.3 bHLH transcription factor 026 0,000 0,000 1,915 0,000 bHLH 

Solyc04g005280.3 bHLH transcription factor 028 -1,268 0,000 0,000 0,000 bHLH 

Solyc04g005660.3 transcription factor PRE6-like 0,000 0,000 -2,645 0,000 bHLH 

Solyc06g050840.3 bHLH transcription factor135 0,000 0,000 -1,781 -1,422 bHLH 

Solyc06g051260.3 bHLH transcription factor 043 0,000 -1,173 1,660 0,000 bHLH 

Solyc06g065040.3 bHLH transcription factor 086 0,000 0,000 1,062 1,404 bHLH 

Solyc06g072520.2 bHLH transcription factor GBOF-1 0,000 0,000 2,286 2,072 bHLH 

Solyc07g063830.3 bHLH transcription factor142 0,000 0,000 1,744 0,000 bHLH 

Solyc08g081140.3 bHLH transcription factor 090 0,000 0,000 1,280 0,000 bHLH 

Solyc09g097870.3 bHLH transcription factor 062 0,000 0,000 -1,095 -1,122 bHLH 

Solyc10g006640.3 bHLH transcription factor153 0,000 0,000 0,000 -1,879 bHLH 

Solyc11g056650.2 bHLH transcription factor 096 0,000 0,000 0,000 1,325 bHLH 

Solyc01g109880.3 BZIP transcription factor 0,000 0,000 1,763 0,000 bZIP 

Solyc02g061990.3 BZIP transcription factor FD 0,000 0,000 3,796 2,427 bZIP 

Solyc04g054320.3 leucine-zipper transcription factor 0,000 0,000 0,000 1,112 bZIP 

Solyc04g071160.3 
Basic-leucine zipper (BZIP) transcription factor 
family protein 

0,000 0,000 0,000 1,349 bZIP 

Solyc04g078840.3 AREB 0,000 0,000 1,885 0,000 bZIP 

Solyc06g049040.3 
Basic-leucine zipper (BZIP) transcription factor 
family protein 

0,000 0,000 -1,169 -2,098 bZIP 

Solyc06g074320.3 Transcription factor TGA2 1,759 0,000 0,000 0,000 bZIP 

Solyc09g005610.3 BZIP transcription factor 0,000 0,000 3,401 2,172 bZIP 

Solyc09g009490.3 ABSCISIC ACID-INSENSITIVE 5-like protein 4 0,000 0,000 2,209 0,000 bZIP 

Solyc12g010800.2 
Basic-leucine zipper (BZIP) transcription factor 
family protein 

0,000 0,000 -1,096 0,000 bZIP 

Solyc01g007760.3 Transcription factor E2FA 0,000 0,000 0,000 -1,355 E2F/DP 

Solyc01g096810.3 EIL3 0,000 0,000 2,341 1,134 EIL 

Solyc01g065980.3 Ethylene Response Factor E 0,000 0,000 1,624 1,123 ERF 

Solyc01g090560.3 Ethylene-responsive transcription factor 0,000 0,000 1,528 1,833 ERF 

Solyc04g078640.2 Ethylene-responsive transcription factor RAP2-1 0,000 0,000 0,000 1,076 ERF 

Solyc05g024230.2 ethylene-responsive transcription factor CRF2-like 2,911 2,262 0,000 0,000 ERF 

Solyc06g009810.3 ethylene-responsive transcription factor CRF1 0,000 2,491 0,000 0,000 ERF 

Solyc06g066540.1 Ethylene-responsive transcription factor 0,000 0,000 0,000 2,203 ERF 

Solyc02g090400.3 Myb family transcription factor 0,000 0,000 0,000 -1,427 G2-like 

Solyc05g009720.3 Myb-like transcription factor family protein 0,000 2,431 -3,285 -1,304 G2-like 

Solyc07g053630.3 Two-component response regulator 0,000 0,000 -1,815 -1,462 G2-like 

Solyc10g008160.3 uniform ripening 1,793 0,000 0,000 0,000 G2-like 

Solyc09g075600.2 GATA transcription factor-like protein 0,000 0,000 0,000 -2,001 GATA 

Solyc02g092570.1 Transcription factor GRAS 0,000 0,000 -2,088 -1,742 GRAS 

Solyc05g054170.3 Scarecrow-like protein 5 0,000 0,000 0,000 1,347 GRAS 

Solyc09g090830.3 BolA protein 0,000 0,000 0,000 -1,685 GRAS 
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Solyc04g077510.3 Growth-regulating factor 8 0,000 0,000 0,000 1,684 GRF 

Solyc04g054700.3 General transcription factor IIH subunit 0,000 0,000 0,000 1,168 GTFIIH 

Solyc01g090460.3 HD-ZIP 0,000 0,000 0,000 1,400 HD-ZIP 

Solyc01g096320.3 Homeobox-leucine zipper protein HOX6 0,000 0,000 2,739 3,091 HD-ZIP 

Solyc02g062960.3 Homeobox-leucine zipper protein HOX14 0,000 0,000 1,764 2,057 HD-ZIP 

Solyc02g063520.3 Homeobox-leucine zipper protein HAT22 0,000 0,000 3,457 2,351 HD-ZIP 

Solyc02g091930.3 Homeobox-leucine zipper protein HOX27 0,000 0,000 0,000 1,058 HD-ZIP 

Solyc03g082550.3 Homeobox-leucine zipper protein HOX6 0,000 0,000 0,000 3,188 HD-ZIP 

Solyc03g113270.3 LEVAHOX1G L 0,000 0,000 1,244 1,052 HD-ZIP 

Solyc04g077220.3 Homeobox-leucine zipper protein HAT22 0,000 0,000 0,000 1,965 HD-ZIP 

Solyc05g006980.3 Homeobox-leucine zipper protein HOX16 -1,648 0,000 0,000 0,000 HD-ZIP 

Solyc05g007180.3 jasmonic acid 1 0,000 0,000 0,000 -1,162 HD-ZIP 

Solyc05g051460.3 Homeobox-leucine zipper protein HOX4 0,000 0,000 1,403 0,000 HD-ZIP 

Solyc06g035940.3 Homeobox-leucine zipper protein ROC5 4,661 3,443 0,000 0,000 HD-ZIP 

Solyc02g072000.3 Heat shock transcription factor 0,000 0,000 1,532 0,000 HSF 

Solyc04g016000.3 Heat shock transcription factor protein 8 -1,740 0,000 0,000 2,856 HSF 

Solyc06g053950.2 Heat stress transcription factor A-2e 0,000 0,000 2,202 1,875 HSF 

Solyc08g080540.3 Heat stress transcription factor B-2b 0,000 0,000 0,000 1,756 HSF 

Solyc12g007070.2 Heat shock transcription factor 0,000 0,000 1,416 0,000 HSF 

Solyc12g098520.2 Heat stress transcription factor A-5 0,000 0,000 1,244 0,000 HSF 

Solyc02g082400.3 lysine-specific demethylase TF-JMJ25 0,000 0,000 1,697 0,000 
JUMONJI 
25 

Solyc03g083240.3 Transcription factor jumonji (JmjC) 0,000 0,000 0,000 -2,181 JUMONJI C 

Solyc01g107190.3 LOB domain-containing protein 38 0,000 0,000 -1,485 -1,701 LBD 

Solyc02g092550.3 LOB domain-containing protein 38 0,000 0,000 -1,927 -2,450 LBD 

Solyc03g119530.3 LOB domain-containing protein 41 0,000 0,000 -1,658 -1,482 LBD 

Solyc12g087830.2 MADS-box transcription factor 2,209 2,239 0,000 0,000 MADS 

Solyc06g069430.3 FRUITFULL-like MADS-box 1 0,000 0,000 2,459 2,432 
MIKC_MA
DS 

Solyc08g080100.3 MADS box transcription factor AGAMOUS 0,000 0,000 3,174 3,223 
MIKC_MA
DS 

Solyc01g079620.3 colorless fruit epidermis 0,000 -1,498 2,949 1,351 MYB 

Solyc02g067340.3 R2R3MYB transcription factor  96 0,000 0,000 -2,589 0,000 MYB 

Solyc02g079280.3 MYB transcription factor 0,000 0,000 2,143 0,000 MYB 

Solyc03g112390.3 R2R3MYB transcription factor 86 0,000 0,000 1,335 1,197 MYB 

Solyc04g064540.3 R2R3MYB transcription factor 115 0,000 0,000 2,261 0,000 MYB 

Solyc04g078420.1 R2R3MYB transcription factor 70 0,000 0,000 0,000 2,190 MYB 

Solyc05g053150.2 R2R3MYB transcription factor 71 0,000 0,000 0,000 3,889 MYB 

Solyc05g053330.3 Transcription factor 0,000 0,000 0,000 2,283 MYB 

Solyc06g005330.3 R2R3MYB transcription factor 59 0,000 0,000 1,364 1,756 MYB 

Solyc06g065100.3 R2R3MYB transcription factor 3 0,000 0,000 1,228 0,000 MYB 

Solyc06g071690.3 R2R3MYB transcription factor 50 0,000 0,000 0,000 1,544 MYB 

Solyc09g008250.3 blind-like1 0,000 0,000 -1,127 0,000 MYB 

Solyc09g090790.3 R2R3MYB transcription factor 79 0,000 0,000 -1,974 0,000 MYB 

Solyc10g005460.3 MYB transcription factor 0,000 0,000 0,000 2,469 MYB 

Solyc10g086250.2 R2R3MYB transcription factor 75 0,000 0,000 2,961 2,142 MYB 

Solyc10g086270.2 R2R3MYB transcription factor 28 0,000 0,000 0,000 2,321 MYB 

Solyc12g005640.2 R2R3MYB transcription factor 68 -2,817 0,000 0,000 0,000 MYB 

Solyc12g006800.2 myb family transcription factor EFM-like 0,000 0,000 0,000 2,419 MYB 

Solyc12g049350.2 R2R3MYB transcription factor 11 0,000 -1,617 3,883 2,233 MYB 

Solyc04g005100.3 transcription factor MYB1R1-like 0,000 0,000 1,563 0,000 
MYB_relate
d 

Solyc04g080500.3 Protein RADIALIS-like 6 0,000 0,000 2,328 2,546 
MYB_relate
d 

Solyc06g005310.3 Transcription factor MYB48 0,000 0,000 1,974 2,049 
MYB_relate
d 

Solyc06g076270.3 Telomere repeat-binding protein 2 0,000 0,000 2,135 0,000 
MYB_relate
d 

Solyc01g009860.3 NAC domain-containing protein 0,000 0,000 1,438 1,012 NAC 

Solyc02g088180.3 NAC domain-containing protein 2,100 0,000 2,300 0,000 NAC 

Solyc03g115850.3 NAC domain-containing protein 0,000 0,000 1,994 0,000 NAC 

Solyc04g005610.3 NAC domain-containing protein 2 0,000 0,000 2,609 2,815 NAC 

Solyc04g079940.3 NAC domain-containing protein 0,000 0,000 1,729 1,247 NAC 

Solyc05g007770.3 NAC domain TF -1,910 0,000 0,000 3,413 NAC 

Solyc05g055470.3 NAC domain-containing protein 13 0,000 0,000 0,000 1,518 NAC 

Solyc06g060230.3 NAC domain-containing protein 0,000 0,000 1,750 1,827 NAC 

Solyc06g069710.3 NAC domain-containing protein 0,000 0,000 1,910 0,000 NAC 

Solyc07g063410.3 NAC domain protein 0,000 0,000 2,337 3,830 NAC 

Solyc07g066330.3 NAC domain-containing protein 0,000 0,000 2,491 1,866 NAC 
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Solyc10g005010.3 NAC domain-containing protein 0,000 0,000 2,102 2,095 NAC 

Solyc10g079150.2 Nuclear transcription factor Y subunit A-7 0,000 0,000 2,119 2,015 NFYA 

Solyc10g081840.2 Nuclear transcription factor Y subunit A 0,000 0,000 0,000 2,167 NFYA 

Solyc12g009050.2 Nuclear transcription factor Y subunit A-6 0,000 0,000 2,667 1,572 NFYA 

Solyc01g006930.3 Nuclear transcription factor Y subunit A-4 0,000 0,000 2,947 2,558 NF-YA 

Solyc01g008490.3 Nuclear transcription factor Y subunit A-7 0,000 0,000 0,000 1,177 NF-YA 

Solyc01g087240.3 Nuclear transcription factor Y subunit A-9 0,000 0,000 2,429 1,463 NF-YA 

Solyc08g062210.3 Nuclear transcription factor Y subunit A-1 0,000 0,000 2,409 1,763 NF-YA 

Solyc01g067130.3 Nuclear transcription factor Y subunit B 0,000 0,000 0,000 -2,538 NF-YB 

Solyc01g112190.3 NLP1 1,146 0,000 0,000 -1,639 Nin-like 

Solyc01g091000.3 PLATZ transcription factor family protein 0,000 0,000 0,000 1,958 PLATZ 

Solyc03g044625.1 PLATZ transcription factor family protein 0,000 0,000 1,929 0,000 PLATZ 

Solyc04g008090.3 PLATZ transcription factor family protein 0,000 0,000 0,000 -1,814 PLATZ 

Solyc08g076860.3 PLATZ transcription factor family protein 0,000 0,000 2,314 2,099 PLATZ 

Solyc10g009080.3 Squamosa promoter binding protein 3 0,000 0,000 -1,922 -2,285 SBP 

Solyc01g007070.3 BEL1-like homeodomain protein 3 0,000 0,000 1,446 0,000 TALE 

Solyc01g100510.3 knotted 4 0,000 0,000 2,173 0,000 TALE 

Solyc04g077210.3 Knotted 1 0,000 0,000 2,432 1,456 TALE 

Solyc01g008230.3 TCP transcription factor 15 0,000 0,000 -2,118 0,000 TCP 

Solyc03g119770.3 branched1a 0,000 0,000 0,000 -2,168 TCP 

Solyc03g122030.1 Trihelix transcription factor ASIL2 0,000 2,876 0,000 2,189 Trihelix 

Solyc04g071360.3 Trihelix transcription factor GTL1 0,000 -2,139 0,000 0,000 Trihelix 

Solyc08g061910.3 trihelix transcription factor GTL1-like 0,000 0,000 -1,663 0,000 Trihelix 

Solyc01g079260.3 WRKY transcription factor 23 0,000 0,000 1,314 0,000 WRKY 

Solyc01g095630.3 WRKY transcription factor 41 0,000 0,000 1,097 1,167 WRKY 

Solyc02g032950.3 WRKY transcription factor 16 0,000 0,000 0,000 1,559 WRKY 

Solyc02g071130.3 WRKY transcription factor 71 0,000 0,000 0,000 2,282 WRKY 

Solyc05g012500.3 WRKY transcription factor 57 0,000 0,000 1,172 0,000 WRKY 

Solyc05g015850.3 WRKY transcription factor 75 0,000 0,000 0,000 1,961 WRKY 

Solyc06g066370.3 WRKY transcription factor 31 0,000 0,000 1,135 1,174 WRKY 

Solyc07g005650.3 WRKY transcription factor  32 0,000 0,000 1,557 0,000 WRKY 

Solyc07g056280.3 WRKY transcription factor 30 0,000 0,000 0,000 1,998 WRKY 

Solyc08g006320.3 WRKY transcription factor 11 0,000 0,000 1,309 0,000 WRKY 

Solyc08g067340.3 WRKY transcription factor  46 0,000 0,000 3,276 3,204 WRKY 

Solyc09g015770.3 WRKY transcription factor 81 0,000 0,000 1,627 0,000 WRKY 

Solyc10g009550.3 WRKY transcription factor 42 0,000 0,000 1,587 0,000 WRKY 

Solyc12g014610.2 WRKY transcription factor  20 0,000 0,000 1,508 0,000 WRKY 

Solyc12g096350.2 WRKY transcription factor 10 0,000 0,000 1,724 0,000 WRKY 

Solyc01g091010.3 CRABS CLAW-like protein1a 0,000 0,000 -2,369 0,000 YABBY 

Solyc06g073920.3 CRABS CLAW-like protein 2a 0,000 0,000 -1,968 0,000 YABBY 

Solyc05g052570.3 Zinc finger transcription factor 39 0,000 0,000 1,113 0,000 ZF 

Solyc06g009070.3 Zinc finger transcription factor 41 0,000 0,000 0,000 1,424 ZF 

Solyc07g047940.3 Zinc finger transcription factor 49 0,000 0,000 -3,480 -2,248 ZF 

Solyc10g080260.2 Zinc finger transcription factor 62 0,000 0,000 -1,516 0,000 ZF 

Solyc01g107170.2 Zinc finger protein 0,000 0,000 1,110 1,592 ZF-C2H2 

Solyc02g085580.3 Protein indeterminate-domain 1 0,000 0,000 1,105 1,572 ZF-C2H2 

Solyc03g098070.3 C2H2-like zinc finger protein 0,000 -1,401 1,760 0,000 ZF-C2H2 

Solyc06g072360.3 Zinc finger protein 0,000 -1,106 0,000 0,000 ZF-C2H2 

Solyc06g074360.3 Zinc finger protein WIP3 0,000 0,000 2,233 0,000 ZF-C2H2 

Solyc07g063970.3 C2H2 zinc finger protein 0,000 0,000 -2,512 -1,792 ZF-C2H2 

Solyc02g086430.3 Zinc finger transcription factor 21 0,000 0,000 0,000 1,733 ZF-C3H 

Solyc03g006350.3 Zinc finger transcription factor 23 -2,467 0,000 0,000 0,000 ZF-C3H 

Solyc05g008670.3 Zinc finger transcription factor 36 0,000 0,000 2,287 2,520 ZF-C3H 

Solyc06g082010.3 Zinc finger transcription factor 48 0,000 0,000 2,090 1,670 ZF-C3H 

Solyc03g119540.3 Zinc finger protein 0,000 0,000 -2,027 0,000 ZF-CO-like 

Solyc04g007210.3 Zinc finger protein CONSTANS-LIKE 7 0,000 0,000 -1,912 0,000 ZF-CO-like 

Solyc05g024010.3 Zinc finger protein CONSTANS-LIKE 15 0,000 0,000 -1,571 0,000 ZF-CO-like 

Solyc09g074560.3 Zinc finger protein CONSTANS-LIKE 15 0,000 0,000 2,029 1,226 ZF-CO-like 

Solyc04g074990.3 Zinc-finger homeodomain protein 1 0,000 0,000 -1,236 0,000 ZF-HD 
Solyc08g077060.3 Zinc finger, LSD1-type 0,000 0,000 -1,169 0,000 ZF-LSD 
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Table S15. List of the TF encoding genes differentially expressed in the four comparisons in shoot: ROvsUC82-LN, 
ROvsUC82-HN, RO-LNvsHN and UC82-LNvsHN 

Gene ID Gene annotation Log2(FC) 

  
ROvsUC82-
LN 

ROvsUC82-
HN 

RO-
LNvsHN 

UC82-
LNvsHN Family 

Solyc07g018290.3 AP2-like ethylene-responsive transcription factor 0,000 0,000 -1,335 0,000 AP2 

Solyc08g008380.3 Auxin Response Factor 9B 0,000 0,000 2,031 2,036 ARF 

Solyc01g096070.3 Auxin Response Factor 18 0,000 0,000 1,546 1,607 ARF 

Solyc06g061030.3 
Two-component response regulator APRR2-like 
protein 

0,000 1,269 0,000 1,247 ARR-B 

Solyc03g111410.3 B3 domain-containing protein 0,000 1,340 0,000 0,000 B3 

Solyc08g006280.2 Transcriptional factor B3 family protein -2,097 0,000 0,000 0,000 B3 

Solyc01g106460.3 bHLH transcription factor 007 0,000 0,000 1,445 1,626 bHLH 

Solyc01g096370.3 transcription factor MYC2 0,000 0,000 0,000 1,534 bHLH 

Solyc02g076920.3 bHLH transcription factor 013 0,000 0,000 0,000 1,378 bHLH 

Solyc01g102300.3 bHLH transcription factor 006 0,000 0,000 1,360 0,000 bHLH 

Solyc01g111130.3 bHLH transcription factor 011 0,000 0,000 1,048 0,000 bHLH 

Solyc04g078690.3 bHLH transcription factor 035 0,000 0,000 0,000 -1,133 bHLH 

Solyc02g078130.3 bHLH transcription factor 079 0,000 0,000 0,000 -1,201 bHLH 

Solyc03g031450.3 
Basic helix-loop-helix (BHLH) DNA-binding 
superfamily protein 

0,000 0,000 -1,895 -2,648 bHLH 

Solyc05g050220.3 Common plant regulatory factor 1 0,000 0,000 1,688 1,751 bZIP 

Solyc01g109880.3 BZIP transcription factor 0,000 0,000 0,000 1,350 bZIP 

Solyc07g053450.3 
Basic-leucine zipper (BZIP) transcription factor 
family protein 

0,000 0,000 -1,074 0,000 bZIP 

Solyc04g072460.3 Transcription factor TGA7 -2,471 0,000 -1,823 0,000 bZIP 

Solyc08g006110.3 Basic leucine zipper 9-like transcription factor 0,000 0,000 -1,212 -1,010 bZIP 

Solyc06g008740.3 Zinc finger transcription factor 40 0,000 0,000 0,000 1,140 C3H 

Solyc06g082010.3 Zinc finger transcription factor 48 0,000 0,000 1,198 0,000 C3H 

Solyc02g086430.3 Zinc finger transcription factor 21 0,000 0,000 -1,067 0,000 C3H 

Solyc09g074560.3 Zinc finger protein CONSTANS-LIKE 15 0,000 1,442 1,303 2,709 CO-like 

Solyc05g024010.3 Zinc finger protein CONSTANS-LIKE 15 0,000 0,000 1,627 0,000 CO-like 

Solyc03g112930.3 Dof zinc finger protein 0,000 0,000 -1,132 0,000 Dof 

Solyc01g009170.3 EIL-EIN3/EIL 0,000 -1,875 0,000 0,000 EIL 

Solyc05g052030.1 ethylene response factor 4 -1,681 0,000 0,000 2,105 ERF 

Solyc01g091760.2 Ethylene-responsive transcription factor 1 0,000 0,000 1,866 2,021 ERF 

Solyc01g065980.3 Ethylene Response Factor E 0,000 0,000 1,518 1,949 ERF 

Solyc01g090340.2 Ethylene-responsive transcription factor 2 0,000 0,000 1,146 1,340 ERF 

Solyc09g075420.3 ethylene response factor E 0,000 -1,083 0,000 0,000 ERF 

Solyc11g011750.2 Ethylene-responsive transcription factor 1B -1,760 0,000 -1,768 0,000 ERF 

Solyc12g005960.2 Ethylene-responsive transcription factor 4 -2,146 0,000 -2,041 0,000 ERF 

Solyc05g051060.3 Homeodomain-like superfamily protein 0,000 0,000 -1,513 0,000 G2-like 

Solyc05g009720.3 Myb-like transcription factor family protein 0,000 0,000 -3,710 -4,108 G2-like 

Solyc04g015360.3 GATA transcription factor 0,000 0,000 1,165 0,000 GATA 

Solyc01g090760.3 GATA transcription factor 0,000 0,000 0,000 -1,412 GATA 

Solyc01g096320.3 Homeobox-leucine zipper protein HOX6 0,000 0,000 1,253 2,042 HD-ZIP 

Solyc03g034120.3 Homeobox-leucine zipper protein HOX14 0,000 0,000 0,000 1,595 HD-ZIP 

Solyc06g035940.3 Homeobox-leucine zipper protein ROC5 4,339 4,766 0,000 0,000 HD-ZIP 

Solyc02g062960.3 Homeobox-leucine zipper protein HOX14 -1,499 -1,595 0,000 0,000 HD-ZIP 

Solyc02g067410.2 Homeobox-leucine zipper protein HOX21 1,181 0,000 0,000 -2,000 HD-zip 

Solyc04g016000.3 Heat shock transcription factor protein 8 0,000 0,000 0,000 1,222 HSF 

Solyc09g009100.3 Heat stress transcription factor A3 0,000 0,000 1,254 0,000 HSF 

Solyc03g026020.3 Heat shock transcription factor 0,000 -1,432 0,000 0,000 HSF 

Solyc05g009320.3 LOB domain-containing protein 40 0,000 0,000 0,000 1,660 LBD 

Solyc03g119530.3 LOB domain-containing protein 41 0,000 0,000 -1,035 -1,384 LBD 

Solyc06g082770.3 LOB domain-containing protein 4 0,000 0,000 0,000 -1,668 LBD 

Solyc02g092550.3 LOB domain-containing protein 38 0,000 0,000 -2,245 -2,794 LBD 

Solyc01g107190.3 LOB domain-containing protein 38 1,202 0,000 -2,248 -3,233 LBD 

Solyc08g080100.3 MADS box transcription factor AGAMOUS 0,000 0,000 1,210 1,582 
MIKC_MA
DS 

Solyc02g084630.3 TDR6 transcription factor 0,000 0,000 -1,739 0,000 
MIKC_MA
DS 
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Solyc07g052700.3 MADS-box transcription factor -2,121 -2,362 0,000 0,000 
M-
type_MADS 

Solyc01g106170.3 MADS box transcription factor AGAMOUS 0,000 0,000 0,000 -1,718 
M-
type_MADS 

Solyc04g056310.3 MYB transcription factor 0,000 0,000 2,895 2,527 MYB 

Solyc09g090790.3 R2R3MYB transcription factor 79 0,000 0,000 0,000 1,808 MYB 

Solyc01g057910.3 R2R3MYB transcription factor 2 0,000 0,000 1,689 1,321 MYB 

Solyc06g005330.3 R2R3MYB transcription factor 59 0,000 0,000 0,000 1,243 MYB 

Solyc01g111500.3 R2R3MYB transcription factor  7 0,000 0,000 -1,064 0,000 MYB 

Solyc01g102340.3 R2R3MYB transcription factor 61 0,000 0,000 0,000 -1,012 MYB 

Solyc04g005100.3 transcription factor MYB1R1-like 0,000 0,000 1,596 2,018 
MYB_relate
d 

Solyc08g065380.3 Transcription factor MYB1R1 0,000 0,000 2,136 0,000 
MYB_relate
d 

Solyc02g036370.3 Protein REVEILLE 7-like 0,000 -1,083 0,000 0,000 
MYB_relate
d 

Solyc06g005310.3 Transcription factor MYB48 -1,052 0,000 0,000 0,000 
MYB_relate
d 

Solyc04g005610.3 NAC domain-containing protein 2 0,000 0,000 2,980 2,039 NAC 

Solyc01g104900.3 NAC domain-containing protein 0,000 0,000 1,659 2,004 NAC 

Solyc08g068380.3 NAC trascription factor -2,252 0,000 0,000 1,820 NAC 

Solyc03g097650.3 NAC domain 0,000 0,000 -1,087 0,000 NAC 

Solyc08g062210.3 Nuclear transcription factor Y subunit A-1 0,000 0,000 2,495 2,852 NF-YA 

Solyc01g006930.3 Nuclear transcription factor Y subunit A-4 0,000 0,000 2,133 2,466 NF-YA 

Solyc01g087240.3 Nuclear transcription factor Y subunit A-9 0,000 0,000 1,923 1,503 NF-YA 

Solyc01g067130.3 Nuclear transcription factor Y subunit B 0,000 0,000 3,387 3,157 NF-YB 

Solyc01g099320.3 Nuclear transcription factor Y subunit B-4 0,000 0,000 0,000 -1,627 NF-YB 

Solyc01g112190.3 NLP1 0,000 0,000 2,205 3,623 Nin-like 

Solyc08g013900.3 NLP4 0,000 0,000 2,580 3,453 Nin-like 

Solyc05g012040.3 Squamosa promoter binding protein 6b 0,000 0,000 0,000 -1,512 SBP 

Solyc04g079830.2 Homeobox protein BEL1-like protein 0,000 0,000 1,322 2,058 TALE 

Solyc09g011380.3 BEL1-like homeodomain protein 9 0,000 0,000 0,000 1,336 TALE 

Solyc01g007070.3 BEL1-like homeodomain protein 3 0,000 0,000 1,275 0,000 TALE 

Solyc07g055280.3 WRKY transcription factor 78 0,000 0,000 0,000 1,146 WRKY 

Solyc08g008280.3 WRKY transcription factor 53 0,000 0,000 2,045 0,000 WRKY 

Solyc10g009550.3 WRKY transcription factor 42 0,000 0,000 2,025 0,000 WRKY 

Solyc03g116890.3 WRKY transcription factor 39 0,000 0,000 2,023 0,000 WRKY 

Solyc06g068460.3 WRKY transcription factor 40 0,000 0,000 1,735 0,000 WRKY 

Solyc03g095770.3 WRKY transcription factor 80 0,000 0,000 1,600 0,000 WRKY 

Solyc06g066370.3 WRKY transcription factor 31 0,000 0,000 1,550 0,000 WRKY 

Solyc08g067340.3 WRKY transcription factor  46 2,426 0,000 0,000 0,000 WRKY 

Solyc05g007110.2 WRKY transcription factor 76 0,000 1,173 0,000 0,000 WRKY 

Solyc05g012770.3 WRKY transcription factor 4 -1,281 0,000 0,000 0,000 WRKY 

Solyc03g113120.3 WRKY transcription factor 73 0,000 0,000 -1,287 -2,128 WRKY 

Solyc10g080090.2 
zinc finger BED domain-containing protein 
DAYSLEEPER-like 

1,466 0,000 0,000 -1,163 ZF 
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Table S16. Biological process GO term enrichment of the co-expressed genes in lightgreen, greenyellow and turquoise 
module in shoot 

Module Enrichment 
FDR 

Genes in 
list 

Total 
genes 

Functional Category 

Lightgreen 4.77E-08 8 225 Photosynthesis  

Lightgreen 1.29E-02 2 13 Regulation of translational elongation  

Greenyellow 9.20E-18 17 225 Photosynthesis  

Greenyellow 5.62E-14 10 58 Photosynthetic electron transport chain  

Greenyellow 5.62E-14 8 22 Photosynthetic electron transport in photosystem II  

Greenyellow 2.03E-12 11 122 Photosynthesis. light reaction  

Greenyellow 2.51E-09 10 175 Electron transport chain  

Greenyellow 4.40E-07 11 396 Generation of precursor metabolites and energy  

Greenyellow 3.18E-04 4 48 Protein-chromophore linkage  

Greenyellow 3.18E-04 16 1679 Oxidation-reduction process  

Turquoise 7.19E-57 80 225 Photosynthesis  

Turquoise 7.50E-34 140 1265 Organonitrogen compound biosynthetic process  

Turquoise 5.11E-33 132 1164 Small molecule metabolic process  

Turquoise 8.48E-29 42 122 Photosynthesis. light reaction  

Turquoise 2.63E-24 65 396 Generation of precursor metabolites and energy  

Turquoise 2.57E-21 85 736 Oxoacid metabolic process  

Turquoise 2.64E-21 85 738 Organic acid metabolic process  

Turquoise 1.76E-20 82 714 Carboxylic acid metabolic process  

Turquoise 5.40E-20 19 28 Photosynthesis. light harvesting  

Turquoise 2.73E-19 78 685 Amide biosynthetic process  
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Table S17. KEGG pathway enrichment of the co-expressed genes in turquoise module in shoot 

Enrichment FDR Genes in list Total genes Functional Category 

1.893e-31 130 1194 Metabolic pathways 

6.590e-22 21 33 Photosynthesis 

3.063e-20 79 695 Biosynthesis of secondary metabolites 

5.659e-17 33 149 Carbon metabolism 

3.358e-13 16 38 Carbon fixation in photosynthetic organisms 

4.520e-11 14 36 Porphyrin and chlorophyll metabolism 

2.096e-10 23 124 Biosynthesis of amino acids 

3.818e-10 25 152 Biosynthesis of cofactors 

1.421e-08 8 13 Photosynthesis 

1.049e-07 12 44 Glyoxylate and dicarboxylate metabolism 

2.472e-07 23 180 Ribosome 

1.217e-05 8 27 Aminoacyl-tRNA biosynthesis 

4.599e-05 8 32 Fatty acid metabolism 

0.000339 8 42 Glycine, serine and threonine metabolism 

0.000339 5 14 Nitrogen metabolism 

0.000415 11 82 Glycolysis / Gluconeogenesis 

0.000508 6 24 Fatty acid biosynthesis 

0.001082 5 18 Sulfur metabolism 

0.001357 6 29 Pentose phosphate pathway 

0.001357 4 11 Biosynthesis of unsaturated fatty acids 
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Table S18. Top 10 Biological process GO terms and KEGG pathways enrichment of the co-expressed genes in turquoise 
module in root 

 Enrichment FDR Genes in list Total genes Functional Category 

BP 1,71E-08 45 2184 Response to stimulus  

BP 2,93E-07 13 192 Response to inorganic substance  

BP 3,13E-07 29 1142 Response to stress  

BP 1,70E-06 26 1033 Transmembrane transport  

BP 5,19E-05 4 12 Response to nitrate  

BP 2,60E-06 5 14 Fluid transport  

BP 2,60E-06 5 14 Water transport  

BP 5,24E-06 36 1960 Transport  

BP 5,59E-06 37 2074 Localization  

BP 5,59E-06 36 1981 Establishment of localization  

KEGG 0,0082 20 1194 Metabolic pathways 

KEGG 0,0739 2 14 Nitrogen metabolism 

KEGG 0,0800 2 18 Zeatin biosynthesis 

KEGG 0,0800 11 695 Biosynthesis of secondary metabolites 

KEGG 0,1022 2 30 Alanine, aspartate and glutamate metabolism 

KEGG 0,1022 3 83 Amino sugar and nucleotide sugar metabolism 

KEGG 0,1022 4 149 Carbon metabolism 

KEGG 0,1484 3 101 Phenylpropanoid biosynthesis 

KEGG 0,17587 2 51 Pentose and glucuronate interconversions 

KEGG 0,17587 1 7 Brassinosteroid biosynthesis 
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Figure S1: N-depletion in the two tomato genotypes (RO and UC82) roots and shoots grown in N free solution. The data 

were plotted by non linear regression. 
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Figure S2: Phenotypic differences between tomato genotypes Regina Ostuni (RO) and UC82 grown under non-limiting (A) 
(10 mM Ca(NO3)2) and limiting (B) (0.5 mM Ca(NO3)2) NO3

- supply.
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Figure S3: Shoot (A) and root N content (B) of four genotypes grown under limiting (0.5 mM Ca(NO3)2) and non-limiting 

NO3
- supply (10 mM Ca(NO3)2) (P < 0.05, n=5). 
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Figure S4: Differential relative expression of NO3

- metabolism-related gene in shoot (A) and root (B) of the two tomato 
genotypes before NO3

- recovery (T0, 0 mM Ca(NO3)2). The relative gene expression is represented as the normalized relative 
quantity of a target gene’s expression with respect to the reference gene SlActin. Means and standard errors are shown from 
the analysis of three biological replicates. Different letters within each gene indicate significant differences (P < 0.05, n=3).
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Figure S5: Scatter plot of gene expression measured by real-time qPCR and read counting in RNA-seq data in short-term 
analysis of 10 chosen N-metabolism related genes. Data represent Log2(FC, ration T1/T0) 
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Figure S6. Scatter plot of gene expression measured by real-time qPCR and read counting in RNA-seq data in long-term 
analysis of 10 chosen N-metabolism related genes. Data are represented as Log2(FC, ratio T3LN/T3HN) 
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for 0, 8 or 24h (see Materials and Methods). 

Figure 35.Scale independence and Mean Connectivity (A), Cluster dendrogram (B) and 

Module-trait relationship (C) of the 395 DEGs in tomato shoot exposed to low and high NO3
- 

for 0, 8 or 24h (see Materials and Methods). 

Figure 36.Module membership (MM) vs.gene significance (GS) for RO_24h_LN of the 

brown module in shoot (A), Network analysis of the selected genes by MM and GS (B). 

Figure 37.Module membership (MM) vs.gene significance (GS) for RO_24h_LN of the blue 

module in root (A), Network analysis of the selected genes by MM and GS (B). 

Figure 38.Heatmap of the expression level of the hub genes in shoot (brown module) and root 

(blue module) identified by Weighted Gene Co-expression Network Analysis (WGCNA). 

Figure 39.Model scheme showing the multilevel regulation of the low NO3- short-term 

response in Regina Ostuni. Low NO3- (LN) induced an upregulation of the phenylpropanoid 

biosynthesis pathway, which contributes to reduce ROS production together with a higher 

expression of stress induced genes, such as Late Embriogenesis Abundente protein (LEA) and 
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Annexine (ANN) in root, and Alternative Oxidase (AOX1) in shoot, which were among the 

central genes in both tissues regulatory networks. The antioxidant and scavenging activities of 

the encoded proteins might lead to shoot and root cell homestasis sustaining cell development 

and growth under LN stress. In shoot, plant hormone signal transduction and protein kinases 

(PK) signaling pathways were upregulated. Among the genes involved in these pathways a 

CBL-interacting PK (CIPK1), an Ethylen Responsive Transcription Factor (ERF2) and a 

cytokinin activating enzyme encoding gene (LOG8) were central genes in the regulatory 

network. CIPK1 might be involved in primary NO3- response (PNR), whereas ERF2 and 

LOG8 are supposed to play a pivotal role in nitrate-cytokinin signaling cross-talk. The LN-

induced cytokinins activation, suppose a subsequent cell proliferation and plant tissues 

growth. The Asparagine synthetase (ASNS), identified as hub gene in the shoot regulatory 

network, was upregulated suggesting a better management of the absorbed NO3- compared to 

low NUE genotype. The induced metabolic pathways and the function of the encoded protein 

are represented in yellow and orange, respectively. The putative responses resulting from the 

gene expressions, genes of interest, and transcription factors (TFs) are presented in green, red 

and blue colors, respectively. 

Figure 40.Experimental setup adopted for the long-term RNA-seq analysis.  

Figure 41.Heatmap of the expression profiles of all the identified DEGs from the four 

pairwise comparisons for N (RO-LNvs.HN and UC82-LNvs.HN) and G effect (ROvs.UC82-

LN and ROvs.UC82-HN) in shoot (A) and root (B) The values are expressed as log2FC. Venn 

diagram of the DEGs identified in shoot and root (C). 

Figure 42.Venn diagrams of differentially expressed genes (DEGs) between the four 

comparisons in shoot (A) and root (B). The number of up and downregulated genes in shoot 

(C) and root (D). 

Figure 43.Functional enrichment analysis of genotype specific DEGs in response to LN in 

shoot: Venn diagram (A). Top 10 Biological process GO terms (B), KEGG pathways 

enrichment (C). 

Figure 44.Functional enrichment analysis of genotypes specific DEGs in response to LN in 

root: Venn diagram (A), Top 10 Biological process GO terms (B), KEGG pathways 

enrichment (C). 

Figure 45.Functional enrichment analysis of the LN-specific DEGs identified by Venn 

diagrams for ROvs.UC82-LN comparison in shoot (A) and root (B), Top 10 Biological 

process terms (C), KEGG pathways enrichment (D). 
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Figure 46.Heatmap of the DEGs involved in the photosynthesis process GO term. The values 

are expressed in log2FC. 

Figure 47.Distribution of DEGs encoding for different transcription factors families in shoot 

and root. Venn diagram for TFs total number in shoot and root (A), distribution for each TF 

family in shoot (B) and root (C), Venn diagrams for TFs identified in each comparison in 

shoot (D) and root (E). 

Figure 48.Genotype-specific LN responsive DEGs encoding transcription factors and their 

distribution in shoot of RO (A) and UC82 (B). 

Figure 49.Genotype-specific LN responsive DEGs encoding transcription factors and their 

distribution in root of RO (A) and UC82 (B). 

Figure 50.Heatmap of LN-specific transcription factors in tomato shoot and root. The values 

are expressed in log2FC 

Figure 51.Scale independence and Mean Connectivity (A), Clustering of module eingengenes 

(B), Cluster dendrogram (C) and Module-trait relationship (D) of the 3203 DEGs in the 

tomato shoot (see Materials and Methods).  

Figure 52.Scale independence and Mean Connectivity (A), Clustering of module eingengenes 

(B), Cluster dendrogram (C) and Module-trait relationship (D) of the 3203 DEGs in the 

tomato root (see Materials and Methods). 

Figure 53.Module membership (MM) vs. gene significance (GS) for NUE in the lightgreen 

module in shoot (A), Network analysis of the hub genes in the same module (B). Node size 

represents the connectivity degree of genes. 

Figure 54.Module membership (MM) vs. gene significance (GS) for NUE in the greenyellow 

module in shoot (A), Network analysis of the hub genes in the same module (B). Node size 

represents the connectivity degree of genes. 

Figure 55.Module membership (MM) vs. gene significance (GS) for SDW in the turquoise 

module in shoot (A), Network analysis of the hub genes in the same module (B). Node size 

represents the connectivity degree of genes. 

Figure 56.Module memberships (MM) vs. gene significance (GS) for NUpE in the turquoise 

module in root (A), Network analysis of the hub genes in the same module (B). Node size 

represents the connectivity degree of genes. 

Figure 57.Heatmaps of the expression patterns of the key genes identified for NUE, SDW 

and NUpE in the different comparisons for N and G effects in modules lightgreen, 

greenyellow and turquoise in shoot (A), and turquoise in root (B). The values are expressed in 

log2FC. 
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Figure 58.Model scheme showing the multilevel regulation of the long-term low NO3- stress 

in Regina Ostuni. In shoot, the photosynthesis is the main biological process upregulated by 

stress, including genes involved in photosynthesis light reaction (PSI, PSII, CytB6-f, FNR) as 

well as C fixation (Rubisco, RBC) which are central genes in the regulatory networks 

correlated to NUE. These results suggest the C/N balance as a potential target for NUE 

improvement. The results also suggest the central role played by the chloroplast in high NUE 

genotype, since YCF2 in chloroplast genome is strongly upregulated. Recently reported to be 

involved in chloroplast protein import, YCF2 is among the central genes in shoot regulatory 

network correlated to NUE, suggesting an ongoing and improved activity of chloroplast 

stroma proteins leading to a higher plant adaptation to NO3- stress. In root, the central genes 

identified in the regulatory networks correlated to NUpE are involved in Nitrate response and 

transmembrane transport activity biological processes, including two NO3- transporters 

(NIT1 and NIT2) and two aquaporins (PIP1.1 and PIP2.5). The overexpression of these genes 

should improve solute/ NO3- transport and distribution in the plant to sustain plant adaptation 

to long-term low NO3- stress. The induced metabolic pathways and the function of the 

encoded protein are presented in yellow and orange, respectively. The putative responses 

resulting from the gene expressions, genes of interest and transcription factors (TFs) are 

indicated in green, red and blue colors, respectively.  
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