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Abstract

:

Huanglongbing (HLB), caused by the phloem-limited bacterium Candidatus Liberibacter asiaticus (CaLas), is the primary biotic stress causing significant economic damage to the global citrus industry. Among the abiotic stresses, salinity affects citrus production worldwide, especially in arid and coastal regions. In this study, we evaluated open-pollinated seedlings of the S10 (a diploid rootstock produced from a cross between two siblings of the Hirado Buntan Pink pummelo (Citrus maxima (Burm.) Merr.) with the Shekwasha mandarin (Citrus reticulata Blanco)) for their ability to tolerate HLB and salinity stresses. In a greenhouse study, ‘Valencia’ sweet orange (either HLB-positive or negative) was grafted onto six clonally propagated lines generated from the screened seedlings in the greenhouse and the trees were irrigated with 150 mM NaCl after eight months of successful grafting and detection of CaLas in the leaf petioles. Cleopatra mandarin was used as a salt-tolerant and HLB-sensitive rootstock control. CaLas infection was monitored using a quantitative polymerase chain reaction before and after NaCl treatments. Following three months of NaCl treatment, ‘Valencia’ leaves on the S10 rootstock seedlings recorded lower levels of chlorophyll content compared to Cleopatra under similar conditions. Malondialdehyde content was higher in HLB-infected ‘Valencia’ grafted onto Cleopatra than in the S10 lines. Several plant defense-related genes were significantly upregulated in the S10 lines. Antioxidant and Na+ co-transporter genes were differentially regulated in these lines. Based on our results, selected S10 lines have potential as salt-tolerant rootstocks of ‘Valencia’ sweet orange under endemic HLB conditions. However, it is necessary to propagate selected lines through tissue culture or cuttings because of the high percentage of zygotic seedlings derived from S10.
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1. Introduction


Citrus is a major horticultural crop grown throughout the sub-tropics. In recent years, Huanglongbing (HLB), caused by Candidatus Liberibacter asiaticus (CaLas), has emerged as a destructive disease that affects all commercial citrus varieties, and it is currently threatening the existence of Florida’s citrus industry [1]. In addition to the plethora of other biotic stresses affecting citrus, such as citrus canker (Xanthomonas citri subsp. Citri), citrus black spot (Guignardia citricarpa), citrus tristeza disease (CTV), and citrus phytophthora disease [2], citrus plants are also affected by abiotic stresses such as salinity and extreme temperature fluctuations [3] Climate change also influence sea-level rise, which could threaten citrus production and sustainability, especially in coastal regions [4]. Most citrus cultivars are highly sensitive to salt [5], and the commonly grown ‘Valencia’ sweet orange (Citrus × sinensis (L.) Osbeck) had decreased rind thickness, delayed maturation, and reduced yields when grown in a saline environment [5,6,7,8,9]. Thus, developing new rootstock and scion varieties, either through conventional breeding or genetic transformation, that possess superior abiotic and biotic stress tolerance-specific traits is imperative for maintaining sustainable citriculture [10,11,12,13,14].



Scions that have been budded to rootstocks are utilized for commercial citrus cultivation, and proper rootstock selection plays an important role in tree health, fruit quality, and production [15]. Additionally, rootstocks are selected to confer enhanced abiotic or biotic stress tolerance to the aboveground scion [16]. In Florida, most of the major rootstocks, such as Cleopatra mandarin (Citrus reshni hort. ex Tanaka), Swingle citrumelo trifoliate hybrid, [Citrus × paradisi Macfad. × Poncirus trifoliata (L.) Raf.], and sour orange (Citrus × aurantium L.) perform poorly under HLB pressure with 30–50% root mass loss following infection [17]. This results in decreased nutrient and water uptake, which can affect the health of the scion [18]. Thus, rootstocks are important in HLB disease management, especially in Florida, where citrus growers must produce crops under endemic HLB conditions [19,20].



Several rootstocks, both diploid and tetraploid, have been produced by the University of Florida’s citrus breeding program [21,22,23,24]. The S10 rootstock is a diploid rootstock produced from a cross between two siblings of the Hirado Buntan Pink pummelo (Citrus maxima (Burm.) Merr.) with the Shekwasha mandarin (C. reticulata Blanco). It was selected through a greenhouse salinity screening assay. Cleopatra mandarin is the leading salt-tolerant citrus rootstock in Florida [25]. However, CaLas graft-inoculated seedlings of Cleopatra showed sensitivity to HLB disease [26]. We observed the S10 seed parent to be a vigorous HLB-tolerant tree with fewer visual symptoms and little damage to fruit yield/quality. Additionally, we have previously observed seedling populations from two S10 siblings to be salt tolerant [13].



Plants have acquired various stress tolerance mechanisms including physiological and biochemical changes to adapt to osmotic stress. Polyphenol’s accumulations assist plants to acclimatize to unfavorable conditions [27,28]. The phenylalanine pathway is an important process in the plant cell to defend against biotic and abiotic stress. During the biosynthesis of phenolic compounds, erythrose 4-phosphate is combined with phosphoenolpyruvate (PEP) to form phenylalanine. Then phenylalanine ammonia lyase (PAL) plays an essential role to catalyzes the conversion of phenylalanine to trans-cinnamic acid, then benzoic acid. A set of phenolic compounds such as flavonoids, salicylic acid, coumarins, tannins, lignans, lignins, monolignols, and hydrolysable is formed through this pathway. [29,30,31]. Conversion of trans-cinnamic to benzoic acid leads to salicylic acid synthesis, which is an important phytohormone against biotic and abiotic stress. Many transcription factors respond to the biotic and abiotic stresses to reduce ion homeostasis in the cell such as ROS-scavenging enzymes [32], pathogenesis-related proteins (PRs) [33,34], and ion transporter factors [35,36]. ROS-scavenging enzymes are important to detoxify O2− and H2O2 and decrease the toxic effect. Superoxide dismutases (SOD) play a leading role in the plant defense mechanism as they rapidly convert O−2 to H2O2. The PR group of proteins is commonly known as pathogenesis-related proteins [37] and is usually activated during biotic stress [38]. However, there is evidence of the crosstalk in response to abiotic and biotic stresses in plants [39,40]. The expression of most of the PR genes remains at the basal level under normal conditions. Their expression increases dramatically under stress. In Arabidopsis, some PR genes (PR1, PR2, and PR5) were upregulated by abiotic stress [34,41]. The role of ion transporters in the plant cell is (1) to control the entry and exit of Na+ into and out of plant cells, (2) to regulate Na+ compartmentation in the vacuoles, and 3) to selectively import K+/Na+ into plant cells [42]. The salt overly sensitive (SOS) pathway was identified through a salt study of Arabidopsis mutants [43]. Studying the response of sos1, sos2, and sos3 mutants to salt showed a principal role of ion homeostasis in maintaining the cytoplasm in salt stress tolerance [42,44]. Na+/H+-antiporter (NHX) also has an effective function in controlling the movement and transport of Na+ or K+ ions into the vacuoles in exchange for H+ efflux to the cytosol [36].



The primary salt present in seawater is NaCl (2.3%) with calcium, magnesium, potassium, and other salts making up the remainder of ions [45]. Because of the sensitivity of citrus trees to both salinity stress and HLB (Figure 1), the identification of tolerant rootstocks that may mitigate HLB damage and thrive in saline soils is important. In the current study, we evaluated the ability of open-pollinated S10 lines to grow in NaCl-stressed soil, following CaLas infection in relation to Cleopatra mandarin. In order to screen for ‘Valencia’ scions to be grafted on the best clone in the environment NaCl + CaLas infectionin, we focused on biochemical markers such as the content of total chlorophyll, starch, total phenolic compounds (TPC), proline, malondialdehyde (MDA), and sodium and chloride ions. Additionally, we studied the relative expression of superoxide dismutases (SOD) and phenylalanine ammonia lyase (PAL) enzymes, two of PR genes (PR1 and PR2) and ion transporters (SOS1, SOS2, SOS3, and NHX1).




2. Results and Discussion


2.1. Simple Sequence Repeat (SSR) Marker Analysis


Two hundred S10 seedlings were germinated and screened for salt tolerance in the greenhouse through the exogenous application of 150 mM NaCl. Under constant NaCl stress, most seedlings did not survive. We identified 15 seedlings that grew well under the constant 150 mM NaCl stress. All these seedlings were clonally propagated, and six random lines with an adequate number of cuttings necessary for the physiological experiments were selected. First, we conducted molecular analyses on these six lines using six EST-SSR markers to confirm their genetic origin. The degree of genetic similarity among the seedlings was determined and compared with that of the hybrid parents. Analysis of the EST-SSR molecular markers indicated that five seedlings were zygotic open pollinated seedlings of unknown pollen parentage while the sixth was nucellar and like the seed parent (Table 1).



Nucellar seedlings arise from maternal tissues and are genetically identical to the maternal genotype [46]. Most commercially available rootstock cultivars produce seeds that contain mostly nucellar embryos. Zygotic seedlings that contain the genetic information of both pollen and seed parent are produced by some commercial rootstocks [47]; however, they are generally eliminated by alert nursery workers, although it can sometimes be difficult to identify them during the early stages [48]. Zygotic rootstocks can, however, be propagated through tissue culture, which allows it to maintain the genetic fidelity of the cultivar [49].




2.2. Effect of NaCl Treatment and CaLas on Total Chlorophyll and Starch Accumulation in Leaves


The nucellar seedling S10-6 (S10-control) obtained in this study, being genetically identical to the seed parent, was utilized as a control. This line was compared against the other five zygotic lines and the industry-standard Cleopatra salt-tolerant mandarin. Physiological parameters of ‘Valencia’ sweet orange budded onto the different rootstocks were evaluated. Significant variance analysis among rootstocks, NaCl stress, and CaLas infection was implemented using a three-way ANOVA. Our analysis revealed that the rootstock, NaCl treatments, and CaLas infection significantly affected the physiological variables (Supplementary Table S1). The total chlorophyll content was significantly decreased by the interaction effect of NaCl treatment and CaLas infection in ‘Valencia’ grafted onto Cleopatra (3.01 mg−1 g FW), and the total pigment content ranged between 3.73 and 5.90 mg−1 g FW in the S10 lines (Table 2). There were minor differences in T Chl in ‘Valencia’ leaves grafted onto S10 rootstocks compared to the T Chl in ‘Valencia’ grafted onto Cleopatra under NaCl treatment without CaLas infection. CaLas infection significantly increased foliar starch content that doubled when the infected plants were treated with NaCl. The CaLas-infected ‘Valencia’ grafted onto Cleo, S10-control, S10 lines 3 and 5 accumulated the highest levels of starch in the leaves following exogenous application of 150 mM NaCl (Table 2).



Excessive accumulation of starch granules in photosynthetic cells, vascular parenchyma, and phloem elements can be used as a reliable marker for HLB infection in citrus [50]. Starch accumulation in the infected plants can result in phloem blockage so that normal sugar export from the leaf is partially limited, and thus photosynthate accumulates as starch. Such accumulation in leaves has also been found in response to salt stress in some organisms, though it is contrary to general stress responses where sugar accumulates as non-toxic osmotic solutes, and starch is deleted in leaves, thus serving as a source of carbohydrate when stress has inhibited photosynthesis [51]. Thalmann [51] and Dong [52] review several mechanisms that have been suggested to explain situations where there is an accumulation of starch under salt stress. These mechanisms include: (1) salinity might induce accumulation of sugar as an osmotic response, but the response may be excessive, and the conversion of some sugar to starch might help protect the leaf from damage [52]; (2) sink-organ growth might be inhibited by salt stress such that there is limited export of carbohydrate to the sinks, which in turn leads to a backlog of sugar at the source while there is some continued photosynthesis, and the leaf responds by partitioning more carbohydrate into leaf starch [53]; and (3) recent evidence in Phragmites australis (common reed) suggests that starch may “flocculate” or scavenge the toxic ions and alleviate their systemic spread to sensitive tissues [54]. Given the present results, Citrus appears to fall within the group in which foliar starch accumulation occurs under saline conditions, and this effect is exacerbated by CaLas infection.




2.3. Effect of NaCl Treatment and CaLas on TPC, Proline and MDA Content


Total phenolic compounds (TPC) content was determined in ‘Valencia’ leaves to evaluate the NaCl-induced oxidation response in the rootstocks. TPC content in the lines S10-line 3, 4, 5, and S10-control were similar to Cleopatra in response to NaCl treatment (Table 3). CaLas-infected ‘Valencia’ had increased TPC content when exposed to NaCl treatment with the highest TPC (90.33 mg g−1 FW GAE) in the leaves of ‘Valencia’ grafted onto S10-line 6, followed by ‘Valencia’ grafted onto Cleopatra and S10-line 5 (80.33, 74.67 mg gallic acid g−1 FW; Table 3). ‘Valencia’ grafted onto S10-3 recorded the highest proline content when they were irrigated with NaCl (221.33 µmol g−1 FW), followed by ‘Valencia’ grafted onto S10-line 6 and S10-line 1 (202.67 and 201.13 µmol g−1 FW), respectively. In the CaLas-infected ‘Valencia’ group, trees budded onto S10-line 1 recorded the highest proline following NaCl treatment (227.00 µmol g−1 FW). Healthy ‘Valencia’ grafted onto Cleopatra recorded the lowest proline content in both conditions. Lipid peroxidation in the leaves of ‘Valencia’ and roots of the S10 seedlings rootstocks were measured as MDA content (Table 3). The MDA content increased under NaCl treatment; healthy ‘Valencia’ grafted onto S10-line 2 leaves had less damage (38.21 nmol−1 MDA eq. g FW) amongst the evaluated rootstocks. The lowest MDA content in the leaves in the CaLas-infected lines that had been treated with NaCl was observed in ‘Valencia’ grafted onto S10- lines 4, 3, and 2, (76.51, 84.24, and 86.71 nmol−1 MDA eq. g FW), respectively. MDA levels were higher for CaLas-infected trees than healthy ones. The lowest content of MDA in roots was recorded in S10- lines 3, 5, 2, Cleo, and 1, respectively, under NaCl treatment. MDA content increased in most of the infected rootstocks and those treated with NaCl except S10- line 1 and S10- line 2. These lines also had less damage in the roots (11.57 and 11.17 nmol−1 MDA eq. g FW, respectively) following NaCl treatment and CaLas infection, followed by S10-line 3 (20.49 nmol−1 MDA eq. g FW). The highest MDA content in the roots was recorded in the S10-line 5 and Cleopatra (34.49 and 33.89 nmol−1 MDA eq. g FW) followed by S10-line 4 and S10-line 6 (30.89 nmol−1 MDA eq. g FW for both).



The interaction effect between biotic and abiotic stresses is complex. In many cases, induced abiotic stress on a plant can either decrease or increase the ability of the plant to combat biotic stress [55]. An adverse effect of NaCl ion accumulation in the soil increases the osmosis level in the soil, subsequently lowering the available water in the soil [56]. In addition, the osmotic effect that occurs due to salinity levels causes toxic effects and nutritional imbalance [13]. In general, CaLas causes the blockage of phloem tissues, which leads to difficulty in nutrient absorbance [57]. Thus, the interaction of NaCl treatment with CaLas results in the overproduction of reactive oxygen species in the plant cells and potentially causes damage to the plant cell [58]. In general, the exogenous NaCl stress application resulted in an increase in MDA content in the citrus rootstocks. NaCl stress leads to the overproduction of free oxygen radicals that can potentially break the cell membrane and induce membranous lipid peroxidation [59]. The final product of this process is MDA, which is a marker for cell membrane damage [60].




2.4. Effect of NaCl Treatment and CaLas Infection on Sodium and Chloride Content in Leaves and Roots


Under the NaCl treatment, ‘Valencia’ trees grafted onto S10-line 2 had the highest Na+ content in the leaves (Table 4). In contrast, ‘Valencia’ grafted onto S10- line 6 retained significantly lower Na+ content in the leaves (Table 4). ‘Valencia’ grafted onto S10- lines 1, 4, 5, 6, and Cleo also showed significantly higher Na+ content in the leaves, whereas S10- lines 1, 2, 3, and 4 recorded high levels of Na+ in the roots of the infected rootstocks following NaCl treatment (Table 4). The Cl− content in the roots of all S10-lines was statistically similar to that in Cleopatra roots in saline conditions. In the CaLas-infected trees supplemented with exogenous NaCl treatment, S10 lines showed similar performance of Cl− inclusion in the roots as they performed without CaLas infection, but ‘Valencia’ grafted onto S10- lines 3 and 4 showed lower content of Cl− in the roots compared to the controls.



Sensitivity to salt stress is mainly due to chloride toxicity [61]. Salt-tolerant citrus rootstocks accumulate copious amounts of Na+ and Cl− in their roots and decrease transport to the aerial parts to avoid oxidative damage in chloroplasts and the subsequent impairment of photosynthesis [62]. Most S10 lines recorded a similar response in chloride accumulation in the roots as the salt-tolerant Cleopatra, which suggests that S10 is as tolerant to salt stress as the control. We observed a change in the performance of the infected Cleopatra following salt stress and after CaLas infection. This difference may be due to the sensitivity of Cleopatra to CaLas [63]. HLB is known to reduce the performance of the fibrous root [64] and we could correlate the reduction in root function with the high levels of MDA since it indicates the high damage in the roots. This indicated the cellular damage in ‘Valencia’ leaves and roots on Cleopatra. HLB also causes blockage of the phloem tissues in the infected plants [50] and may result in changes to Na+ and Cl− ions movement in the HLB susceptible Cleopatra. The low content of MDA in the roots of S10 line 2 indicates the integrity of the roots in these rootstocks following HLB infection. This observation, along with the insignificant differences in Cl− content in both leaves and roots in S10-2, ascertains the tolerance to salt and HLB stresses of S10. Therefore, the S10- line 2 performed similar or higher than Cleopatra rootstock under NaCl treatment and S10- line 2 was superior to Cleopatra rootstock under NaCl treatment and CaLas infection.




2.5. CaLas Diagnosis and Gene Expression Analysis


To investigate the presence of CaLas in the ‘Valencia’ scions, we performed qPCR analysis using genomic DNA isolated from the leaf petioles. Bacteria were detected before and after the NaCl treatment cycle, indicating the stability of the CaLas inside the ‘Valencia’ phloem (Table 5). The Ct values in ‘Valencia’/S10 rootstock ranged from 25.30 to 31.45 after eight months of inoculation and before NaCl treatments, whereas it was 26.87 in the Cleopatra control. In all lines, the Ct values decreased following the NaCl stress treatment, although the differences were only significant in the Cleopatra control. The Ct values in the S10 seedlings did not decrease at the same rate as that observed with the Cleopatra mandarin control, which is a CaLas sensitive cultivar [58] indicating that S10 can better withstand CaLas than Cleopatra, even under NaCl treatment conditions.




2.6. Gene Expression in the Citrus Scion and Rootstocks


Genes that play a major role in the abiotic and biotic stress pathways were chosen for evaluation in the present study. The transcript level of CsSOD2 (chloroplastic CuZnSOD, superoxide dismutase), which contributes to reducing oxidative stress [65], significantly increased in response to NaCl treatment in all ‘Valencia’ lines scions grafted onto the S10 lines compared to CaLas infected Val/Cleo under NaCl treatment (Figure 2A). CsSOD2 activity was minimal in the CaLas-infected Val grafted onto Cleo that had been treated with NaCl. Superoxide dismutase plays an effective role in plant defenses as they rapidly convert O−2 to H2O2 [66].



However, the level of CsPAL (phenylalanine ammonia lyase), which is also upregulated by abiotic stresses [67] was only highly upregulated in the infected ‘Valencia’ grafted onto S10-line 1, 2, and S10-line 6 (S10-control) (Figure 2B). The other lines (except S10- line 3) were all significantly different from Val grafted onto Cleo, both after NaCl-induced stress and the NaCl–CaLas combined conditions. PAL is the most important enzyme controlling the phenylpropanoid pathway, and it aids in producing several metabolites that regulate various environmental stresses [68]. Thus, with increasing the expression of this gene in S10- line 1 and S10-line, five of our experimental rootstock lines provides evidence of the increased accumulation of beneficial phenolic protectant compounds to alleviate both CaLas- and NaCl-induced stresses.



The relative expression levels of two PR genes, CsPR1 and CsPR2, were evaluated in the present study. PR1 and PR2 are induced following CaLas infection [33,69,70]. Our results suggested that there was a significant difference in the two tested genes in most of the experimental S10 lines (Figure 3). CsPR1 gene expression upregulated in response to CaLas infection with or without NaCl treatment had the highest PR1 gene expression in S10- lines compared to Val/Cleo (Figure 3A). PR1 was upregulated in line S10- line 1 and S10- line 6 following NaCl treatment. PR2 was highly upregulated following CaLas infection and NaCl treatment in Val/S10- line 1 and Val/S10-control upregulated in response to CaLas infection with or without NaCl treatment (Figure 3B). Overall, in some of the lines, the PR genes were upregulated following CaLas infection coupled with NaCl treatment. Thus, the PR genes that are usually induced following biotic stress can also be induced in tandem with abiotic stress. While the S10-control line (nucellar offspring of the parent tree) performed well, most of the zygotic seedlings demonstrated better PR gene induction. PR genes are significant key components of the plant’s innate immune system especially systemic acquired resistance (SAR) to enhance plant defense against abiotic and biotic stress and are widely used as molecular markers of defense signaling pathways [37]. After pathogen attack, plants activate defense signaling pathways involving salicylic acid (SA) and jasmonic acid (JA), which further enhance PR proteins accumulation that defend and minimize pathogen load or disease stress. SA pathway stimulates the transcription of NPR1 (non-expressor of pathogen-related gene 1) that activates SA signature genes (PR1, PR2, and PR5) products locally as well as systematically, leading to systemic acquired resistance (SAR) [37]. Although, the effect of abiotic stress on the expression of PR genes is not fully understood at the molecular level, some previous reports have shown that osmotic stress significantly increases the expression of PR genes in Arabidopsis plants [34,41]. Additionally, mRNA levels of PR1 in pepper plants significantly increased during abiotic stresses [71]. When the plants grow under a combined abiotic and biotic challenge, they may conduct complex pathways to simulate SAR genes to increase plant tolerance.



To gain further insight into the molecular mechanisms underlying the role of NaCl tolerance, we investigated the expression level of the salt overly sensitive genes (SOS), CsSOS1, CsSOS2, and CsSOS3, and the Na+/H+ exchanger CsNHX1 under NaCl treatment and CaLas infection in the feeder roots because these genes have been implicated as playing a key role during the salinity tolerance process [43,72]. We did not observe any specific trend in either the SOS or Na+ transporter genes, and the genes were overexpressed following NaCl treatment alone or combined with CaLas infection. The transcript levels of CsSOS1 (salt overly sensitive 1) were upregulated in response to CaLas infection in all lines (Figure 4A). The CsSOS2 (salt overly sensitive 2) gene was highly upregulated in the S10-3 and S10-4 roots treated with NaCl. Expression levels decreased following infection with CaLas in all S10-lines except S10 line -1 compared to infected Cleo under NaCl treatment (Figure 4B).



The CsSOS3 (salt overly sensitive 3) gene was significantly overexpressed in response to CaLas infection and NaCl treatment in S10-1, 3, 4, 5, and S10-control (Figure 5A). None of the SOS genes were highly upregulated in the S10- line 2; however, there was upregulation of CsNHX1 (Figure 5B). The CsNHX1 (Na+/H+-antiporter 1) gene was upregulated in most lines in response to the combined stresses (CaLas infection and NaCl treatment), and all the lines except S10-4 were significantly different from the infected Cleo under NaCl treatment (Figure 5B). SOS1 is overexpressed due to NaCl treatment, mainly in the epidermal cells of the root tip [73,74], and is controlled by the SOS2 and SOS3 regulatory pathways [75]. Apart from the S10- line 2 line, all lines overexpressed SOS1 following salt stress and CaLas infection, which indicates active transport and removal of excess Na+ ions from the root cells. SOS2 is upregulated in the roots and optimum expression occurs within 12 h of salt treatment [73,74]. Thus, it is possible that the lower expression levels observed in most of our lines were due to the rapid expression of this gene within the first few hours or days following NaCl treatment, and the levels might have decreased at the time of root sampling. SOS3 is responsible for activation of SOS [76]. Thus, expression levels of SOS2 could be correlated to SOS3 expression at a given time. NHX1 plays a major role in the movement of Na+ or K+ transport into the vacuoles in exchange for H+ efflux into the cytosol [36].





3. Materials and Methods


3.1. Evaluation of NaCl Tolerance of S10 Lines


Open pollinated fruits were collected from the S10 tree, and the seeds were extracted, peeled, followed by rinsing with 1N NaOH and deionized water for 5 min. Seeds were washed twice with running deionized water to discard residual NaOH. Two hundred seeds were planted in plastic trays in a peat moss and perlite (2:1) soilless medium and kept in a 50% shaded greenhouse, under natural photoperiods. The germinating seedlings were watered with 150 mM NaCl for 60 days. The seedlings that survived the NaCl treatment were subsequently transplanted into a regular potting mix and clonally propagated in a mist-bed via single-node cuttings. Cleopatra mandarin seedings that had germinated at the same time were also clonally propagated through cuttings. When the rooted cuttings reached 15 cm in length, they were transferred to standard nursery 10 × 10 × 35 cm plastic “citripots” (standard for nursery production) containing a PRO-MIX soilless medium (Premier Tech Horticulture, Quakertown, PA, USA) and maintained in a 50% shaded greenhouse set at 30 ± 2 °C for six months. Clonally propagated trees from the six lines selected for the present study were split into two sets. The first set was cleft grafted with CaLas-free ‘Valencia’ sweet orange (Citrus × sinensis (L.) Osbeck) budwood and the other set with CaLas-positive ‘Valencia’ budwood. The CaLas -positive budwood were collected from HLB infected trees. The presence of CaLas in the scion was monitored in the source trees and the grafted rootstocks using PCR to confirm the presence of the bacteria.




3.2. NaCl Treatment Application and Greenhouse Conditions


The grafted trees were maintained in a greenhouse for eight months. Trees were subsequently irrigated with 500 mL NaCl solution prepared in deionized water three times per week. The NaCl concentration was increased gradually in intervals of 20 mM during the first 2 weeks, until a final concentration of 150 mM was achieved to avoid osmotic shock as outlined previously [13,32]. Similarly grafted Cleopatra mandarin cuttings were used as the salt-tolerant rootstocks, and controls were irrigated with the same deionized water without the addition of NaCl. Each treatment consisted of three replicates.




3.3. Simple Sequence Repeat (SSR) Marker Analysis


To assess the genetic variation in the different S10 lines, simple sequence repeat (SSR) marker analysis on the genomic DNA was carried out. Fresh leaf samples were collected, and DNA was extracted from the leaves (100 mg fresh weight) using a GeneJET Plant Genomic DNA Purification Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol. The concentration was measured with a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and normalized to 25 ng/µL. Six SSR primer sets (synthesized by Operon Technologies, Huntsville, AL, USA) were used in the present study. PCR amplifications were performed on a T100™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and fragment separation was performed on an ABI PRISM 3130 xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). A universal M13 primer (5′—GTTGTAAAACGACGGCCAGT—3′) was fluorescently labeled and added as a common tail to the 5′ end of the forward SSR primers. The generated chromatographic peaks were further analyzed with GeneMarker (SoftGenetics GeneMarker 1.40 software, State College, PA, USA) to score alleles [base pairs (bp)] for all the parents and the S10 lines and summarized in a table [22]. Alleles in each line were compared with the parents to determine whether the line is zygotic or nucellar. A nucellar plant had alleles similar to those alleles of the S10 parent. When specific alleles were not detected in the S10 lines compared to the S10 parent, we determined the line to be a zygotic seedling.




3.4. Physiological Variables Measurement


Median leaves (four per plant) were collected three months after the completion of NaCl treatments. The fresh leaves (100 mg fresh weight) from all treatments were homogenized in 1 mL of absolute methanol, centrifuged at 10,000 rpm for 15 min at 4 ℃, and further diluted 10X with fresh methanol. The mixture was analyzed for chlorophyll a (Chl a) and chlorophyll b (Chl b) by observing the absorbance at different wavelengths (665 nm for chlorophyll a (Chl a) and 653 nm for chlorophyll b (Chl b)) using a spectrophotometer (Biochrom Libra UV-visible). The total chlorophyll content was calculated according to the method described by Lichtenthaler and Wellburn [77].



Starch quantification was performed according to Rosales and Burns [78] with a few modifications. Dried leaves (50 mg) were ground to a powder and homogenized in 700 μL of distilled water. Leaf samples and a standard (rice starch (Sigma Aldrich, St. Louis, MO, USA)) were boiled in water for 10 min. Cooled samples were subsequently vortexed and centrifuged for 2 min at 6000 rpm. Three hundred microliters of supernatant were extracted with 900 μL of absolute ethanol. The mixture was vortexed and centrifuged for 10 min at 10,000 rpm. The supernatant was discarded, and 1 mL of distilled water was added to dissolve the pellet. Fifty microliters of KI:I2 (8 mM:50 mM) were added. The quantification of starch was accomplished by monitoring color change in a spectrophotometer at 594 nm.



Total phenolic content (TPC) was estimated according to the procedure described by Singleton and Rossi [79]. TPC was extracted in 1 mL methanol, and the methanolic extract was centrifuged at 12,000 rpm for 10 min at 20 °C. The reaction was followed by the addition of sodium carbonate (Na2CO3) at 7.5% (w/v) and incubated for 1 h at room temperature. Gallic acid was used as a standard solution in an aqueous form in the concentration range of 100 to 600 ppm. The absorbance was measured at 760 nm. The results were expressed as mg gallic acid (GAE) g−1 fresh weight (FW).



Proline content was estimated based on the methodology described by Bates et al. [80]. Leaves (500 mg fresh weight) were homogenized in 5 mL of aqueous sulfosalicylic acid (3% w/v) and centrifuged at 10,000 rpm for 10 min. A mixture of 2 mL of the supernatant, 2 mL of glacial acetic acid, and ninhydrin reagent (1.25 mg of ninhydrin, 30 mL of glacial acetic acid, and 20 mL of 6 M H3PO4) was incubated for 1 h at 100 °C in a water bath. The reaction was stopped by placing the test tubes in ice and subsequently vigorously mixed with 4 mL of toluene in glass tubes. After warming at 25 °C, the chromophore was measured for proline content determination at 515 nm using a UV/Vis spectrophotometer. The proline content was determined against an L-proline-derived standard curve.



Malondialdehyde (MDA) content was measured in the leaves and roots using the method described by Heath and Packer [81]. Fresh leaves were collected and extracted in 0.5 mL of 0.1% (w/v) trichloroacetic acid (TCA). The supernatant was collected by centrifugation at 14,000 rpm at 4 °C for 10 min. 2-thiobarbituric acid (TBA) at 20% diluted in TCA was added to 0.5 mL of the supernatant and incubated at 95 °C for 25 min. The tubes were incubated in ice for 10 min to stop the reaction, then evaluated for light absorption at 532 and 600 nm using a UV/Vis spectrophotometer. The amount of MDA was calculated using an extinction coefficient of 155 mm−1 cm−l. All chemicals and reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA).




3.5. Sodium and Chloride Ion Analysis


Ten mature leaves and the whole root system were collected from each grafted tree, briefly rinsed in deionized water, and oven-dried at 60 °C for 48 h. The samples were subsequently analyzed by the dry-ashing method [82] followed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) according to Munter et al. [83]. The sodium and chloride concentrations were expressed as mM L−1.




3.6. CaLas Diagnosis and Gene Expression Analysis


DNA was extracted from fresh leaf petioles from grafted trees and extracted similar to the method used to extract SSR marker DNA. Quantitative polymerase chain reaction (qPCR) was performed with the TaqMan™ Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and CQUL primers [84] to amplify a fragment of the CaLas rplJ/rplL ribosomal protein gene. To normalize Ct values, negative controls were obtained from leaf samples of greenhouse CaLas-free ‘Valencia’ sweet orange trees that recorded “undetermined” amplification results in prior analyses, and positive controls were obtained from infected trees in the field that recorded Ct = 21.25 [85]. For gene expression analysis, ‘Valencia’ leaves and S10 seedling roots from grafted trees were collected and kept immediately in liquid nitrogen and stored at −80 °C. RNA was extracted by using a Direct-zol™ RNA Miniprep kit. cDNA was synthesized using a PrimeScript™ RT Reagent Kit (Takara Bio USA, Inc., Mountain View, CA, USA) according to the manufacturer’s protocol. The real-time PCR (qPCR) reaction mix consisted of 1 µL DNA (25 ng/µL), SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), and primers in a final volume of 20 μL according to the manufacturer’s instructions. The expression of superoxide dismutase (CsSOD2) [86], phenylalanine ammonia lyase (CsPAL) [87], two PR genes (CsPR1 and CsPR2) [15], salt overly sensitive genes (CsSOS1, CsSOS2, and CsSOS3) [35], and the (Na+/H+-antiporter 1 (CsNHX1) [88] gene were studied. CsSOD2, CsPAL, CsPR1, and CsPR2 genes were studied in the leaf tissues and CsSOS1, CsSOS2, CsSOS3, and CsNHX1 were studied in the root tissues. Each sample was tested in triplicate and repeated twice. The infected ‘Valencia’ grafted onto Cleopatra under NaCl treatment was considered as a control for the leaf samples and the Cleopatra root in the same condition was the control for the root samples. The relative gene expression was calculated using the 2−ΔΔCT method [89] as outlined earlier [32,33]. The citrus actin housekeeping gene was used as an endogenous control. The primer sequences of the genes are shown in Supplementary Table S2.




3.7. Experimental Design and Statistical Analysis


The experiment was designed as a complete block randomized factorial, with three factors (rootstocks (7), CaLas infection (two levels), and NaCl treatments (two levels)) with three replicates per treatment. Each replicate consisted of three plants, one tree in each container. Analysis of variance was run in R version 4.0.3 [90]. Means separations for the physiological parameters data and CaLas Ct-values were run with Tukey’s honestly significant difference test (p ≤ 0.05). Tukey’s test was run with the JMP Pro software version 15 (SAS Institute, Cary, NC, USA).





4. Conclusions


Our results revealed significant differences in the physiological, biochemical, and molecular analysis following NaCl treatment or CaLas infection among the different seedling-derived lines of S10 rootstock. The Ct-values of CaLas-infected S10 before and after NaCl treatment indicated the ability of the S10 rootstock seedlings to tolerate infection following NaCl treatment, in contrast to the Cleopatra rootstock, where ‘Valencia’ scions budded to it were observed to be highly susceptible to HLB. A better defense mechanism, as observed in most of the S10 seedling lines, coupled with improved Na+ or K+ transport into the vacuoles, may have played an important role to increase salinity tolerance. Thus, these rootstocks (zygotic and nucellar) can be utilized as potentially salt-tolerant rootstocks of ‘Valencia’ sweet orange growing in saline soil and exposed to endemic HLB. However, since most of them were observed to be zygotic in nature and it is unclear yet whether they are mono or polyembryonic, tissue-cultured explants or cuttings can be utilized to rapidly propagate selected lines for further field tests.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/plants10071439/s1, Table S1: Significance analysis of physiological traits of ‘Valencia’ scions grafted onto S10 rootstocks and cleopatra mandarin using a three-way ANOVA assay. Table S2. List of the primer sequences used in real-time PCR assay.





Author Contributions


L.M.M., M.D. and C.I.V. designed the experiments and analyzed the data. L.M.M. performed the experiments and wrote the manuscript draft. J.W.G. and M.D. developed the plant materials. P.J.H. extracted RNA. M.D., C.I.V., F.G.G.J. and J.W.G. supervised the research. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by USDA’s ECDRE program, grant number 2017-70016-26328.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


We thank Luke A. Thompson for his help during the SSR marker analysis work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alvarez, S.; Rohrig, E.; Solís, D.; Thomas, M.H. Citrus greening disease (Huanglongbing) in Florida: Economic impact, management and the potential for biological control. Agric. Res. 2016, 5, 109–118. [Google Scholar] [CrossRef]

	



Yates, J.D.; Dewdney, M.M.; Brlansky, R. Exotic Citrus Diseases: Early Detection is the Solution to Protecting Florida Citrus. EDIS 2009, 3, 1–2. [Google Scholar]

	



Syvertsen, J.P.; Garcia-Sanchez, F. Multiple abiotic stresses occurring with salinity stress in citrus. Environ. Exp. Bot. 2014, 103, 128–137. [Google Scholar] [CrossRef]

	



Vincent, C.; Morillon, R.; Arbona, V.; Gómez-Cadenas, A. Citrus in changing environments. In The Genus Citrus; Elsevier: Amsterdam, The Netherlands, 2020; pp. 271–289. [Google Scholar]

	



Lloyd, J.; Syvertsen, J.; Kriedemann, P. Salinity Effects of Leaf Water Relations and Gas Exchange of ’Valencia’ Orange, Citrus sinensis (L.) Osbeck, on Rootstocks with Different Salt Exclusion Characteristics. Funct. Plant Biol. 1987, 14, 605–617. [Google Scholar] [CrossRef]

	



Francois, L.; Clark, R. Salinity effects on yield and fruit quality of ‘Valencia’ orange. J. Am. Soc. Hortic. Sci. 1980, 105, 199–202. [Google Scholar]

	



Grosser, J.W.; Omar, A.A.; Gmitter, J.A. Salinity tolerance of ‘Valencia’ orange trees on allotetraploid rootstocks. Proc. Fla. State Hortic. Soc. 2012, 125, 50–55. [Google Scholar]

	



Grieve, A.; Prior, L.; Bevington, K. Long-term effects of saline irrigation water on growth, yield, and fruit quality of ‘Valencia’ orange trees. Aust. J. Agric. Res. 2007, 58, 342–348. [Google Scholar] [CrossRef]

	



Murkute, A.A.; Sharma, S.; Singh, S. Citrus in Terms of Soil and Water Salinity: A Review. J. Sci. Ind. Res. 2005, 64, 393–402. [Google Scholar]

	



Munns, R.; Goyal, S.; Passioura, J. Salinity Stress and Its Mitigation; University of California: Davis, CA, USA, 2005. [Google Scholar]

	



Vincent, C.; Rowland, D.; Schaffer, B.; Bassil, E.; Racette, K.; Zurweller, B. Primed acclimation: A physiological process offers a strategy for more resilient and irrigation-efficient crop production. Plant Sci. 2020, 295, 110240. [Google Scholar] [CrossRef] [PubMed]

	



Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoud, L.M.; Dutt, M.; Vincent, C.I.; Grosser, J.W. Salinity-induced physiological responses of three putative salt tolerant citrus rootstocks. Horticulturae 2020, 6, 90. [Google Scholar] [CrossRef]

	



Munns, R. Comparative physiology of salt and water stress. Plant Cell Environ. 2002, 25, 239–250. [Google Scholar] [CrossRef]

	



Ribeiro, R.V.; Espinoza-Núñez, E.; Junior, J.P.; Mourão Filho, F.A.; Machado, E.C. Citrus rootstocks for improving the horticultural performance and physiological responses under constraining environments. In Improvement of Crops in the Era of Climatic Changes; Springer: New York, NY, USA, 2014; pp. 1–37. [Google Scholar]

	



Oustric, J.; Morillon, R.; Luro, F.; Herbette, S.; Lourkisti, R.; Giannettini, J.; Berti, L.; Santini, J. Tetraploid Carrizo citrange rootstock (Citrus sinensis Osb.× Poncirus trifoliata L. Raf.) enhances natural chilling stress tolerance of common clementine (Citrus clementina Hort. ex Tan). J. Plant Physiol. 2017, 214, 108–115. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, E.; Graham, J. Root health in the age of HLB. Citrus Ind. 2015, 98, 14–18. [Google Scholar]

	



Johnson, E.; Wu, J.; Bright, D.; Graham, J. Association of ‘Candidatus Liberibacter asiaticus’ root infection, but not phloem plugging with root loss on huanglongbing-affected trees prior to appearance of foliar symptoms. Plant Pathol. 2014, 63, 290–298. [Google Scholar] [CrossRef]

	



Gottwald, T.; Dixon, T. Florida Actions toward HLB Control. In Proceedings of the International Workshop on Citrus Greening, Ribeireo Preto, Brazil, 22 July 2006; pp. 14–21. [Google Scholar]

	



Stover, E.; Inch, S.; Richardson, M.L.; Hall, D.G. Conventional citrus of some scion/rootstock combinations show field tolerance under high Huanglongbing disease pressure. HortScience 2016, 51, 127–132. [Google Scholar] [CrossRef]

	



Castle, W.S.; Bowman, K.D.; Grosser, J.W.; Ferrarezi, R.S.; Futch, S.H.; Rogers, S. Florida citrus rootstock selection guide. EDIS 2020, 1–4. Available online: http://www.crec.ifas.ufl.edu/extension/citrus_rootstock/templates/guide/explore.html (accessed on 2 July 2021).

	



Ćalović, M.; Chunxian, C.; Qibin, Y.; Vladimir, O.; Frederick, G.; Grosser, J. New Somatic Hybrid Mandarin Tetraploids Generated by Optimized Protoplast Fusion and Confirmed by Molecular Marker Analysis and Flow Cytometry. J. Am. Soc. Hortic. 2019, 144, 151–163. [Google Scholar] [CrossRef]

	



Grosser, J.W.; Gmitter, F.G. Protoplast fusion for production of tetraploids and triploids: Applications for scion and rootstock breeding in citrus. Plant Cell Tissue Organ Cult. 2011, 104, 343–357. [Google Scholar] [CrossRef]

	



Grosser, J.; Gmitter, F.; Castle, W. Breeding citrus rootstocks to mitigate Huanglongbing (HLB, or citrus greening disease). Acta Hortic. 2014, 1127, 83–88. [Google Scholar] [CrossRef]

	



Syvertsen, J.; Bandaranyayake, W. Salinity Tolerance of ‘Hamlin’Orange Trees on the Hybrid Rootstocks US-897 and x639 Is Greater than of Trees on Cleopatra Mandarin. Proc. Fla. State Hortic. Soc. 2012, 125, 56–60. [Google Scholar]

	



Albrecht, U.; Bowman, K.D. Tolerance of the trifoliate citrus hybrid US-897 (Citrus reticulata Blanco × Poncirus trifoliata L. Raf.) to Huanglongbing. HortScience 2011, 46, 16–22. [Google Scholar] [CrossRef]

	



Mantri, N.; Patade, V.; Pang, E. Recent advances in rapid and sensitive screening for abiotic stress tolerance. In Improvement of Crops in the Era of Climatic Changes; Springer: New York, NY, USA, 2014; pp. 37–47. [Google Scholar]

	



Pereira, A. Plant abiotic stress challenges from the changing environment. Front. Plant Sci. 2016, 7, 1123. [Google Scholar] [CrossRef] [PubMed]

	



Cheynier, V.; Comte, G.; Davies, K.M.; Lattanzio, V.; Martens, S. Plant phenolics: Recent advances on their biosynthesis, genetics, and ecophysiology. Plant Physiol. Biochem. 2013, 72, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Saltveit, M.E. Synthesis and metabolism of phenolic compounds. In Fruit and Vegetable Phytochemicals: Chemistry, Nutritional Value and Stability; Wiley-Blackwell: Ames, IA, USA, 2010; pp. 89–100. [Google Scholar]

	



Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of phenylpropanoid pathway and the role of polyphenols in plants under abiotic stress. Molecules 2019, 24, 2452. [Google Scholar] [CrossRef]

	



Mahmoud, L.M.; Vincent, C.I.; Grosser, J.W.; Dutt, M. The response of salt-stressed Valencia sweet orange (Citrus sinensis) to salicylic acid and methyl jasmonate treatments. Plant Physiol. Rep. 2021, 26, 137–151. [Google Scholar] [CrossRef]

	



Qiu, W.; Soares, J.; Pang, Z.; Huang, Y.; Sun, Z.; Wang, N.; Grosser, J.; Dutt, M. Potential mechanisms of AtNPR1 mediated resistance against Huanglongbing (HLB) in citrus. Int. J. Mol. Sci. 2020, 21, 2009. [Google Scholar] [CrossRef]

	



Seo, P.J.; Lee, A.K.; Xiang, F.; Park, C.M. Molecular and functional profiling of Arabidopsis pathogenesis-related genes: Insights into their roles in salt response of seed germination. Plant Cell Physiol. 2008, 49, 334–344. [Google Scholar] [CrossRef] [PubMed]

	



Ji, H.; Pardo, J.M.; Batelli, G.; Van Oosten, M.J.; Bressan, R.A.; Li, X. The Salt Overly Sensitive (SOS) pathway: Established and emerging roles. Mol. Plant 2013, 6, 275–286. [Google Scholar] [CrossRef] [PubMed]

	



Bassil, E.; Tajima, H.; Liang, Y.C.; Ohto, M.A.; Ushijima, K.; Nakano, R.; Esumi, T.; Coku, A.; Belmonte, M.; Blumwald, E. The Arabidopsis Na+/H+ antiporters NHX1 and NHX2 control vacuolar pH and K+ homeostasis to regulate growth, flower development, and reproduction. Plant Cell 2011, 23, 3482–3497. [Google Scholar] [CrossRef]

	



Ali, S.; Ganai, B.A.; Kamili, A.N.; Bhat, A.A.; Mir, Z.A.; Bhat, J.A.; Tyagi, A.; Islam, S.T.; Mushtaq, M.; Yadav, P. Pathogenesis-related proteins and peptides as promising tools for engineering plants with multiple stress tolerance. Microbiol. Res. 2018, 212, 29–37. [Google Scholar] [CrossRef]

	



Datta, S.K.; Muthukrishnan, S. Pathogenesis-Related Proteins in Plants; CRC Press: Boca Raton, FL, USA, 1999; p. 288. [Google Scholar]

	



Fraire-Velázquez, S.; Rodríguez-Guerra, R.; Sánchez-Calderón, L. Abiotic Stress Response in Plants—Physiological, Biochemical and Genetic Perspectives; Shanker, A., Ed.; InTech: Rijeka, Croatia, 2011; pp. 3–26. [Google Scholar]

	



Fujita, M.; Fujita, Y.; Noutoshi, Y.; Takahashi, F.; Narusaka, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Crosstalk between abiotic and biotic stress responses: A current view from the points of convergence in the stress signaling networks. Curr. Opin. Plant Biol. 2006, 9, 436–442. [Google Scholar] [CrossRef] [PubMed]

	



Singh, N.K.; Kumar, K.R.R.; Kumar, D.; Shukla, P.; Kirti, P. Characterization of a pathogen induced thaumatin-like protein gene AdTLP from Arachis diogoi, a wild peanut. PLoS ONE 2013, 8, e83963. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.T.; Ma, S.L.; Bai, L.P.; Zhang, L.; Ma, H.; Jia, P.; Liu, J.; Zhong, M.; Guo, Z.F. Signal transduction during cold, salt, and drought stresses in plants. Mol. Biol. Rep. 2012, 39, 969–987. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Chen, Z.Z.; Zhou, X.F.; Yin, H.B.; Li, X.; Xin, X.F.; Hong, X.H.; Zhu, J.K.; Gong, Z. Overexpression of SOS (Salt Overly Sensitive) genes increases salt tolerance in transgenic Arabidopsis. Mol. Plant 2009, 2, 22–31. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.K. Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 2002, 53, 247–273. [Google Scholar] [CrossRef]

	



Lyman, J.; Fleming, R.H. Composition of sea water. J. Mar. Res. 1940, 3, 134–146. [Google Scholar]

	



Rao, M.N.; Soneji, J.R.; Chen, C.; Huang, S.; Gmitter, F.G. Characterization of zygotic and nucellar seedlings from sour orange-like citrus rootstock candidates using RAPD and EST-SSR markers. Tree Genet. Genomes 2008, 4, 113–124. [Google Scholar]

	



Xiang, C.; Roose, M. Frequency and characteristics of nucellar and zygotic seedlings in 12 citrus rootstocks. Sci. Hortic. 1988, 37, 47–59. [Google Scholar] [CrossRef]

	



Grosser, J.W.; Medina-Urrutia, V.; Ananthakrishnan, G.; Serrano, P. Building a replacement sour orange rootstock: Somatic hybridization of selected mandarin + pummelo combinations. J. Am. Soc. Hortic. Sci. 2004, 129, 530–534. [Google Scholar] [CrossRef]

	



Bhagat, A.; Pati, P.K.; Virk, G.; Nagpal, A. An efficient micropropagation protocol for Citrus jambhiri Lush. and assessment of clonal fidelity employing anatomical studies and RAPD markers. In Vitro Cell. Dev. Biol. Plant 2012, 48, 512–520. [Google Scholar]

	



Achor, D.; Etxeberria, E.; Wang, N.; Folimonova, S.; Chung, K.; Albrigo, L. Sequence of anatomical symptom observations in citrus affected with huanglongbing disease. Plant Pathol. J. 2010, 9, 56–64. [Google Scholar] [CrossRef]

	



Thalmann, M.; Diana, S. Starch as a determinant of plant fitness under abiotic stress. New Phytol. 2017, 214, 943–951. [Google Scholar] [CrossRef] [PubMed]

	



Dong, S.; Diane, M. Dynamic changes in the starch-sugar interconversion within plant source and sink tissues promote a better abiotic stress response. J. Plant Physiol. 2019, 234, 80–93. [Google Scholar] [CrossRef]

	



Thitisaksakul, M.; Maria, A.; Shaoyun, D.; Diane, B. Overexpression of GSK3-like Kinase 5 (OsGSK5) in rice (Oryza sativa) enhances salinity tolerance in part via preferential carbon allocation to root starch. Funct. Plant Biol. 2017, 44, 705–719. [Google Scholar] [CrossRef] [PubMed]

	



Kanai, M.; Kyoko, H.; Takashi, H.; Teruko, K.; Tadashi, I.; Naoko, F.; Yasunori, N.; Yoshiyuki, M.; Masaaki, Y.; Toshiaki, T. Common reed produces starch granules at the shoot base in response to salt stress. New Phytol. 2007, 176, 572–580. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, N.J.; Urwin, P.E. The interaction of plant biotic and abiotic stresses: From genes to the field. J. Exp. Bot. 2012, 63, 3523–3543. [Google Scholar] [CrossRef]

	



Levy, Y.; Syvertsen, J. Irrigation water quality and salinity effects in citrus trees. Hortic. Rev. 2004, 30, 37–82. [Google Scholar]

	



McCollum, G.; Baldwin, E. Huanglongbing: Devastating disease of citrus. Hortic. Rev. 2017, 44, 315–361. [Google Scholar]

	



Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism in plants under stressful conditions. J. Bot. 2012, 2012, 217037. [Google Scholar] [CrossRef]

	



Mahmoud, L.M.; Dutt, M.; Shalan, A.M.; El-Kady, M.E.; El-Boray, M.S.; Shabana, Y.M.; Grosser, J.W. Silicon nanoparticles mitigate oxidative stress of in vitro-derived banana (Musa acuminata ‘Grand Nain’) under simulated water deficit or salinity stress. S. Afr. J. Bot. 2020, 132, 155–163. [Google Scholar] [CrossRef]

	



Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55, 373–399. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, S.; Luro, F.; Costantino, G.; Ollitrault, P.; Morillon, R. Physiological analysis of salt stress behaviour of citrus species and genera: Low chloride accumulation as an indicator of salt tolerance. S. Afr. J. Bot. 2012, 81, 103–112. [Google Scholar] [CrossRef]

	



Zrig, A.; Mohamed, H.B.; Tounekti, T.; Khemira, H.; Serrano, M.; Valero, D.; Vadel, A. Effect of rootstock on salinity tolerance of sweet almond (cv. Mazzetto). S. Afr. J. Bot. 2016, 102, 50–59. [Google Scholar] [CrossRef]

	



Albrecht, U.; Fiehn, O.; Bowman, K.D. Metabolic variations in different citrus rootstock cultivars associated with different responses to Huanglongbing. Plant Physiol. Biochem. 2016, 107, 33–44. [Google Scholar] [CrossRef]

	



Wang, N.; Trivedi, P. Citrus huanglongbing: A newly relevant disease presents unprecedented challenges. Phytopathology 2013, 103, 652–665. [Google Scholar] [CrossRef]

	



Gupta, A.S.; Heinen, J.L.; Holaday, A.S.; Burke, J.J.; Allen, R.D. Increased resistance to oxidative stress in transgenic plants that overexpress chloroplastic Cu/Zn superoxide dismutase. Proc. Natl. Acad. Sci. USA 1993, 90, 1629–1633. [Google Scholar] [CrossRef]

	



Opdenakker, K.; Remans, T.; Keunen, E.; Vangronsveld, J.; Cuypers, A. Exposure of Arabidopsis thaliana to Cd or Cu excess leads to oxidative stress mediated alterations in MAPKinase transcript levels. Environ. Exp. Bot. 2012, 83, 53–61. [Google Scholar] [CrossRef]

	



Sanchez-Ballesta, M.T.; Lafuente, M.T.; Zacarias, L.; Granell, A. Involvement of phenylalanine ammonia-lyase in the response of Fortune mandarin fruits to cold temperature. Physiol. Plant 2000, 108, 382–389. [Google Scholar] [CrossRef]

	



Mrázová, A.; Belay, S.A.; Eliášová, A.; Perez-Delgado, C.; Kaducová, M.; Betti, M.; Vega, J.M.; Paľove-Balang, P. Expression, activity of phenylalanine-ammonia-lyase and accumulation of phenolic compounds in Lotus japonicus under salt stress. Biologia 2017, 72, 36–42. [Google Scholar] [CrossRef]

	



Zou, X.; Bai, X.; Wen, Q.; Xie, Z.; Wu, L.; Peng, A.; He, Y.; Xu, L.; Chen, S. Comparative analysis of tolerant and susceptible citrus reveals the role of methyl salicylate signaling in the response to huanglongbing. J. Plant Growth Regul. 2019, 38, 1516–1528. [Google Scholar] [CrossRef]

	



Wu, J.; Alférez, F.; Johnson, E.; Graham, J. Up-regulation of PR1 and less disruption of hormone and sucrose metabolism in roots is associated with lower susceptibility to ‘Candidatus Liberibacter asiaticus’. Plant Pathol. 2018, 67, 1426–1435. [Google Scholar] [CrossRef]

	



Hong, J.K.; Hwang, B.K. Induction of enhanced disease resistance and oxidative stress tolerance by overexpression of pepper basic PR-1 gene in Arabidopsis. Physiol. Plant 2005, 124, 267–277. [Google Scholar] [CrossRef]

	



Sahoo, D.P.; Kumar, S.; Mishra, S.; Kobayashi, Y.; Panda, S.K.; Sahoo, L. Enhanced salinity tolerance in transgenic mungbean overexpressing Arabidopsis antiporter (NHX1) gene. Mol. Breed. 2016, 36, 144. [Google Scholar] [CrossRef]

	



Shi, H.; Ishitani, M.; Kim, C.; Zhu, J.K. The Arabidopsis thaliana salt tolerance gene SOS1 encodes a putative Na+/H+ antiporter. Proc. Natl. Acad. Sci. USA 2000, 97, 6896–6901. [Google Scholar] [CrossRef]

	



Shi, H.; Quintero, F.J.; Pardo, J.M.; Zhu, J.K. The putative plasma membrane Na+/H+ antiporter SOS1 controls long-distance Na+ transport in plants. Plant Cell 2002, 14, 465–477. [Google Scholar] [CrossRef]

	



Qiu, Q.S.; Guo, Y.; Dietrich, M.A.; Schumaker, K.S.; Zhu, J.K. Regulation of SOS1, a plasma membrane Na+/H+ exchanger in Arabidopsis thaliana, by SOS2 and SOS. Proc. Natl. Acad. Sci. USA 2002, 99, 8436–8441. [Google Scholar] [CrossRef]

	



Halfter, U.; Ishitani, M.; Zhu, J.K. The Arabidopsis SOS2 protein kinase physically interacts with and is activated by the calcium-binding protein SOS. Proc. Natl. Acad. Sci. USA 2000, 97, 3735–3740. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [Google Scholar] [CrossRef]

	



Rosales, R.; Burns, J.K. Phytohormone changes and carbohydrate status in sweet orange fruit from Huanglongbing-infected trees. J. Plant Growth Regul. 2011, 30, 312–321. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol Vitic. 1965, 16, 144–158. [Google Scholar]

	



Bates, L.S.; Waldren, R.P.; Teare, I. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [Google Scholar] [CrossRef]

	



Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 1968, 125, 189–198. [Google Scholar] [CrossRef]

	



Anderson, D.; Henderson, L. Comparing sealed chamber digestion with other digestion methods used for plant tissue analysis. J. Agron. 1988, 80, 549–552. [Google Scholar] [CrossRef]

	



Munter, R.; Halverson, T.; Anderson, R. Quality assurance for plant tissue analysis by ICP-AES [Inductively coupled plasma-atomic emission spectroscopy]. Commun. Soil Sci. Plant Anal. 1984, 15, 1285–1322. [Google Scholar] [CrossRef]

	



Wang, Z.; Yin, Y.; Hu, H.; Yuan, Q.; Peng, G.; Xia, Y. Development and application of molecular-based diagnosis for ‘Candidatus Liberibacter asiaticus’, the causal pathogen of citrus huanglongbing. Plant Pathol. 2006, 55, 630–638. [Google Scholar] [CrossRef]

	



Vincent, C.; Guha, A.; Killiny, N.; Diepenbrock, L. Understory Environment Promotes Photosynthetic Efficiency and Mitigates Severity and Function of an Introduced, Vectored Pathosystem: A Study of a Feral Citrus Population in Central Florida. Trees 2021, 1–15. [Google Scholar] [CrossRef]

	



Gao, X.; Ren, Z.; Zhao, Y.; Zhang, H. Overexpression of SOD2 increases salt tolerance of Arabidopsis. Plant Physiol. 2003, 133, 1873–1881. [Google Scholar] [CrossRef]

	



Gholizadeh, A.; Kohnehrouz, B.B. Activation of phenylalanine ammonia lyase as a key component of the antioxidative system of salt-challenged maize leaves. Braz. J. Plant Physiol. 2010, 22, 217–223. [Google Scholar] [CrossRef]

	



Barragán, V.; Leidi, E.O.; Andrés, Z.; Rubio, L.; De Luca, A.; Fernández, J.A.; Cubero, B.; Pardo, J.M. Ion exchangers NHX1 and NHX2 mediate active potassium uptake into vacuoles to regulate cell turgor and stomatal function in Arabidopsis. Plant Cell 2012, 24, 1127–1142. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.A.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.; et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [Google Scholar] [CrossRef]








[image: Plants 10 01439 g001 550] 





Figure 1. Schematic diagram of the interactive effect of abiotic stress (salt stress) and biotic stress (HLB) in the plant cell. The left photo shows the effect of sodium and chloride accumulation in soil, and the negative effects of NaCl stress resulting from three main factors: (1) The osmotic effect of increasing salt ions in the soil or apoplast, which decreases the availability of external water and creates a more negative internal tissue water potential as salt is taken up, (2) the toxicity of specific ions, and (3) the nutritional imbalance. On the right, HLB disease occurs following the movement of CaLas through the phloem tissues. This results in blockage in the phloem tissues and impaired nutrient transport. Subsequently, the plant cells produce toxic reactive oxygen species (ROS) in the two molecular forms (free radicals and non-radical). ROS overproduction results in DNA and protein damage, lipid peroxidation, impairment of cell metabolism, interruption of cellular homeostasis, and consequently, cell death. The symptoms appear as leaf necrosis, growth suppression, leaf abscission, a decline in fruit production, and finally, plant death. The figure was created in BioRender.com. 






Figure 1. Schematic diagram of the interactive effect of abiotic stress (salt stress) and biotic stress (HLB) in the plant cell. The left photo shows the effect of sodium and chloride accumulation in soil, and the negative effects of NaCl stress resulting from three main factors: (1) The osmotic effect of increasing salt ions in the soil or apoplast, which decreases the availability of external water and creates a more negative internal tissue water potential as salt is taken up, (2) the toxicity of specific ions, and (3) the nutritional imbalance. On the right, HLB disease occurs following the movement of CaLas through the phloem tissues. This results in blockage in the phloem tissues and impaired nutrient transport. Subsequently, the plant cells produce toxic reactive oxygen species (ROS) in the two molecular forms (free radicals and non-radical). ROS overproduction results in DNA and protein damage, lipid peroxidation, impairment of cell metabolism, interruption of cellular homeostasis, and consequently, cell death. The symptoms appear as leaf necrosis, growth suppression, leaf abscission, a decline in fruit production, and finally, plant death. The figure was created in BioRender.com.
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Figure 2. Effect of NaCl stress and CaLas infection on ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks and Cleopatra mandarin (control). (A), CsSOD2, (B), CsPAL. Bars represent means ± standard error. Mean separation between rootstocks at a particular treatment is indicated by differing uppercase letters; mean separation between treatments in a particular rootstock is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). 
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Figure 3. Effect of NaCl stress and CaLas infection expression of defense-related genes in ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks or Cleopatra mandarin (control). (A), CsPR1 and (B). CsPR2. Mean separation between rootstocks at a particular treatment is indicated by differing uppercase letters; mean separation between treatments in a particular rootstock is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). 






Figure 3. Effect of NaCl stress and CaLas infection expression of defense-related genes in ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks or Cleopatra mandarin (control). (A), CsPR1 and (B). CsPR2. Mean separation between rootstocks at a particular treatment is indicated by differing uppercase letters; mean separation between treatments in a particular rootstock is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05).



[image: Plants 10 01439 g003]







[image: Plants 10 01439 g004 550] 





Figure 4. Effect of NaCl treatment and CaLas infection on ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks and Cleopatra mandarin (control). (A) CsSOS1 and (B) CsSOS2. Data represent means ± standard error. Mean separation between rootstocks at a particular treatment is indicated by differing uppercase letters; mean separation between treatments in a particular rootstock is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). 
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Figure 5. Effect of NaCl treatment and CaLas infection on ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks and Cleopatra mandarin (control). (A) CsSOS3 and (B) CsNHX1. Data represent means ± standard error. Mean separation between rootstocks at a particular treatment is indicated by differing uppercase letters; mean separation between treatments in a particular rootstock is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). 
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Table 1. EST-SSR marker alleles [base pairs (bp)] detected in the DNA samples from open pollinated S10 lines, the S10 seed parent, and S10 hybrid’s parents.
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	Genotype a
	CX6F04
	CX6F29
	CX6F18
	CX6F14
	CX0035
	CX6F18
	Origin





	HBP
	100 b
	289
	149/150
	263/274
	395
	192
	Parent



	SHEKWASHA
	106/113
	269/274
	150/156
	274
	429
	197
	Parent



	S10
	100/106
	289
	149/150
	263/274
	395/429
	192/197
	Parent



	S10-line 1
	106/113
	289
	150/156
	274
	395/429
	192/197
	Zygotic



	S10-line 2
	113
	289
	149
	263/274
	395/429
	192
	Zygotic



	S10-line 3
	106/113
	269/274
	149/150
	263/274
	395
	192
	Zygotic



	S10-line 4
	113
	274/289
	150
	263/274
	395
	197
	Zygotic



	S10-line 5
	106
	289
	149/150
	263/274
	395
	192
	Zygotic



	S10-line 6

(S10-control) c
	100/106
	289
	149/150
	263/274
	395/429
	192/197
	Nucellar







a HBP: Hirado Buntan Pink pummelo (Citrus maxima (Burm.) Merr.); SHEKWASHA: Shekwasha mandarin (Citrus reticulata Blanco); S10: a diploid rootstock produced from a cross between two siblings of the Hirado Buntan Pink pummelo with the Shekwasha mandarin. b EST-SSR primer amplified amplicon size from chromatogram. c The line in bold (S10-line 6) was confirmed to be of nucellar origin like the S10 parent. S10-line 6 was called as S10-control in the manuscript.
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Table 2. NaCl treatment and CaLas infection on total chlorophyll and starch content of ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks and Cleopatra mandarin (control).
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Variables

	
NaCl Treatments

	
CaLas Infection

	
Scion/Rootstocks




	
Val/S10-1

	
Val/S10-2

	
Val/S10-3

	
Val/S10-4

	
Val/S10-5

	
Val/S10-6 (S10-Control)

	
Val/Cleo






	
T Chl (mg−1 g FW)

	
Control

	
Control

	
6.13 a B *

	
6.68 a B

	
7.23 a AB

	
5.98 a B

	
7.09 a AB

	
9.10 a A

	
7.22 a AB




	
150 mM NaCl

	
Control

	
5.93 a AB

	
6.10 ab AB

	
4.99 a B

	
5.28 a AB

	
6.14 ab AB

	
6.78 b A

	
5.62 b AB




	
Control

	
CaLas infection

	
4.41 ab B

	
5.60 ab AB

	
6.03 a A

	
5.12 a AB

	
6.01 ab A

	
6.02 b B

	
5.25 b AB




	
150 mM NaCl

	
CaLas infection

	
3.73 b BC

	
4.49 b ABC

	
5.02 a ABC

	
5.22 a AB

	
4.77 b ABC

	
5.91 b B

	
3.01 c C




	
Starch content (µg·mm−2)

	
Control

	
Control

	
1.05 c A

	
1.19 c A

	
1.25 d A

	
1.33 d A

	
1.26 c A

	
1.23 d A

	
1.33 d A




	
150 mM NaCl

	
Control

	
7.41 b A

	
6.53 b A

	
6.70 c A

	
6.53 c A

	
7.30 b A

	
6.67 c A

	
6.27 c A




	
Control

	
CaLas infection

	
7.51 b A

	
8.48 b A

	
8.10 b A

	
7.83 b A

	
7.97 b A

	
8.17 b A

	
8.43 b A




	
150 mM NaCl

	
CaLas infection

	
16.52 a B

	
16.98 a B

	
17.28 a AB

	
16.89 a B

	
17.27 a AB

	
17.67 a AB

	
18.28 a A








* Mean separation between rootstocks (columns) at a particular treatment (row) is indicated by differing uppercase letters; mean separation between treatments (rows) in a particular rootstock (column) is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). Val: ‘Valencia’ sweet orange, T Chl: Total chlorophyll content, NaCl: Sodium chloride.
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Table 3. NaCl treatment and CaLas infection on TPC, proline, MDA content of ‘Valencia’ sweet orange scions grafted onto S10-derived rootstocks and Cleopatra mandarin (control).
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Variables

	
NaCl Treatment

	
CaLas Infection

	
Scion/Rootstocks




	
Val/S10-1

	
Val/S10-2

	
Val/S10-3

	
Val/S10-4

	
Val/S10-5

	
Val/S10-6

(S10-Control)

	
Val/Cleo






	
TPC

(mg gallic acid g−1 FW)

	
Control

	
Control

	
62.33 b A *

	
60.37 b A

	
60.00 ab AB

	
53.00 b AB

	
49.33 c B

	
60.00 b AB

	
57.00 b AB




	
150 mM NaCl

	
Control

	
41.00 c B

	
45.00 c AB

	
50.67 b A

	
47.66 b AB

	
51.33 bc A

	
50.00 b A

	
53.00 b A




	
Control

	
CaLas infection

	
58.67 b B

	
61.33 b B

	
60.00 ab B

	
71.00 a A

	
60.33 b B

	
59.67 b B

	
61.00 b B




	
150 mM NaCl

	
CaLas infection

	
72.00 a CD

	
73.67 a C

	
66.67 a D

	
72.66 a C

	
74.67 a C

	
90.33 a A

	
80.33 a A




	
Proline

(µmol g−1 FW)

	
Control

	
Control

	
46.00 c D

	
52.67 c BC

	
52.33 c C

	
53.33 c ABC

	
56.67 d AB

	
53.67 a ABC

	
57.00 c A




	
150 mM NaCl

	
Control

	
201.13a AB

	
199.33 a AB

	
221.33 a A

	
174.33 a ABC

	
157.00 a BC

	
202.67a AB

	
118.67 ab C




	
Control

	
CaLas infection

	
122.33 b A

	
110.33 b B

	
115.33 b AB

	
114.67 b AB

	
109.00 c B

	
114.67c AB

	
91.33 bc C




	
150 mM NaCl

	
CaLas infection

	
227.00 a A

	
113.67 b C

	
121.67 b BC

	
128.00 b BC

	
141.66 b BC

	
158.00b B

	
142.00 a BC




	
MDA in leaves

(nmol−1 MDA eq. g FW)

	
Control

	
Control

	
31.01 c B

	
42.75 b A

	
33.08 b B

	
33.08 d B

	
33.55 d B

	
31.48 d B

	
33.08 c B




	
150 mM NaCl

	
Control

	
61.41 b A

	
38.21 b B

	
63.14 a A

	
56.28 c A

	
57.88 c A

	
49.48 c AB

	
63.21 b A




	
Control

	
CaLas infection

	
63.65 b B

	
88.49 a A

	
77.55 a AB

	
66.62 b AB

	
71.28 b AB

	
73.62 b AB

	
86.35 a AB




	
150 mM NaCl

	
CaLas infection

	
90.71 a ABC

	
86.71 a ABC

	
84.24 a BC

	
76.51 a C

	
93.77 a AB

	
90.78 a AB

	
96.51 a A




	
MDA in roots

(nmol−1 MDA eq. g FW)

	
Control

	
Control

	
16.67 a A

	
9.67 a BC

	
7.27 c C

	
7.27 b C

	
7.20 c C

	
7.80 b BC

	
12.60 c AB




	
150 mM NaCl

	
Control

	
19.43 a B

	
18.04 a B

	
15.37 ab B

	
31.5 a A

	
16.63 b B

	
23.97 a AB

	
18.23 b B




	
Control

	
CaLas infection

	
11.41 a C

	
12.54 a BC

	
12.47 bc BC

	
13.61b ABC

	
14.07 b AB

	
13.74 b AB

	
15.74 bc A




	
150 mM NaCl

	
CaLas infection

	
11.57 a C

	
11.17 a C

	
20.49 a BC

	
30.89 a AB

	
34.49 a A

	
30.89 a AB

	
33.89 a A








* Mean separation between rootstocks (columns) at a particular treatment (row) is indicated by differing uppercase letters; mean separation between treatments (rows) in a particular rootstock (column) is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). TPC: Total phenolic compounds, MDA: Lipid peroxidation (malondialdehyde equivalents).
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Table 4. Effect of NaCl treatment and CaLas infection on sodium and chloride content in leaves of ‘Valencia’ sweet orange scions and roots of S10-derived rootstocks and Cleopatra mandarin (control).
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Variables

	
NaCl Treatment

	
CaLas Infection

	
Scion/Rootstocks




	
Val/S10-1

	
Val/S10-2

	
Val/S10-3

	
Val/S10-4

	
Val/S10-5

	
Val/S10-6

(S10-Control)

	
Val/Cleo






	
Na(L)

(mM·L−1)

	
Control

	
Control

	
37.57 c A *

	
35.34 c A

	
33.52 c A

	
29.66 b A

	
28.43 c A

	
28.43 c A

	
27.83 b A




	
150 mM NaCl

	
Control

	
184.37 a AB

	
216.57 a A

	
159.74 a ABC

	
135.14 a BC

	
160.68 a ABC

	
94.43 b C

	
159.80 a ABC




	
Control

	
CaLas infection

	
34.60 c A

	
34.60 c A

	
36.84 c A

	
36.84 b A

	
36.93 b A

	
36.84 c A

	
37.65 b A




	
150 mM NaCl

	
CaLas infection

	
131.81 b AB

	
81.17 b B

	
80.19 b B

	
105.73 a AB

	
156.25 a A

	
152.10 a AB

	
174.58 a A




	
CL(L)

(mM·L−1)

	
Control

	
Control

	
9.71 c A

	
8.76 b A

	
8.76 b A

	
8.76 b A

	
8.76 c A

	
8.76 b A

	
8.76 c A




	
150 mM NaCl

	
Control

	
23.71 b AB

	
28.57 a AB

	
40.00 a A

	
34.47 a AB

	
29.05 a AB

	
29.71a AB

	
38.09 a AB




	
Control

	
CaLas infection

	
9.71 c A

	
10.00 b A

	
9.62 b A

	
9.81 b AB

	
8.47 c B

	
9.24 b AB

	
9.24 c AB




	
150 mM NaCl

	
CaLas infection

	
38.09 a A

	
39.43 a A

	
34.86 a A

	
34.00 a A

	
18.19 b B

	
24.29 a B

	
19.52 b B




	
Variables

	
NaCl treatment

	
CaLas infection

	
Rootstocks




	
S10-1

	
S10-2

	
S10-3

	
S10-4

	
S10-5

	
S10-control

	
Cleo




	
Na(R)

(mM·L−1)

	
Control

	
Control

	
73.92 c A *

	
74.10 b A

	
70.10 b AB

	
71.46 c AB

	
57.42 b AB

	
64.03 b AB

	
51.70 c B




	
150 mM NaCl

	
Control

	
195.44 b C

	
263.22 c AB

	
367.46 a A

	
363.43 a A

	
235.22 a BC

	
325.00 a AB

	
232.06 b BC




	
Control

	
CaLas infection

	
31.95 c A

	
27.45 c A

	
29.45 b A

	
32.09 c A

	
32.46 b A

	
32.46 b A

	
27.22 c A




	
150 mM NaCl

	
CaLas infection

	
239.66 a B

	
236.53 a B

	
230.86 a B

	
250.48 a B

	
291.15 a AB

	
272.59 a AB

	
319.70 a A




	
CL(R)

(mM·L−1)

	
Control

	
Control

	
6.44 b A

	
6.50 b A

	
6.53 c A

	
6.48 c A

	
6.49 b A

	
6.51 b A

	
6.48 b B




	
150 mM NaCl

	
Control

	
23.71 a A

	
22.95 a A

	
23.24 a A

	
20.86 a A

	
24.00 a A

	
21.71 a A

	
25.52 a A




	
Control

	
CaLas infection

	
7.05 b A

	
7.14 b A

	
6.29 c B

	
6.00 c B

	
6.00 b B

	
6.29 b B

	
5.81 b B




	
150 mM NaCl

	
CaLas infection

	
22.95 a A

	
23.14 a A

	
16.86 b B

	
13.05 b C

	
21.90 a A

	
22.86 a A

	
18.00 b A








* Mean separation between rootstocks (columns) at a particular treatment (row) is indicated by differing uppercase letters; mean separation between treatments (rows) in a particular rootstock (column) is indicated by differing lowercase letters by Tukey’s honestly significant difference test (p ≤ 0.05). Na (L): Sodium content in leaves and Cl (L): Chloride content in leaves, Na (R): Sodium content in roots and Cl (R): Chloride content in roots. The sodium and chloride concentrations were expressed as mM·L−1.
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Table 5. Titer values of CaLas detected in leaves of ‘Valencia’ sweet orange before and after NaCl treatments.
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Scion/Rootstock

	
Ct Value before NaCl Treatment

	
Ct Value after NaCl Treatment




	
0 mM NaCl

	
150 mM NaCl






	
Val/S10—line 1

	
28.71± 2.65 ab *

	
28.63 ± 0.43 ab

	
29.86 ± 0.15 ab




	
Val/S10—line 2

	
25.30 ± 0.78 bc

	
25.26 ± 0.08 bc

	
25.48 ± 0.33 bc




	
Val/S10—line 3

	
27.77 ± 1.12 ab

	
27.76 ± 0.03 ab

	
27.88 ± 1.84 ab




	
Val/S10—line 4

	
30.46 ± 0.30 ab

	
29.76 ± 0.21 ab

	
28.48 ± 3.35 ab




	
Val/S10—line 5

	
31.45 ± 1.22 a

	
30.15 ± 0.23 a

	
28.27 ± 3.01 ab




	
Val/S10—line 6 (S10-control)

	
27.72 ± 0.64 ab

	
27.02 ± 0.25 b

	
24.59 ± 1.42 bc




	
Val/Cleo

	
26.87 ± 0.61 ab

	
25.4 ± 0.55 e

	
19.50 ± 0.99 c








* Means separation by Tukey’s honestly significant difference test (p ≤ 0.05).
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