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Abstract: Salinity is one of the most destructive environmental challenges for citriculture world-

wide, and all climate change scenarios are predicting an increased impact of salinity on citrus or-

chards. Citrus cultivars are grown as grafts on various rootstocks to provide specific adaptation to 

abiotic stress and tolerance to major diseases such as citrus tristeza virus. To understand root-

stock–scion interactions with regard to salinity, transcriptome profiling of mRNA expression was 

analyzed for 12 candidate genes in leaves, shoots, and roots of five Hernandina clementine scions 

grafted on Rangpur lime (LR), Volkamer lemon (CV), Carrizo citrange (CC), sour orange (Big), and 

Cleopatra mandarin (MC) rootstocks in response to moderate and severe salinity. qRT-PCR analy-

sis revealed differential gene expression that varied by rootstock, salinity level, and tissue. The 

majority of induced genes were those involved in ion transporter proteins (mainly NHX1 and 

HKT1 genes), Cl− homeostasis (CCC1 gene), biosynthesis and accumulation of compatible osmo-

lytes, proline (P5CS gene) and glycine betaine (CMO gene), accumulation of proteins (LEA2 gene), 

and ROS scavenging antioxidant activity (mainly APX). We show that these expression patterns 

could explain the relative tolerance of the used rootstocks and report new insights on the main salt 

tolerance mechanisms activated by these rootstocks. 

Keywords: abiotic stress; mRNA expression; salt tolerance mechanisms; rootstock salinity re-

sponse; qRT-PCR analysis 

 

1. Introduction 

Climate change is part of a larger challenge for sustainable development and human 

welfare globally. Among the prime factors, salinity is a major unfavorable abiotic stress 

factor causing land degradation [1], affecting almost all aspects of plant development, 

and drastically reducing agricultural productivity [2]. Yield losses due to irrigation with 

saline water largely depend on factors including climate, type of soil, evaporative de-

mand, drainage, irrigation water quality, method and time of irrigation, and plant spe-

cies tolerance [3,4]. 

Citrus is a major fruit crop with high economic importance around the world. The 

extensive use of rootstocks has enabled citrus to be grown under various environmental 

conditions worldwide. Rootstocks provide resistance to various diseases such as citrus 
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tristeza virus (CTV) and abiotic stresses [5]. This is particularly important, as contamina-

tion by CTV has been reported in many previously virus-free areas, such as Tunisia [6]. 

Citrus rootstocks enable growers to avoid juvenility and ensure early fruiting, and they 

can be used to control plant vigor and tree size to allow high-density planting options 

[7–9]. It was shown that rootstocks affect the productivity and fruit quality of the scion 

[10–12]. 

Citrus is also a salt-sensitive crop [3,13]. To reduce the negative effects of salinity on 

citrus, important factors to consider include the use of appropriate rootstocks and proper 

agricultural and irrigation practices [14]. Evaluating salt-tolerant citrus rootstocks and 

studying the rootstock–scion interaction should enable us to determine the best selection 

and use of rootstocks that can improve resistance to this constraint [8]. 

Salinity is the concentration of soluble salts [15], mainly sodium (Na+) and chloride 

(Cl−), increased concentrations of which in soil solution cause undesirable morphological, 

physiological, and biochemical effects in different organs of citrus plants [16–19]. High 

salinity can affect different aspects of the physiological status of plants, such as oxidative 

stress, ion toxicity, membrane disorganization, nutritional disorders, alteration of meta-

bolic processes, and reduction of cell division and expansion [2,20–22]. These effects can 

decrease plant growth, development, and survival. Certain concentrations of salinity can 

cause three important interrelated stresses in citrus: osmotic stress, which causes quick 

and temporary changes in plant–water relations, and salt-specific and oxidative stress, 

which occur later, depending on the species, and cause salt-induced injury [1,23]. Salinity 

causes stress by damaging ionic and osmotic balances in plants [19]. 

Salt-specific or ionic stress starts with the plant’s absorption of ions and is the result 

of the harmful effect of these ions inside plant cells. Salt absorbed by the roots goes 

through the transpiration stream to shoots, and finally accumulates in leaves [23]; this 

occurs very rapidly in sensitive genotypes that lack efficient salt exclusion or compart-

mentalization mechanisms, causing different physiological abnormalities [1]. Plants may 

face secondary stresses due to osmotic and ionic stresses, which can include oxidative 

stress and the accumulation of toxic compounds; severe damage to the cellular structure 

and inhibition of photosynthesis are caused by reactive oxygen species (ROS) [24–26], 

including H2O2 [27]. Oxidative damage to lipids, proteins, and DNA is caused by in-

creased ROS levels, modifying fundamental membrane properties such as stability and 

enzymatic activity and decreasing overall homeostasis, which can lead to plant cell death 

[28]. 

At the cellular, molecular, physiological, and biochemical levels, plants have built 

different mechanisms to overcome all of these detrimental conditions [29–32]. Plants that 

are able to develop under high NaCl concentrations are also able to promote osmotic 

homeostasis and prevent uptake, transport, compartmentalization, extrusion, and mobi-

lization of Na+ (and Cl−) ions [33]. In citrus, resistance to salinity is more dependent on ion 

avoidance mechanisms (Cl− and Na+ exclusion) than effective vacuolar compartmentali-

zation of ions in leaf cells [34]. Additionally, studies have shown that Cl− homeostasis is 

the physiological basic for citrus resistance to salinity [35,36]. 

Lately, studies have been able to explain the molecular mechanisms behind plant 

salt stress responses and adaptation with the help of molecular genetics, genomics anal-

ysis, transcriptomic and gene expression regulation, and metabolomics [30,37–41]. Many 

candidate genes responsible for salt tolerance response were identified and proved to be 

valuable markers for the selection of rootstocks that provide salt tolerance in the grafted 

citrus cultivars [36,42,43]. 

Under salt stress, Na+ homeostasis is regulated mainly by the Salt Overly Sensitive 

(SOS) signal pathway, the vacuolar membrane Na+/H+ exchanger (NHX) gene, and the 

membrane transporter-class HKT1 gene, while chloride exclusion relies on cation Cl− co-

transporter (CCC) genes, which regulate root Cl− uptake in the epidermis and/or 

long-distance chloride transport in the vascular cylinder [31,35]. Plants can survive oxi-

dative stress due to many antioxidants and detoxifying enzymes that can eliminate ROS 
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[2,23]. ROS scavenging enzymes include catalase (CAT), superoxide dismutase (SOD), 

and peroxidase (POD), while antioxidant enzymes are ascorbate peroxidase (APX) and 

glutathione reductase (GR) [44–46]. Many plants, including wheat, vines, and maize, 

show a correlation between antioxidant enzyme activation and tolerance to salinity 

[47–49]. 

Osmotic stress regulation is achieved through the activation of pathways to induce 

the biosynthesis and accumulation of compatible osmolytes, which are very important in 

reducing the cell osmotic potential and stabilizing proteins and cellular structures [50,51]. 

The types of osmolytes synthesized under salt stress are species- and tissue-specific. 

However, proline, glycine betaine, and sugars have been commonly shown to accumu-

late in roots and leaves [40]. Proline synthesis in the cytosol or chloroplasts is mostly 

catalyzed by Δ-1-pyrroline-5-carboxylate synthetase (P5CS). Plants overexpressing the 

P5CS gene showed enhanced accumulation of proline amino acid and improved salt 

tolerance [52], whereas P5CS1 gene silencing in Arabidopsis thaliana (L.) Heynh. impaired 

stress-induced proline synthesis, and plants were hypersensitive to salinity [53]. Choline 

mono-oxygenase (CMO) is involved in the biosynthesis of osmoticum glycine betaine 

[54]. It was shown that glycine betaine acts as an osmolyte to protect PSII under saline 

conditions [55]. 

Studies have implicated other proteins and metabolites in abiotic stress (mainly sa-

linity) tolerance. These include late embryogenesis abundant (LEA) proteins [56,57], su-

crose [58], and lipid transfer proteins (LTPs) [59,60]. In many plants, there is a relation 

between LEA protein expression and tolerance against salinity, freezing, and drought 

[61,62]. Duan and Cai [63] identified an LEA protein producing full-length gene in rice; in 

rice, OsLEA3-2 is considered an abiotic stress induced gene with major importance in salt 

and drought tolerance. During drought and high salinity, sucrose has a role in osmotic 

adjustment [64] and consequently in stress adaptation. Lipid transfer proteins (LTPs), 

which are still an enigmatic family, were considered to have a role in adaptation to biotic 

and abiotic stresses. According to data related to gene expression, LTPs have some func-

tions in adaptation to salt stress [59,60] and osmotic stress [65]. 

In citrus, the relatively deleterious effects of Na+ and Cl− are still controversial. Some 

studies showed that photosynthesis and transpiration were more affected by Na+ ions 

than Cl− [66,67]. Cleopatra mandarin (Citrus reshni hort. ex Tanaka) rootstock, grafted by 

‘Valencia’ sweet orange (C. sinensis (L.) Osbeck cultivar ‘Valencia’), ‘Taylor Eureka’ 

lemon (C. limon (L.) Burm f.), and ‘Ellendale tangor’ hybrid mandarin (C. reticulata Blanco 

x C. sinensis) (C. reticulata Blanco 'Tangor' Swingle variety ‘Ellendale’) scions exhibited 

decreased photosynthesis under saline conditions (75 mM NaCl), caused by 

Na+-dependent stomatal closure and chlorophyll degradation [68]. However, many 

studies have shown that citrus tolerance to salinity is basically related to the physiologi-

cal Cl− exclusion capability, or to the Cl− uptake and transport limitation from root to 

shoot [69–71]. 

Rootstocks have an important impact on the tolerance of the rootstock–scion com-

bination. Rootstocks, through their specific root structure, xylem anatomy, ion uptake, 

and hormonal and biochemical profiles, have differential effects on scion growth, de-

velopment, and response to drought and salinity [34]. Thus, the selection of suitable cit-

rus rootstocks under stress conditions is important and has a role in enhancing stress 

avoidance and/or tolerance mechanisms [13,72]. Studies have shown that the exclusion 

mechanisms of Na+ and Cl− are independent [13,23,72]. Sour orange rootstock (C. au-

rantium L.) is deemed a good Cl− and Na+ excluder. Cleopatra mandarin and Rangpur 

lime (C. limonia Osbeck) are considered Cl− excluders [73], while Carrizo citrange (C. 

sinensis × Poncirus trifoliata (L.) Raf) and Swingle citrumelo (P. trifoliata × C. paradisi 

Macfad.) are Na+ excluders. Citrus macrophylla (C. macrophylla Wester) and Rough lemon 

(C. jambhiri Lush.) rootstocks are Cl− and Na+ accumulators [74–76]. P. trifoliata and its 

citrange hybrids can exclude more Na+ than Cl− ions [23]. 
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Citrus trees have a great undiscovered potential to reveal important plant growth 

processes and responses that may not be possible to investigate in other plants. Several 

previous studies have suggested that citrus plants may have a pool of genes with dis-

tinctive and exceptional roles, such as those involved in salt stress tolerance. While many 

studies have tackled the impact of citrus rootstock on the morphological, nutritional, and 

hormonal regulation of the scion related to physiological characteristics, only a few have 

focused on the effect of salt stress on citrus rootstock–scion combinations at the molecular 

level. Therefore, this study was aimed at analyzing the rootstock-specific activation of 

major salt tolerance pathways through transcriptome profiling of mRNA expression in 

different organs, for 12 key candidate genes in 5 rootstocks grafted with ‘Hernandina’ 

clementine (C. clementina hort. ex Tanaka) (willowleaf mandarin (C. deliciosa) × sweet 

orange (C. sinensis)). 

2. Material and Methods 

2.1. Plant Material and Salt Treatment 

The National Institute for Agriculture, Food and Environment (INRAE; Corsica, 

France) provided the seeds for the CTV resistant rootstock cultivars used in the study: 

Rangpur lime (LR), Volkamer lemon (CV) (C. volkameriana V. Ten. & Pasq.), Carrizo 

citrange (CC), and Cleopatra mandarin (MC). Sour orange (Big)/scion combinations are 

CTV sensitive; however, this rootstock is still widely used in many countries. Following 

seed germination, the most developed seedlings, being of nucellar origin, were chosen 

and then grafted with virus-free budwood of ‘Hernandina’ clementine. Then, 

18-month-old citrus combinations (rootstock–scion) were transferred to an insect-proof 

greenhouse. The experiment was carried out under semi-controlled settings, with min-

imum and maximum temperatures of 11.5 and 23.5 °C and average humidity of 62.5%. 

During the entire experimental assay, plants were irrigated twice weekly with 250 to 

350 mL of water with half-strength Hoagland’s solution [77] for 1 month before starting 

treatments, depending on water loss as measured by pot weight during the experiment. 

Salinity treatments consisted of adding NaCl to the nutrient solution to a final concen-

tration of 2.0 g L−1 (35 mM NaCl) and 4.0 g L−1 (70 mM NaCl) to achieve final electrical 

conductivity of 4.0 and 7.0 dS/m, respectively. The basic nutrient solution, used as a 

control, had an electrical conductivity of 1 dS/m and a pH of 6.2. To avoid osmotic shock, 

plants were acclimated to their final NaCl concentrations over 2 weeks by a progression 

of 15 to 20 mM of NaCl in 2-day intervals. After 14 weeks of treatment (at final concen-

trations), samples of leaves, shoots, and roots from 3 independent biological replicates 

were collected, instantly frozen in liquid nitrogen, and preserved at −80 °C until use. 

The experimental layout was a randomized block design where each rootstock/scion 

combination was represented by 9 plants, 3 biological and 3 technical replicates, which 

were subjected to each of the 3 treatments: T0: only nutrient solution (control, 1 dS/m); T1: 

moderate salt (4.0 dS/m); and T2: severe salt (7.0 dS/m). 

2.2. Identification and Sequence Analysis of Citrus Candidate Genes 

C. clementina and C. sinensis sequences with high similarity to the original A. thaliana 

sequence were identified using the Basic Local Alignment Search Tool (BLAST) in the 

International Citrus Genome Consortium (ICGC) database 

(http://www.phytozome.jgi.doe.gov (28 December 2021); NCBI reference sequence da-

tabase, http://www.ncbi.nlm.nih.gov) (28 December 2021) for candidate genes SOS1, 

NHX1, HKT1, CCC1, APX, CAT, P5CS, CMO, Lea2, SPS, LTP, and V-PPiase. For each 

gene, sequences found in both C. clementina and C. sinensis were aligned using multialin 

software (multialin.toulouse.inra.fr) [78]. The common part of the two sequences show-

ing maximum homology far from mismatches and intron zones served for primer des-

ignation. Using the Primer 3.0 program [79,80], forward and reverse gene-specific pri-

mers were constructed to amplify chosen candidate genes (Table 1). Selected gene ex-
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pression to be analyzed included NHX1, HKT1, CCC1, CMO, P5CS, CAT, APX, Lea2, 

LTP, and SPS. To standardize the qPCR results, the citrus housekeeping gene β-actin was 

used. 

Table 1. List of primers used for quantitative real-time PCR. 

Gene 

Name 

Protein Encoded by 

Targeted Gene 

Sequence of  

Forward Primer 

(5’-3’) 

Sequence of 

Reverse  

Primer (5’-3’) 

mRNA Origin Accession Number 

Amplified 

Product Size 

(bp) 

SOS1 
Plasma membrane 

Na+/H+ antiporter 

GCTTTTGG-

GATTGCATCAGT 

GCTTT-

GCTGACTTTCA

CCCT 

Citrus clementina 

hort. ex Tanaka. 
Ciclev10018329m a 207 

NHX1 
Vacuolar Na+/H+ anti-

porter 

ACACTCAATT-

GCGGGAAAAC 

GCCCTCCTCAA

GGAGTGGCT 

Citrus sinensis (L.) 

Osbeck 

orange1.1g023195m 
a 

194 

HKT1 

High-affinity K+ trans-

porter/sodium trans-

porter 

AAACAATGGCCT

CGAAAATG 

ACTTGGAG-

CAAGGCTT-

GTGT 

C. sinensis 
orange1.1g045809m 

a 
160 

CCC1 

Cation-chloride 

co-transporter/Cl− 

transporter 

TAAAGGAAAGGC

TGGGGACT 

TCTTCATGCAG

TTGGCAAAG 
C. sinensis 

orange1.1g002018m 
a 

206 

APX Ascorbate peroxidase 
TCCATTCG-

GAACCATGAGGC 

TTCTT-

GAGGTGGCTC

AGCCT 

C. sinensis 
orange1.1g024615m 

a 
220 

CAT Catalase 
TTCCAGAAC-

GTGTTGTCCAT 

AAACTTGAC-

CGCAAATCCTC 
C. sinensis 

orange1.1g042356m 
a 

203 

P5CS 

Del-

ta-1-pyrroline-5-carboxy

late synthetase 

AA-

GAAAACCCAGCT

TGCAGA 

CAACATTTTCC

GGGATGACT 
C. sinensis 

orange1.1g005131m 
a 

220 

CMO 
Choline monooxygen-

ase 

TTGCCCTTATCAT

GGATGGA 

CCCAGCCAC-

TCGTTCGCTAC 
C. sinensis 

orange1.1g039874m 
a 

210 

LEA2 

Group 2 late embryo-

genesis abundant pro-

tein 

GTGA-

TAGCGTCGG-

GAACAAT 

GCCGATGA-

TAGGGA-

GATCAA 

C. sinensis 
orange1.1g031863m 

a 
183 

SPS 
Sucrose phosphate 

synthase  

CCACAGA-

GATGCTGACTCCA 

TTGCTCCCCTA

GAACATTGG 
C. clementina Ciclev10007311m a 200 

LTP Lipid-transfer protein 
CCCTATAC-

CTGTGCCATGCT 

CCGGAC-

CTTAGAG-

CAGTCAG 

C. clementina XM_006429504.2 b 211 

V-PPiase 
Tonoplast H+-inorganic 

pyrophosphatase 

GCATA-

CAGCCCTGTG-

CAAGATG 

CCTCCAG-

CATTGTCAC-

TGATG 

C. sinensis JN580556 b 241 

β- Actin 
Actin-depolymerizing 

factor  

TTAACCCCAAGG

CCAACAGA 

TCCCTCATA-

GATTGG-

TACAG-

TATGAGAC 

C. sinensis Cb250364 b 128 

a Transcript name in database available in Plant Comparative Genomics portal 

(https://phytozome.jgi.doe.gov/pz/portal.html) (28 December 2021). b Accession number in NCBI 

Reference Sequence database (https://www.ncbi.nlm.nih.gov) (28 December 2021). 

2.3. RNA Extraction and Quantitative Real-Time RT-PCR Analysis 

Using Geno/Grinder 2010 (SPEX SamplePrep), frozen plant tissue was ground to a 

fine powder in liquid nitrogen. Total RNA was isolated from 100 mg of frozen ground 

tissues (leaf and shoot samples) of ‘Hernandina’ clementine grafted onto 5 different 

rootstocks and of root samples of the 5 citrus rootstocks (Rangpur lime, Volkamer lemon, 

Carrizo citrange, Cleopatra mandarin, and sour orange), using the RNeasy Plant Mini Kit 

(Qiagen) according to the manufacturer’s protocol. The quality and quantity of RNA ex-
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tracts were examined by UV absorption with a NanoDrop 2000c spectrophotometer 

(NanoDrop Technologies, Thermo Fisher Scientific, Wilmington, DE, USA). Reverse 

transcription quantitative PCR (RT-qPCR) was conducted in two steps: 

First, cDNA synthesis was performed with an iScriptTM cDNA synthesis kit 

(Bio-Rad, CA, USA). Reactions of 20 μL total volume contained 4 μL 5× iScript reaction 

mix, 1 μL of iScript reverse transcriptase, 11 μL of water, and 4 μL of template total RNA 

(20–600 ng/μL). Incubation was carried out in a C1000 Touch thermal cycler (Bio-Rad) 

using the following protocol: priming for 5 min at 25 °C, reverse transcription for 30 min 

at 42 °C, RT inactivation for 5 min at 85 °C. All synthetized cDNA was diluted to a final 

concentration equal to 200 ng/μL. 

Second, quantitative RT-PCR was performed using a CFX 96 TouchTM Real-Time 

PCR Detection System for accurate and repeatable real-time PCR. The C1000 Touch 

Thermal Cycler (Bio-Rad) coupled with the CFX 96 optical reaction module detects 

SYBR® Green dye based real-time PCR reactions. With a total volume of 10 μL, the PCR 

reaction comprised 5 μL of SSO Advanced Universal SYBR® Green Supermix (2X) 

(Bio-Rad), 2.5 μL of diluted cDNA (200 ng/μL), and 1 μL each of the upstream and 

downstream primers of each gene (10 mM). The following PCR procedure was used: ini-

tial DNA denaturation and polymerase activation for 3 min at 95 °C, amplification 

through 39 cycles of denaturation for 10 s at 95 °C, followed by an optimal annealing 

temperature gradient for each primer (55–65 °C) for 30 s; annealing/extension and plate 

read were performed in each cycle of this step at 60 °C. 

To test the specificity of the amplification reactions, melt-curve analysis was con-

ducted immediately after amplification 61 times for 5 s at 65–95 °C with 0.5 °C incre-

ments, in 96-well iCycler iQTM PCR plates (Bio-Rad) sealed with optical sealing tape 

(Bio-Rad). 

Complete gene layout, cycling protocol information for all assays, and results anal-

ysis were performed by the instrument onboard CFX Maestro software (CFX 96 TouchTM 

Real-Time PCR Detection System, Bio-Rad). 

2.4. Data and Statistical Analysis 

The Ct value of the β-actin gene was used to normalize all qPCR data. The relative 

gene expression was computed using the 2−ΔΔCT method (fold change) [81]. Data are given 

as the means of 3 biological replicates. RT-qPCR analysis was conducted with 3 biological 

and 3 independent technical replicates for each RNA sample, to ensure the reproducibil-

ity of the results, and the data are presented as means ± SE (n = 3). 

ΔCt for each gene by treatment, rootstock, and tissue was computed by subtracting 

the Ct number of the target sample from the Ct number of the control sample. A statisti-

cal comparison of ΔCt values under different salinity treatments was performed using 

the one-way ANOVA parametric test followed by Student–Newman–Keuls (SNK) post 

hoc test. The assumptions for ANOVA were that the ΔCt groups had Gaussian distribu-

tion and equal variance. However, when these assumptions were not valid, as in many 

real-time PCR experiments, as a non-parametric alternative to ANOVA, the Krus-

kal–Wallis test was used, followed by Dunn’s test. Differences between treatments were 

considered statistically significant at p-value < 0.05 using RStudio statistical software. 

Figure illustration was performed using SigmaPlot 14.0 (Systat Software, San Jose, CA, 

USA). 

The potential genes implicated in salt tolerance were compared in terms of their 

relative expression, for the same tissue, at several levels between unstressed and stressed 

plants: depending on the 5 rootstock/scion combinations, depending on treatment (T1, 

T2), and depending on gene, by real-time quantitative reverse transcription PCR 

(qRT-PCR). 
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3. Results and Discussion 

The transcript abundance of genes associated with functional processes was quanti-

fied by qRT-PCR in leaf, shoot, and root tissues of five citrus ‘Hernandina’ root-

stock/scion combinations challenged with salt stress. Considerable increases or decreases 

in the transcript levels of particular genes were detected in specific plant tissues subjected 

to salt treatment (T1 and T2) in comparison to the control (T0). 

3.1. Ion Homeostasis Pathways 

3.1.1. SOS1 Gene Expression 

The Salt Overly Sensitive (SOS) pathway is activated by salt treatment, in which the 

Na+/H+ antiporter SOS1 is a major regulator of Na+ transport from the cytoplasm to the 

apoplast [40]. SOS1 encodes a plasma membrane Na+/H+ antiporter that plays a critical 

role in sodium extrusion and in controlling long-distance Na+ transport from the root to 

the shoot, while protecting individual cells from sodium toxicity [82,83]. Studies have 

shown that overexpression of SOS1 can increase the salt tolerance of plants [84,85]. 

To further understand the behavior of the SOS pathway in salt-stressed citrus, the 

expression of putative SOS1 in aerial and root tissues was examined in Big (Cl− and Na+ 

excluder), CC (Cl− includer), CV, LR (Cl− excluder), and MC (Cl− excluder) under salt 

stress with 35–70 mM NaCl. 

In leaves, SOS1 expression was not significantly modified by salt treatment (Figure 

1) in all rootstock–scion combinations except for Big. Indeed, Brumós et al. [31] showed 

that in citrus leaves subjected to salt stress for several weeks, Cl− toxicity, rather than Na+ 

toxicity and/or simultaneous osmotic disturbance, was the predominant component im-

plicated in the salinity-induced molecular reactions. Citrus and other fruit tree crops (e.g., 

peaches) are rather uncommon in this regard, since Cl− buildup in citrus leaves is typi-

cally a larger problem than Na+ accumulation, though this varies depending on the root-

stock [3]. Among the most widely used commercial citrus rootstocks, sour orange and 

Rangpur lime are considered good Cl− excluders, and thus tolerant to salinity [76,86]. 

Grosser et al. [87] showed that under well-watered saline circumstances in a greenhouse, 

leaf Cl− concentration levels in young ‘Valencia’ sweet orange trees grafted on Carrizo 

citrange could reach 3.5% after 5 months without apparent toxicity symptoms. 
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Figure 1. Expression profiles of SOS1, NHX1, HKT1, CCC1, and V-PPiase of ‘Hernandina’ clementine (Citrus clementina 

hort. ex Tanaka) (willowleaf mandarin (C. deliciosa) × sweet orange (C. sinensis (L.) Osbeck)) grafted on 5 citrus root-

stocks in response to salt. Big: sour orange (C. aurantium L.); CC: Carrizo citrange (C. sinensis x Poncirus trifoliata (L.) Raf); 

CV: Volkamer lemon (C. volkameriana V. Ten. & Pasq.); LR: Rangpur lime (C. limonia Osbeck); and MC: Cleopatra man-

darin (Citrus reshni hort. ex Tanaka). For each combination (rootstock/‘Hernandina’), stacked panels showed gene ex-

pression in plant tissue (leaves, shoots, and roots) treated with NaCl (T1: 35 mM NaCl and T2: 70 mM NaCl) relative to 

untreated samples (T0 = only nutrient solution without salt treatment). Relative gene expression was calculated using 

2−ΔΔCT method (fold change). * Significant differences for p-values < 0.05. 

There were no significant variations in SOS1 expression in shoots across all combi-

nations following NaCl treatment (Figure 1). There was no abundance of SOS1 mRNA 

transcripts observed in root tissues in CC and MC genotypes under salt stress. CV, Big, 

and LR showed significantly increased SOS1 expression following salt treatment. SOS1 

increased by 2- and 1.4-fold in CV and Big, respectively, with T1 (35 mM NaCl), while it 

increased by 2.3-fold in LR at high salinity (70 mM). This is consistent with a study 

showing that compared to Cleopatra mandarin leaves, sour orange leaves absorbed less 

Na+, indicating that sour orange may partially exclude Na+ from the leaves by collecting it 

in the roots [16]. Under mild NaCl conditions, the primary component appears to be 

osmotic, with no significant Cl− or Na+ tissue accumulation [34]. Under more severe sa-

linity stress (T1-T2), the ion toxicity contribution was more relevant. Shoot Cl− exclusion 

is primarily regulated by the rootstock, most likely because it is dependent on anion 

transporters found in the root. However, both scion and rootstock are implicated in Na+ 

exclusion, most likely because important genes for Na+ exclusion in plants work at both 

the root and shoot level [88]. From our results, severe salt stress increased the transcript 

level of SOS1 in roots of Big, CV, and LR, which can be considered Na-tolerant rootstocks 

(Na+ excluders). Similar findings were reported for trifoliate orange (P. trifoliata) root-

stock [89], Populus euphratica Oliv. [90], and A. thaliana [82]. SOS1 enhances Na+ exclusion 

by extruding the cation from root tip epidermal cells [91]. SOS1 loads Na+ into the xylem 

in roots under mild stress, allowing for regulated Na+ delivery to shoots and storage in 

leaf mesophyll vacuoles. SOS1 appears to work under excessive Na+ stress by reducing 

net absorption at the root tip and limiting Na+ loading of xylem sap in roots to reduce 
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damage to leaves that may occur when the capacity of Na+ sequestration in leaf cell 

vacuoles is exceeded [89]. Our results also suggest increased Na+ root-to-shoot transport 

in Big, CV, and LR genotypes. 

The net Na+/Cl− uptake rates with the concentrations of Na+/Cl− in root/shoot tissues 

of tolerant rootstocks could provide more information to support these hypotheses. More 

research on citrus SOS genes is needed to determine the functional implications of the 

SOS pathway in citrus. 

3.1.2. NHX1 Gene Expression 

The other adaptive mechanism for regulating ion homeostasis under high salinity is 

vacuolar Na+ partitioning, which is mediated by the vacuolar Na+/H+ antiporter (NHX) 

[92,93], which is expressed in the roots and leaves and selectively carries Na+ into the 

vacuoles [42]. Transgenic kiwifruit, tomato (Solanum esculentum L.), and rice (Oryza sativa 

L.) overexpressing NHX1 were shown to be more tolerant than wild types [94–96]. 

We have shown that in leaves, salt stress increases mRNA transcripts of NHX1 in 

Big (twofold increase) and more sharply in MC (4.5-fold increase) rootstock (Figure 1). 

Similar findings were observed in cotton [97], wheat [98], and A. thaliana [99]. NHX1 gene 

expression was also shown to be very responsive to salt stress in shoots and roots as well 

as in leaves. 

It was shown that tissue and vacuole compartmentalization is important in salt 

stress. Studies have shown a preferential sequestration of recovered Na+ from xylem, 

primarily in roots, into the vacuole, thus avoiding the harmful effects of this cation and 

preserving cell osmotic equilibrium [89]. Moreover, dye fluorescence investigations on 

Na+-sensitive rough lemon and Na+-tolerant Swingle citrumelo revealed higher Na+ se-

questration in epidermal and pericycle root cell vacuoles in Na+-tolerant rootstock, as 

compared to Na+-sensitive rootstock, as a strategy to maintain lower Na+ levels in the 

leaves [76]. However, it has also been reported that compartmentalization of Cl−/Na+ ions 

in leaf cell vacuoles can be considered as a tolerance mechanism that allows the plant to 

withstand osmotic and ionic stresses, and that citrus resistance to salinity mostly relies on 

avoidance processes (Cl−/Na+ exclusion) rather than efficient vacuolar partitioning of 

these ions in leaf cells [34]. In our study, MC showed an increase in NHX1 expression in 

the three tissues, suggesting that the main tolerance strategy of MC is through Na+ vac-

uolar compartmentalization. 

3.1.3. Vacuolar H+-Pump 

NHX activity is tightly controlled by the electrochemical vacuolar proton gradient 

established across the tonoplast by two vacuolar H+-pumps, H+-adenosine triphosphate 

(V-H+-ATPase) and H+-inorganic pyrophosphatase (V-H+-PPiase) [100,101]. A recent 

study showed that in response to salt stress, a vacuolar H+-pump pyrophosphatase gene 

(HVP10) was upregulated in barley (Hordeum vulgare L.) [102]. In our study, as a result of 

high salt stress,  V-PPiase gene was upregulated in leaves of both Big and LR rootstocks 

(2.3- and 1.8-fold increase, respectively), while expression of this gene did not change in 

response to NaCl exposure for all of the other genotypes (Figure 1). In roots, Big main-

tained a constant 1.5-fold increase in gene expression under salt stress (T1 and T2), while 

LR mRNA transcripts increased only under severe salt stress (1.4-fold increase) (Figure 

1). 

Several studies have shown that sustained overexpression of the H+-PPase gene ac-

celerates growth and enhances tolerance to biotic and abiotic challenges in A. thaliana 

[103] as well as many other plants: e.g., cotton [104], barley [105], poplar [106], and to-

bacco [107]. Salinity tolerance attributed to the tissue tolerance mechanism was positively 

correlated with expression of A. thaliana vacuolar H+-pyrophosphatase gene (AtAVP1) 

[108]. 

Therefore, the increased V-PPiase expression in Big and LR, especially in leaves, 

may partly explain their salt tolerance pattern. This was confirmed, as Big and LR also 
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showed a concomitant increase in the expression of tandem vacuolar NHX1 antiporter 

gene (in leaves), arguing for a preferential sequestration of recovered Na+ from xylem 

into vacuole, mostly in leaves. 

3.1.4. HKT1 Gene Expression 

Among the class of sodium channels, membrane transporter-class gene HKT1 

(high-affinity K+), which regulates the uptake and translocation of Na+, is important in 

plant salt tolerance and root-to-shoot Na+ partitioning [109,110]. HKT-type transporters 

are key ion channels that have been shown to selectively enable Na+ and/or K+ transit, 

hence are potential salt tolerance candidates [111]. In our study, real-time PCR analysis 

revealed increased transcript levels of the putative HKT1 gene in T2-stressed Big (three-

fold increase) and LR (threefold increase) leaf tissues (Figure 1). Expression in CV in-

creased under moderate salinity. These findings imply that this gene is overexpressed in 

Na+ excluder genotypes. Gene expression analysis of seedlings stressed with 70 mM 

NaCl revealed low gene expression with no significant variations for genotypes CC and 

MC from their respective control values. These findings complement previous salinity 

studies demonstrating that the citrus rootstock Cleopatra mandarin is a Cl− excluder, 

accumulating more Na+ than other genotypes [13]. Big, CV, and LR, on the contrary, 

might be considered as Na+-tolerant. 

Real-time PCR analysis revealed increased transcript levels of the putative HKT1 

gene in stressed Big and LR root tissues (2.2- and 2.1-fold increase, respectively) (T2). No 

significant differences were recorded for the roots of other genotypes. In shoots, none of 

the rootstocks showed activation or downregulation of HKT1 expression (Figure 1). 

Martinez-Alcántara et al. [89] discovered increased transcript levels of AtHKT1-like 

transporter HKT1 in root and shoot tissues of salt-stressed plants with the Na+ excluder 

trifoliate orange genotype compared to Cleopatra mandarin, which would be responsible 

for the reduced root-to-shoot Na+ transfer and consequently Na+ sequestration in the 

roots. Moreover, studies of A. thaliana have shown that AtHKT1;1 gene contributes to the 

control of both root accumulation of Na+ and retrieval of Na+ from the xylem, which 

control and decrease shoot Na+ concentration and increase plant salinity tolerance 

[112,113]. 

Interestingly, in Na+-tolerant rootstocks Big, CV, and LR, coordinated action of Na+ 

transporters HKT1 and SOS1 under salt stress was observed. The coordination between 

HKT1 and SOS1 Na+ transporters enables appropriate partitioning of this harmful cation 

between leaves, roots, and shoots in Big, CV, and LR rootstock genotypes. Based on our 

results, we hypothesized that overexpression of putative SOS1 (in roots) and HKT1 (in 

roots and leaves) might indicate improved xylem Na+ retrieval and impaired transloca-

tion to shoot tissues in these rootstocks, which implies that the Na+ transport pathway 

varies depending on the rootstock. Indeed, the capacity of particular genotypes, such as 

sour orange, to exclude Na+ has been connected to the expression of SOS1 and HKT1 

genes [89]. 

For all tissues, results for SOS1, NHX1, and HKT1 showed that all rootstocks except 

CC overexpressed one or several genes involved in ion homeostasis, which advocates 

for their salt tolerance [114]. This is consistent with the well-documented salt suscepti-

bility of CC [115,116]. 

3.1.5. Chloride Homeostasis 

A. thaliana cation–Cl− cotransporter (AtCCC) is thought to catalyze the coordinated 

symport of K+, Na+, and Cl−, and has been proposed as a gene that participates in xylem 

delivery and/or re-absorption of Cl− [35]. Transcript abundance of this gene following T2 

salt treatment increased in leaf tissues of only MC rootstock (42-fold increase) (Figure 1). 

Our results do not agree with those revealed by Brumós et al. [36], showing that the citrus 

CCC1 gene does not respond to salt stress (90 mM NaCl) in CC and CM. Only the 

CcSLAH1 gene showed a substantial response to salt stress, and was particularly acti-
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vated by salt stress in CC, whereas it was somewhat repressed in CM. The fact that the 

citrus CcCCC1 gene was not sensitive to Cl− treatment or salt stress in the rootstocks 

tested (MC and CC) does not necessarily mean that it is not engaged in Cl− homeostasis, 

according to the authors, because plant CCCs can be controlled at the level of protein ac-

tivity [116]. However, such an increase in CCC1 gene expression (42-fold increase) in our 

case gives strong evidence that in MC, salt stress particularly activates this gene, whereas 

it is inhibited in the other genotypes. 

In shoot tissues and under severe conditions (T2), a very high, strong increase in 

mRNA transcripts of CCC1 was recorded in the CV genotype (13-fold increase) in com-

parison to its basal levels in unstressed plants (Figure 1). 

In roots, other rootstock genotypes were found to have highly expressed CCC1 gene. 

Under severe salt stress (T2), the data showed high expression levels of CCC1 in Big and 

CC (threefold and twofold increases, respectively). Noteworthy expression of this gene 

under salt stress was revealed in LR rootstock (7-fold increase with T1 and 19-fold in-

crease with T2) compared to unstressed plants. 

Effective Cl− exclusion from the shoot is widely accepted as the most important 

strategy for preventing salt stress in citrus plants [34]. In recent years, an important 

breakthrough was achieved in understanding the uptake and functions of Cl−, which 

progressed from being seen as a detrimental ion that is inadvertently absorbed by plants 

via passive processes or nitrate transporters to being regarded as a preferred macronu-

trient whose transport is carefully regulated by plants [31,117]. 

Brumós et al. [36] demonstrated a model for symplastic regulation of Cl− homeosta-

sis in the roots of includer Carrizo citrange and excluder Cleopatra mandarin rootstocks. 

Cl− xylem transfer is clearly limited in the salt-tolerant Cleopatra mandarin but not the 

sensitive Carrizo citrange rootstock. Indeed, membrane transporter genes are differently 

regulated in tolerant (Cl− excluder) and sensitive (Cl− accumulator) rootstocks. This sug-

gests that in salt-tolerant rootstocks, decreased Cl− translocation may result in greater Cl− 

buildup in distal roots and, most likely, more Cl− release to the rhizosphere via Cl− 

channels in epidermal cells. 

In our study, at the root level, LR and (to a lesser degree) Big displayed salt-tolerant 

behavior. This was highly expressed in MC at the leaf level and in CV and to a lesser 

degree at the shoot level. In addition, for salt-tolerant rootstocks such as CV, the expres-

sion of Cl− transporter gene CCC1 was highly induced in shoots but repressed in leaves 

and to a lesser degree in roots, and for MC, the expression of CCC1 gene was highly in-

duced in leaves, slightly induced in shoots, but repressed in roots. This suggests prefer-

ential tissue for CCC1 gene expression: leaves for MC, roots for LR and Big, and shoots 

for CV. Such patterns have been reported; for example, Martins et al. [118] investigated 

the expression of 34 aquaporins and other major intrinsic proteins (MIPs) involved in sa-

linity tolerance in sweet orange (C. sinensis) and discovered that the majority of these 

genes were upregulated in the roots, but had both increased and decreased transcript 

levels in the leaves. 

Our results show no significant modification of Carrizo citrange CCC1 gene expres-

sion in any tissue under moderate or severe stress. This is consistent with the study of 

Brumós et al. [36] showing that CC is a Cl− includer because of its limited ability to ex-

clude the anion. In fact, after Cl− supply, the Cl− includer genotype CC showed extremely 

active translocation of Cl− to the shoot (at a rate six-fold greater than CM), but 

root-to-shoot Cl- transport was substantially reduced in the excluder rootstock CM. 

Compared to CC, Cleopatra mandarin had a less effective root system for water absorp-

tion and a larger shoot-to-root ratio. Otherwise, the comparatively strong salt tolerance of 

citrus rootstocks such as Rangpur lime, Cleopatra mandarin, and CV is linked to their 

ability to minimize Cl− buildup in scion leaves [119]. Salinity stress from 50 mM of NaCl 

for 8 to 9 weeks has been shown to diminish growth and water usage in well-irrigated 

citrus seedlings and grafted plants. Salinity-induced growth inhibition was more im-
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portant in 'Valencia' sweet orange trees grafted on CC rootstock than in plants grafted on 

MC, and this was related to leaf Cl− concentrations [114]. 

The key element influencing the degree of chloride exclusion appears to be the reg-

ulation of root-to-shoot Cl− transport. The Cl− exclusion mechanism of salt-tolerant root-

stocks is primarily based on decreased Cl− unloading into the xylem, which correlates 

with a lower absorption capacity and increased Cl− retention in the distal regions of the 

root following Cl− administration [36]. 

3.2. Tolerance Pathways to Oxidative Stress 

A recent study, aimed at identifying and analyzing salinity-induced genes in 

Rangpur lime, used functional categorization and revealed 13 different genes associated 

with antioxidant activity that were induced in response to high salinity [39]. In this study, 

in leaf tissue, two genes encoding CAT and APX were analyzed; APX was upregulated in 

CC (3.5-fold increase, T1), LR (2-fold increase, T1; 3-fold increase, T2), and significantly in 

CV (2.5-fold increase, T1), while it was downregulated in Big and MC. Salt treatment 

showed no significant impact on CAT gene expression, except a slight upregulation in 

Big (Figure 2). 

 

Figure 2. Expression profiles of APX and CAT genes of ‘Hernandina’ clementine (Citrus 

clementina hort. ex Tanaka) (willowleaf mandarin (C. deliciosa) × sweet orange (C. sinensis 

(L.) Osbeck)) grafted on 5 citrus rootstocks in response to salt. Big: sour orange (C. au-

rantium L.); CC: Carrizo citrange (C. sinensis x Poncirus trifoliata (L.) Raf); CV: Volkamer 

lemon (C. volkameriana V. Ten. & Pasq.); LR: Rangpur lime (C. limonia Osbeck); MC: Cle-

opatra mandarin (Citrus reshni hort. ex Tanaka). For each combination (root-

stock/‘Hernandina’), stacked panels showed gene expression in plant tissue (leaves, shoots, and 

roots) treated with NaCl (T1: 35 mM NaCl; T2: 70 mM NaCl) relative to untreated samples (T0, only 

nutrient solution without salt treatment). Relative gene expression was calculated using 2−ΔΔCT 

method (fold change). * Significant differences for p values < 0.05. 

Seday et al. [120] investigated the antioxidative enzyme responses of six ungrafted 

citrus rootstocks under various NaCl concentrations (from 45 to 135 mM) and showed 

that leaf APX activity in the rootstocks (Big, CC, CV, MC) increased with elevated salt 

levels. CAT activity increased in salt-tolerant Plantago maritima L. and Lycopersicon pen-
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nellii Correll in response to salt stress [121,122]. However, CAT activity was found to 

decrease in response to various stresses [123,124]. Abiotic oxidative stress tolerance was 

modulated from ROS detoxification and scavenging [25]. 

Our findings revealed that increasing the salt dosage reduced CAT activity in all 

rootstocks except Big. Similar trends were also reported for SOD activity in citrus leaves 

under salinity [120]. Stressed Big, LR, and MC plants showed higher transcript levels of 

candidate CAT gene (1.8-, 2-, and 2.8-fold increase, respectively) in roots and shoots in 

Big, CC, and LR (1.8-, 2.2-, and 1.5-fold increase, respectively). Salt-tolerant rootstocks 

Big, LR, and MC and, to a lesser extent, CV upregulate CAT gene in roots, while only Big 

showed a significant increase in shoots. Even being sensitive to salt, under severe salt 

treatment (T2), CC rootstock showed an increase in CAT gene expression in shoots. On 

the other hand, APX expression was notably higher in shoots and roots for almost all 

citrus rootstocks grown under salt stress compared to controls. Sour orange upregulated 

APX gene in roots (3.8-fold increase) and shoots (8.5-fold increase in T1; 10.6-fold in-

crease in T2), although this gene was repressed in leaves. This result shows the strong 

and highly significant involvement of roots and mainly shoots in expressing antioxidant 

enzyme APX in stressed Big. 

For CC, although it is considered to be sensitive to salinity, APX gene expression 

was increased 3.5-fold in leaves (T1), and 3.4-fold in roots and 9.2-fold in shoots (T2), 

compared with their respective basal values. These data suggest the involvement of the 

three tissues in the gene expression of ROS scavenging enzymes in CC (Figure 2). 

Under salt treatment, CV rootstock showed a significant response to salt (T1) by 

overexpressing APX in leaves, and this was accentuated in shoots with increased salinity 

(T2). This gene was downregulated in roots. These results might also suggest a preferen-

tial tissue response of CV in expressing APX gene with gradual salinity. Similar results 

were shown with LR rootstock, in which APX was overexpressed in leaves and shoots 

(3-fold increase with T2), but much more in roots (9.3-fold increase with T1, 18-fold in-

crease with T2). This emphasizes the quick response of LR to salt stress and the strong 

involvement of the antioxidant defense mechanism, mainly in roots. This confirms a re-

cent study showing that rootstocks of Volkamer lemon grafted with Kinnow hybrid 

mandarin (‘King’ (C. nobilis) × ‘willowleaf’ (C. deliciosa)) exhibited high and significant 

increases in antioxidant enzymes and osmoprotectants following abiotic stress [46]. 

In MC rootstock, APX is either downregulated or repressed in all tissues. MC is 

considered to be a very tolerant rootstock, suggesting that APX plays a very limited role 

in this tolerance. Contrarily, according to Sekmen et al. [122], salt-tolerant plant species 

exhibit a considerable increase in APX activity in response to salt stress, whereas 

salt-sensitive genotypes exhibit a reduction or stay stable. 

The differences observed between studies regarding the analysis of genes involved 

in ROS detoxifying pathways have been discussed. Singh and Sharma [1] reported that 

antioxidants are linked not only to salt tolerance but also to other factors, including crop 

growth stage and experimental management practices. It was shown that the simulta-

neous occurrence of other abiotic stresses (e.g., salinity, drought, and high light intensi-

ty), as compared to a single stimulus, changes the expression of genes controlling anti-

oxidant activity. Moreover, while it was shown that ROS and reactive nitrogen species 

(RNS) together govern plant stress responses to unfavorable environmental conditions, 

the mechanisms underlying this role have not yet been completely uncovered. This is 

also the case for the involvement of antioxidant enzymes [120]. Antioxidant enzyme re-

sponses are influenced by two- or three-way interactions between rootstock, salt con-

centration, and sampling time, revealing the intricacy of the tolerance mechanisms of 

citrus rootstocks. Plant species most likely evolved distinct defensive mechanisms 

against salty environments. The stress-related gene families found in cytoplasmic orga-

nelles of cells (mitochondria, chloroplasts) were shown to evolve at different rates and 

diversified in different ways than those found in the nucleus, resulting in diverse defen-

sive strategies among citrus species [125]. All of these ROS-scavenging enzyme results 
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suggest the involvement of this defense system under salt stress in all genotypes, 

whether they are salt-tolerant or -sensitive, and a preferential tissue response in ex-

pressing CAT and APX genes under gradual salinity (T1, T2). 

Salt stress enhances antioxidant enzyme activity, particularly in salt-tolerant citrus 

rootstocks [18]. In this context, salinity causes oxidative stress at the subcellular level in 

plants, and chloroplasts and mitochondria are significant producers of ROS in 

salt-stressed plants. Some authors have identified coordinated upregulation of the an-

ti-oxidative machinery as one of the processes involved in the salt tolerance response, 

while others have linked salt tolerance to greater constitutive levels of certain antioxidant 

enzymes. Salt-sensitive species, on the other hand, exhibit no change or even a decline in 

antioxidant defenses, and they have lower constitutive antioxidant enzyme levels than 

salt-tolerant species [126]. 

Balfagón et al. [127] demonstrated that the rootstock altered APX and CAT activity 

in citrus scions under stress conditions. Their findings suggest that activation of the an-

tioxidant system under stress conditions is a transmissible feature that can be passed 

down from rootstock to scion, emphasizing the importance of rootstock selection in im-

proving crop performance and maintaining citrus yield under the current climate change 

scenario. 

3.3. Compatible Osmolyte Biosynthesis 

Under salt stress, compatible osmolytes such as proline and glycine betaine are 

produced and accumulated, a process that is species- and tissue-specific [40]. Compatible 

osmolytes can minimize water loss in response to short-term osmotic stress and improve 

cell turgor and expansion in response to long-term osmotic stress (continued growth 

under salt stress) [128]. Higher transcript levels of CMO in CC and CV rootstocks were 

recorded for T1 in leaves compared to the other genotypes (Figure 3). Tolerance to salt 

and temperature stress in rice was improved by the production of a CMO gene from 

spinach (Spinacia oleracea L.) [129]. Transgenic tobacco plants that overexpress the beet 

BvCMO gene accumulate GlyBet and have increased resistance to salt (150 mM NaCl) 

and drought stress [130]. Our results show the early involvement of this gene in leaves 

for both CC and CV in response to salt stress. 
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Figure 3. Expression profiles of CMO and P5CS genes of ‘Hernandina’ clementine (Citrus 

clementina hort. ex Tanaka) (willowleaf mandarin (C. deliciosa) × sweet orange (C. sinensis 

(L.) Osbeck)) grafted on 5 citrus rootstocks in response to salt stress. Big: sour orange (C. 

aurantium L.); CC: Carrizo citrange (C. sinensis x Poncirus trifoliata (L.) Raf); CV: Volkamer 

lemon (C. volkameriana V. Ten. & Pasq.); LR: Rangpur lime (C. limonia Osbeck); MC: Cle-

opatra mandarin (Citrus reshni hort. ex Tanaka). For each combination (root-

stock/’Hernandina’), stacked panels show gene expression in plant tissues (leaves, 

shoots, and roots) treated with NaCl (T1: 35 mM NaCl; T2: 70 mM NaCl) relative to un-

treated samples (T0, only nutrient solution without salt treatment). Relative gene expres-

sion was calculated using 2−ΔΔCT method (fold change). * Significant differences for p 

values < 0.05. 

The accumulation of another compatible osmolyte, proline, catalyzed by P5CS, plays 

a key role in reducing the cell osmotic potential and stabilizing proteins and cellular 

structures under salt stress [40]. A positive correlation has been demonstrated between 

salt tolerance and proline concentration [131]. The increment of sodium chloride levels 

(up to 5000 ppm) in culture medium led to a significant accumulation of proline in leaves 

of citrus rootstocks [132]. Our results reveal that the P5CS gene was differently expressed 

in citrus rootstock leaves during salt treatment, but transcript abundance was generally 

similar between genotypes under control conditions. Interestingly, three genotypes 

showed moderate to very high levels in mRNA transcripts: Big (5-fold increase with T1, 

13-fold increase with T2), CV (3-fold increase with T1, 2-fold increase with T2), and LR 

(18-fold increase with T1, 314-fold increase with T2). P5CS gene was clearly downregu-

lated in MC. Our results suggest the involvement of this gene in leaves of Big, CV, and 

mainly LR in response to salt stress. It was previously demonstrated that sour orange 

highly accumulates proline under severe salinity stress (5 g/L NaCl) [132]. 

P5CS gene expression increased in roots of Big (3-fold increase with T1, 9-fold in-

crease with T2), and LR (27.8-fold increase with T1, 271-fold increase with T2). In shoots, 

all genotypes except MC showed high levels of P5CS mRNA transcripts under gradual 
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salinity: Big: 42.5-fold increase with T1, 121.7-fold increase with T2; CC: 1.5-fold increase 

with T1, 5.8-fold increase with T2; CV: 2.5-fold increase with T1, 20-fold increase with T2; 

and LR: 5.3-fold increase with T1, 150-fold increase with T2 (Figure 3). These results con-

firm the strong and major impact of salt stress on upregulating P5CS gene expression. 

Many studies have used proline content to evaluate the performance of rootstocks 

under saline stress conditions [71,86,132]. Mostly, it was shown that proline concentra-

tion is higher in salt-tolerant rootstocks than other rootstocks [133,134]. This finding is 

consistent with our results for Big, CV, and LR rootstocks, but MC rootstock was an ex-

ception. Other investigations showed that the highest salt tolerance (to a salinity level of 

75 mM NaCl), as determined by maximal proline accumulation, was recorded in 

Rangpur lime rootstock, while Carrizo citrange and sour orange showed minimum salt 

tolerance by accumulating the lowest amounts of proline [17]. The degree of alteration 

varied according to rootstock and salt level. A recent study attempted to investigate the 

physiological responses of three recently produced citrus rootstocks, Cleopatra manda-

rin, Volkamer lemon, and Carrizo citrange, after salinity treatment (0–100 mM NaCl). 

There were no statistically significant differences in proline content between Cleopatra 

mandarin and Carrizo leaves. Compared to MC, Volkamer lemon and Carrizo showed a 

considerable increase in proline concentration [71]. This agrees with our results, sug-

gesting that even though CC is a salt-sensitive rootstock, it may show relative proline 

accumulation. 

CMO gene expression was less significant than P5CS expression for all genotypes. 

However, in roots, Big showed a 24.3-fold increase in CMO mRNA transcript levels un-

der 70 mM NaCl treatment, and LR showed a 4.5-fold increase in CMO mRNA tran-

scripts with T1 and a 31.2-fold increase with T2 (Figure 3). In shoots, only Big and CC 

exhibited significant increases in CMO mRNA transcripts under salt stress (4-fold and 

3-fold increase, respectively). These results further confirm the differential expression of 

CMO gene according to the rootstock, tissue, and salt stress level. Interestingly, the in-

duction of expression was always more marked in tolerant rootstocks, reflecting the in-

volvement of CMO gene in the process of regulating salt tolerance in citrus rootstocks. 

Our results show that in CC rootstock, despite its salt sensitivity, CMO gene is signifi-

cantly involved in the early response to salt stress in leaves; a second response to more 

severe salinity emanates from shoots tissue. 

Lv et al. [135] discovered various salt tolerance determinants and signaling path-

ways in sugar beet, and demonstrated that the CMO gene was one of the important can-

didate genes to test for enhanced sugar beet salt tolerance. 

3.4. Stress-Induced Proteins 

3.4.1. Late Embryogenesis Abundant Protein Gene 

Despite the correlation shown between late embryogenesis abundant (LEA) protein 

expression and salt tolerance, no significant increase in LEA2 protein coding gene ex-

pression in leaves was recorded for any citrus rootstock genotypes under salt treatment. 

However, LEA2 gene was highly expressed in roots and shoots of all genotypes. Re-

al-time PCR analysis revealed greater transcript levels of the LEA2 candidate gene under 

T1 salt stress conditions in roots of stressed rootstocks in Big (2.7-fold increase) and CV 

(1.9-fold increase) compared to their basal values under control conditions. Almost all 

rootstocks showed high to extremely high activation of gene expression of LEA2 in 

shoots in response to salt stress: Big: 72-fold increase; CC: 9.6-fold increase; CV: 21.5-fold 

increase; and MC: 31-fold increase (Figure 4). This result suggests that under salt stress, 

LEA2 gene is initially induced and upregulated in roots and shoots of Big and CV root-

stocks, with no expression change in leaves compared to control basal values, under se-

vere salt stress (T2). In CV, LEA2 was upregulated in shoots (21.4-fold increase) in re-

sponse to severe salt treatment (T2). Interestingly, in MC rootstock, this gene was highly 

upregulated in shoots under severe salt stress (1050-fold increase), while it was down-
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regulated in leaves and roots under both levels of salinity. In LR rootstock, there was 

significantly increased expression of LEA2 under severe salinity (T2) only in roots 

(2.4-fold increase) (Figure 4). 

 

Figure 4. Expression profiles of SPS, LTP, and LEA2 genes in ‘Hernandina’ clementine 

(Citrus clementina hort. ex Tanaka) (willowleaf mandarin (C. deliciosa) × sweet orange (C. 

sinensis (L.) Osbeck)) grafted on 5 citrus rootstocks in response to salt. Big: sour orange (C. 

aurantium L.); CC: Carrizo citrange (C. sinensis x Poncirus trifoliata (L.) Raf); CV: Volkamer 

lemon (C. volkameriana V. Ten. & Pasq.); LR: Rangpur lime (C. limonia Osbeck); MC: Cle-

opatra mandarin (Citrus reshni hort. ex Tanaka). For each combination (root-

stock/’Hernandina’), stacked panels showed gene expression in plant tissues (leaves, 

shoots, and roots) treated with NaCl (T1: 35 mM NaCl; T2: 70 mM NaCl) relative to un-

treated samples (T0, only nutrient solution without salt treatment). Relative gene expres-

sion was calculated using 2−ΔΔCT method (fold change). * Significant differences for p 

values < 0.05. 

Late embryogenesis abundant (LEA) proteins are a large and varied class of proteins 

that are thought to perform in normal plant growth and development and in cell protec-

tion against abiotic stress [136,137]. LEA proteins play a key role in plant drought toler-

ance and have been positively correlated with several abiotic stresses in many plants, 

such as brassicas [138], cotton [139], and rice [140]. Several investigations on particular 

group 2 LEA proteins have demonstrated that they are present in practically all vegeta-

tive tissues [141]. Their expression and accumulation is triggered by seed desiccation and 

various abiotic stressors, including water deficiency and cold [142,143]. We showed that 

increased expression of LEA2 proteins was observed mainly in T2 salt treatment. This 

argues that for the studied rootstock/‘Hernandina’ combinations, activation of the LEA2 

pathway is involved in the response to severe saline stress. 

In this context, the potential role of Solanum tuberosum (L.) LEA (StLEA) genes in 

abiotic stress was recently investigated. For the investigation, 17 candidate genes with 

high expression levels were selected, and their expression in potato roots and leaves after 

drought, salt, heavy metal, and high and low temperature treatment was analyzed by 

qRT-PCR [136]. The response of LEA genes to NaCl stress was similar to the response to 
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drought stress. As in our study, StLEA genes had differential expression in different tis-

sues and in response to stress.  

3.4.2. Sucrose Phosphate Synthase Gene 

Salinity had no significant impact on sucrose phosphate synthase (SPS, isoform 1) 

gene expression in leaves, except a slight repression in MC (T2). SPS gene expression in 

roots increased in Big (2-fold increase) in response to moderate salinity (T1), and in LR 

(1.8-fold increase) under severe salinity (T2). Only Big exhibited significantly higher SPS 

gene expression in shoots (1.8-fold increase) under severe salinity (T2) compared to con-

trol. 

In plants, SPS genes are encoded by a gene family [144], and although several SPS 

genes have been studied for their functions in growth and development, their specific 

reactions to environmental stressors are mostly unknown, and information on their ac-

tivity under stress circumstances is limited. Indeed, the transcriptional control of SPS 

genes is complex, and it has been demonstrated that the promoter regions of distinct SPS 

genes confer expression that varies completely or partially across plant tissues and or-

gans [58]. Studies in maize [145], A. thaliana [58], litchi fruits [146], apple [147], and to-

mato [148] have shown that different isoforms are expressed differentially according to 

developmental stage in various organs and tissues, and that they are either induced or 

repressed or insensitive to abiotic stresses. Similarly, the relation between tolerance to 

salinity and the activation of expression of different SPS isoforms was not clearly 

demonstrated; Solís-Guzmán et al. [58] reported an upregulation of AtSPS2F and 

AtSPS4F expression in A. thaliana under osmotic stress, but a downregulation of AtSPS1F 

and AtSPS3F expression. 

The absence of any clear pattern that would coincide with the tolerance level of the 

rootstock can be explained, as we used primers to detect citrus homologs for SPS isoform 

1. Besides that, for the three tissue types, the increased SPS gene expression was not 

higher than twofold compared to its expression under control conditions, and it was 

lower compared with the expression intensity of other genes (CCC1, CMO, APX, P5CS). 

This argues that SPS isoform 1 does not have a very important role in salt tolerance for all 

rootstock/‘Hernandina’ combinations. 

3.4.3. Lipid Transfer Protein Gene 

In comparison to the other rootstocks, sour orange showed a 13.5-fold increase in 

lipid transfer protein (LTP) overexpression in response to T1 salt treatment (35 mM 

NaCl), but only 3-fold in T2. LR displayed a less pronounced 2.5-fold increase in LTP 

mRNA transcripts in response to T2 salt treatment. The gene expression analysis of LTP 

gene in roots revealed significant increases in most rootstocks. Indeed, higher transcript 

levels of LTP gene were recorded for Big (4.2- and 5.2-fold increase with T1 and T2, re-

spectively), CV (2-fold increase with T1), and LR (3.6- and 14-fold increase with T1 and 

T2, respectively). On the other hand, CC induced upregulation of this gene in roots 

(2-fold increase) and shoots (3-fold increase) when under severe salinity stress (T2), while 

MC showed downregulated LTP gene in all tissues and under salt stress. 

LTPs are implicated in adaptation to salt and osmotic stress, according to gene ex-

pression data [60,65,149]. In A. thaliana, some LTP genes were activated by salt and os-

motic stress but not by drought, indicating that changed LTP gene expression should 

result in variations in stress sensitivity. It was demonstrated that A. thaliana plants that 

overexpress LTP genes (LTP1, LTP3) had better growth on NaCl-containing media, im-

plying a function in abiotic stress adaption [150]. Only a few papers indicate increased 

sensitivity to salt and osmotic stress as a result of altered LTP gene expression. So far, 

LTP mutants have shown some modifications in their susceptibility to salt stress, but 

there is no explanation for how LTPs mediate this impact [151,152]. 
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4. Conclusions 

In this study, we analyzed the expression of potential genes involved in salt toler-

ance in citrus and provided insights on the regulation of these genes according to the 

rootstock used, the salinity level, and the tissue. 

We observed that, independent of the tissue, the highest values of increased upreg-

ulated genes were obtained with LR, MC, and sour orange, followed by CV and CC. This 

coincides with the salt tolerance ranking of these rootstocks. LR rootstock was remarka-

ble, as almost all studied genes showed increased expression upon salt stress. This root-

stock is known to be very tolerant to salinity [7,39,153], and our findings support that this 

resistance is the result of the activation of various pathways tackling salt-induced ionic, 

osmotic, and oxidative stresses. 

Big rootstock showed significant gene expression activation in most of the genes. 

This was particularly the case for sodium-related pathways (SOS1, KHT1, NHX1, 

V-PPiase). Indeed, it was reported that sour orange is a good Na+ excluder [76] and, thus, 

a salt-tolerant rootstock [7]. Big is also a Cl− excluder. However, we report only a slight 

increase in CCC1 gene expression. This might indicate that this gene, with other chloride 

regulatory mechanisms, could be involved in the regulation of Cl− homeostasis of the 

whole plant in Big. 

MC is considered to be one of the best Cl− excluders and a very salt-tolerant root-

stock [39,153]. In our assay, when grafted with ‘Hernandina’ clementine, MC showed 

very high induction of CCC1 gene in leaves and remarkable expression of NHX1 gene in 

all tissues. Almost all other genes were either not induced or repressed, suggesting that 

in MC, the Na+ sequestration pathway and Cl− homeostasis are the major mechanisms 

responsible for salt tolerance. 

CV showed high activation of CCC1 expression in shoots. Sodium homeostasis 

genes (SOS1, HKT1, NHX1, V-PPiase) were also activated in shoots. This might indicate 

that this tissue is important for the salt tolerance of CV, potentially through recirculation 

and compartmentalization. In CC, the studied genes involved in ion homeostasis did not 

show a response to salt treatment, globally. For all other genes, only increased expression 

of APX and CMO in all tissues was observed. It is well documented that the ionic com-

ponent is the most important in salt tolerance, and indeed, trifoliate orange and its hy-

brids, such as Carrizo citrange, are considered salt-sensitive [18,74]. 

This study provides insights on the differential expression of genes in citrus under 

moderate and high salt stress. It reveals that the major genes of functional groups re-

sponsible for encoding salt-stress proteins showing important induction of expression 

were those involved in ion transporter proteins (mainly NHX1 and HKT1 genes), Cl− 

homeostasis (CCC1 gene), biosynthesis and accumulation of compatible osmolytes, pro-

line (P5CS gene) and glycine betaine (CMO gene), accumulation of proteins (LEA2 gene), 

and ROS scavenging antioxidant activity (mainly APX). The expression patterns could 

explain the relative tolerance of the used rootstocks. However, further investigations 

should be carried out on morphological measurements and ion content, uptake, and 

transport rate in different plant tissues in order to more deeply understand and confirm 

the research findings and the extent to which these genes participate in the whole process 

of salt tolerance. 
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