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Abstract

:

Salinity is a serious issue for crops, as it causes remarkable yield losses. The accumulation of Na+ affects plant physiology and produces nutrient imbalances. Plants trigger signaling cascades in response to stresses in which phytohormones and Ca2+ are key components. Cation/H+ exchangers (CAXs) transporters are involved in Ca2+ fluxes in cells. Thus, enhanced CAX activity could improve tolerance to salinity stress. Using the TILLING (targeting induced local lesions in genomes) technique, three Brassica rapa mutants were generated through a single amino acidic modification in the CAX1a transporter. We hypothesized that BraA.cax1a mutations could modify the hormonal balance, leading to improved salinity tolerance. To test this hypothesis, the mutants and the parental line R-o-18 were grown under saline conditions (150 mM NaCl), and leaf and root biomass, ion concentrations, and phytohormone profile were analyzed. Under saline conditions, BraA.cax1a-4 mutant plants increased growth compared to the parental line, which was associated with reduced Na+ accumulation. Further, it increased K+ concentration and changed the hormonal balance. Specifically, our results show that higher indole-3-acetic acid (IAA) and gibberellin (GA) concentrations in mutant plants could promote growth under saline conditions, while abscisic acid (ABA), ethylene, and jasmonic acid (JA) led to better signaling stress responses and water use efficiency. Therefore, CAX1 mutations directly influence the hormonal balance of the plant controlling growth and ion homeostasis under salinity. Thus, Ca2+ signaling manipulation can be used as a strategy to improve salinity tolerance in breeding programs.
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1. Introduction


Saline soils represent 3.1% of the total land area of the Earth. Thereby, salinity is a serious issue for crops because it causes remarkable yield losses [1]. This problem has become more important over the last years and it is expected to be even more important in the future because of climate change [2]. Most crop species are affected by salinity including species from the Brassicaceae family, such as cabbage, broccoli, and rapeseed [3]. The most common and soluble salt compound is NaCl. The high concentration of Na+ and Cl− ions in saline soils cause osmotic potential imbalances hampering water and nutrients uptake. The accumulation of Na+ in plants alters the osmotic potential and causes direct toxicity and nutrient imbalances affecting plant physiology [1]. The similarity of Na+ with K+ hinders K+ uptake and activity in the plant. Thus, Na+ accumulates in the cytosol displacing K+ and also Ca2+ ions from their active sites and inhibits enzyme activities. In addition, the altered K+/Na+ impairs photosynthesis processes [4] and causes oxidative stress, as indicated by a high reactive oxygen species (ROS) accumulation triggering the activation of antioxidant responses [5,6].



As in other stresses, plants trigger phytohormone-mediated responses to cope with saline stress [2]. Plant hormones are compounds from different chemical groups involved in numerous processes in plants. They are crucial for plant adaptation to stress because they mediate adaptive responses that modulate growth, development, and plant nutrition. The resilience of plants to stress is highly dependent on the regulation of hormone signaling pathways [7,8]. Abscisic acid (ABA) and ethylene have been classically considered stress-related hormones. ABA is an important hormone in salinity response because it regulates the water status via stomata closure and the expression of ABA-responsive genes for long-term responses [9]. In addition, ABA regulates the synthesis and accumulation of osmoprotectants, such as proline and some proteins [3,10]. Alternatively, ethylene synthesis is usually activated as a response to stress and is considered as the main senescence-related hormone. Under salinity, senescence is favored by ABA and the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) accumulation, as well as by a decrease of indole-3-acetic acid (IAA) and cytokinins (CKs) levels [2]. Indeed, other hormones have been demonstrated to regulate stress responses. Auxins, such as IAA, are involved in the physiological response that modulates oxidative stress and prevents oxidative damage, while CKs protect plants against salinity that maintains growth and delays senescence [9]. Other important phytohormones affected by salinity are gibberellins (GAs) associated with sugar signaling and antioxidant system modulation [11]. Furthermore, jasmonic acid (JA) and salicylic acid (SA) are usually related to biotic stresses, although both hormones are involved in stress signaling in response to salinity and other abiotic stresses [9,12].



Besides phytohormones in cooperation with them, Ca2+ is a second messenger that fulfills a crucial role in signaling cascades in response to stress [13]. During stress signaling, the Ca2+ signal is very fast and occurs much earlier than ABA accumulation and, thereby, Ca2+ acts in ABA signaling processes [4]. In response to salinity, Ca2+ is involved in salt sensing, Na+ extrusion/sequestration, pH regulation, and cellular barriers synthesis [14]. Indeed, the supplementation of plants with CaCl2 has been demonstrated to improve salinity tolerance [4]. This positive effect has been observed in many crops including the Brassicaceae species [15,16]. Alternatively, seed priming with CaCl2 has beneficial effects on the hormonal balance of the plant alleviating salinity stress symptoms. CaCl2 application reduced ABA and SA levels and increased IAA, promoting plant growth [17]. Besides, Ca2+ application maintains membrane integrity, reducing K+ leakage and preventing Na+ accumulation, and, thereby, sustaining K+/Na+ selectivity [1].



Cation/H+ exchangers (CAXs) are a family of Ca2+/H+ antiporters situated on plasma and organelle membranes including vacuoles. CAXs transporters remove Ca2+ from the cytosol to generate different Ca2+ profiles in the cell. Thus, CAX transporters fulfill a key role in the generation of Ca2+ gradients involved in stress signaling [18]. Adequate Ca2+ homeostasis driven by CAX and other transporters could be crucial to improving Ca2+ fluxes and stress tolerance [19], as it was observed in the halophyte species Suaeda salsa [20]. Furthermore, CAX1 is the CAX transporter with the highest Ca2+/H+ activity [18], thus the modification of CAX1 activity could be useful to improve the tolerance to salinity stress [19]. TILLING (targeting induced local lesions in genomes) is a promising technique that generates new variants in target genes [21]. Using this technique, three new variants were produced in Brassica rapa ssp. trilocularis ’R-o-18′ CAX1a transporter: BraA.cax1a-4, BraA.cax1a-7, and BraA.cax1a-12 [22]. These mutations change amino acids that could affect protein conformation and thereby improve CAX1 function [23]. As observed in a previous experiment, BraA.cax1a mutations induce changes in phytohormone profile [24]. Given the role of phytohormones in salinity stress, this study aims to test whether changes in Ca+2 signaling through BraA.cax1a mutations could modify the hormonal balance of the plant leading to improved growth under salinity.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


As plant material, we used three Brassica rapa ssp. trilocularis ‘R-o-18’ mutants (BraA.cax1a-4, BraA.cax1a-7, and BraA.cax1a-12) and the parent line R-o-18 (without changes in BraA.CAX1a). The amino acidic changes produced in BraA.CAX1a transporter were: BraA.cax1a-4 (A-to-T change at amino acid 77), BraA.cax1a-7 (R-to-K change at amino acid 44), and BraA.cax1a-12 (P-to-S change at amino acid 56). Mutant plants were generated as described by Lochlainn et al. [22] and Graham et al. [23]. Seeds were germinated on filter paper in Petri dishes and then transplanted to pots (13 cm × 13 cm × 12.5 cm) filled with vermiculite. Pots were placed in trays (55 cm × 40 cm × 8.5 cm). Plants were grown in a chamber with controlled conditions: relative humidity (60–80%), temperature (23/18 °C; day/night), photoperiod (14/10 h; day/night), and a photosynthetic photon flux density of 350 µmol m−2 s−1 registered at the top of plants using a 190 SB quantum sensor (LI-COR Inc., Lincoln, NE, USA). Plants were supplied with a nutritive solution composed of 6 mM KH2PO4, 4 mM KNO3, 4 mM Ca(NO3)2·4H2O, 2 mM MgSO4·7H2O, 1 mM NaH2PO4·2H2O, 10 µM H3BO3, 5 µM Fe-chelate (Sequestrene; 138FeG100), 2 μM MnCl2·4H2O, 1 µM ZnSO4, 0.25 μM CuSO4·5H2O, and 0.1 μM Na2MoO4·2H2O. The pH of the nutritive solution was kept between 5.5 and 6.0.




2.2. Experimental Design, Treatments, and Plant Sampling


Treatments were applied 30 days after sowing and were maintained for 21 days. Plants received two different treatments: control (without NaCl added to the nutrient solution) and salinity (150 mM NaCl supplemented to the nutrient solution). The factors considered in the experiment were the salinity (S) and the mutation (M). The experimental design comprised a randomized complete block with 8 treatments, 3 trays per treatment, and 8 plants per tray, thus a total of 24 plants were grown for each treatment. At the end of the experiment, plant leaves and roots were rinsed, dried, and weighed to obtain the fresh weight (FW). Then, leaves and roots were lyophilized to determine the dry weight (DW) and a part of the lyophilized leaf material was used to determine the phytohormone concentrations. Nine independent replicates from each treatment (n = 9) were finally used for the analytical determinations.




2.3. Analysis of Na+, Ca2+, and K+ Concentrations


Ca2+, Na+, and K+ were determined subjecting the leaf samples to a mineralization process by wet digestion [25]. Next, 150 mg of dry leaves were milled and mineralized with a combination of nitric acid and hydrogen peroxide at 30%. Then, 20 mL of Milli-Q water were added and element concentrations were measured using ICP-MS (X-Series II; Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.4. Hormone Extraction and Analysis


Phytohormone concentrations were determined in leaves according to Albacete et al. [26] with some modifications. Lyophilized samples (30 mg) were mixed with 1 mL of cold (−20 °C) extraction mixture of methanol/water (80/20, v/v). Samples were centrifuged (20,000× g, 15 min, 4 °C) and re-extracted for 30 min at 4 °C in 1 mL of the same extraction solution. Supernatants were passed through Sep-Pak Plus †C18 cartridges (SepPak Plus, Waters, Milford, MA 01757 USA) and evaporated at 40 °C under vacuum. The residue was dissolved in 1 mL methanol/water (20/80, v/v) using an ultrasonic bath. The dissolved samples were filtered through Millex nylon membrane filters 13 mm diameter of 0.22 µm pore size (Millipore, Bedford, MA, USA). Filtered extracts (10 µL) were injected in a U-HPLC-MS system consisting of an Accela Series U-HPLC coupled to an Exactive mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a heated electrospray ionization (HESI) interface. The mass spectra were measured using the Xcalibur software version 2.2. For phytohormones quantification, calibration curves were constructed (1, 10, 50, and 100 µg L−1) and corrected for 10 µg L−1 deuterated internal standards. Total CKs were calculated as the sum of trans-zeatin (tZ) and isopentenyl adenine (iP) concentrations. Total GAs were calculated as the sum of gibberellin A1 (GA1), gibberellin A3 (GA3), and gibberellin A4 (GA4) concentrations.




2.5. Statistical Analysis


The mean and standard error of each treatment was calculated from the 9 individual data of each parameter analyzed. To assess the differences between treatments we performed a one-way analysis of variance (ANOVA) with 95% confidence. A two-tailed ANOVA was used to determine whether the NaCl treatment (S), the BraA.cax1a mutations (M), or their interaction (S × M) significantly influenced the results. Means were compared using Fisher’s least significant differences (LSD). The significance levels were stated as * p < 0.05, ** p < 0.01, *** p < 0.001, or NS (not significant). A principal components analysis (PCA) was performed to assess relationships between treatments and all parameters analyzed. All statistical analyses were carried out using the Statgraphics Centurion 16.1.03 software.





3. Results


3.1. Plant Biomass and Cation Concentration


Plants grown under salinity conditions presented a remarkable decrease in leaf and root DW (Figure 1). However, BraA.cax1a-4 plants grown under salinity showed significantly higher leaf biomass in comparison to the other mutants and the parent line. Indeed, this mutant presented 41% higher leaf DW than R-o-18 plants (Figure 1a). Nonetheless, the four lines analyzed did not show significant differences in root DW under saline conditions (Figure 1b). Regarding cation concentrations, salinity reduced leaf Ca2+ concentration in comparison to control conditions in all lines, but no differences were observed between lines under salinity conditions. As expected, NaCl application strongly increased Na+ concentration in leaves. However, this increment was lower in BraA.cax1a-4 plants, which showed the lowest Na+ concentration. Additionally, NaCl application reduced K+ concentration, although this reduction was lower in BraA.cax1a-4 plants, which presented the highest K+ concentration in comparison to the other genotypes. Consequently, BraA.cax1a-7 plants presented the highest Na+/K+ ratio, followed by BraA.cax1a-12, R-o-18, and BraA.cax1a-4 plants. Specifically, BraA.cax1a-4 mutant plants showed 42% lower Na+/K+ ratio than R-o-18 plants (Table 1).




3.2. Phytohormone Concentrations


Salinity increased total CKs, total GAs, and provoked differential changes in the concentrations of other hormones in R-o-18 and mutant plants (Figure 2; Table 2). Under saline conditions, BraA.cax1a-4 was the only mutant that showed significantly higher IAA levels (55%) in comparison to R-o-18 plants (Table 2). Regarding GAs under saline conditions, BraA.cax1a-4 plants presented the highest GA concentrations. The other two mutants presented similar values than R-o-18 plants (Figure 2a). Particularly, BraA.cax1a-4 showed significant increments in all GAs (4-fold higher than R-o-18), while in BraA.cax1a-7 only GA1 increased in comparison to the parent line (Table 2). Concerning CKs, iP decreased in the BraA.cax1a-4 mutant in comparison to R-o-18, whereas incremented in BraA.cax1a-7 plants. Importantly, tZ increased in both BraA.cax1a-4 and BraA.cax1a-7 mutants, and its absolute concentrations were much higher than those of iP, leading to increased total CK content (Figure 2b). ABA concentration was significantly higher in BraA.cax1a-4 plants (57%) in comparison to R-o-18 plants. All mutants showed higher ACC levels in comparison to the parent line. SA increased in BraA.cax1a-4 and BraA.cax1a-7 mutants, whereas JA concentration increased in BraA.cax1a-4 and BraA.cax1a-12 in comparison to the parental R-o-18 (Table 2).




3.3. Principal Component Analysis


A principal component analysis (PCA) was performed to detect general trends in the data and to evaluate the relationships among parameters. The first principal component (PC1) of the score plot clearly separated BraA.cax1a-4 from the rest of the lines and accounted for 50.55% of the variance within the data. The second principal component (PC2) separated BraA.cax1a-7 from the other lines and accounted for 23.73% of the variance (Figure 3a). The PCA loading plot revealed three clusters (Figure 3b). The first cluster associated leaf DW with K+, GA3, GA4, ACC, GAs, and ABA levels. The second cluster related Na+, Na+/K+ ratio, Ca2+, and iP levels. Finally, the third cluster, grouped tZ, total CK, GA1, and SA concentrations (Figure 3b).





4. Discussion


Improved growth responses under salinity are associated with salinity tolerance. According to leaf DW results (Figure 1a), BraA.cax1a-4 presented higher performance under salinity in comparison to other lines. Several studies observed that a better Ca2+ and K+ nutrition and homeostasis provide salt tolerance due to Ca2+-associated signaling processes in response to stress and because it is a Na+ antagonist [4,27]. In addition, Ca2+ improves the accumulation of other nutrients and reduces Na+/K+ ratio [11,13]. Although BraA.cax1a-4 plants did not present higher Ca2+ concentration, they registered lower Na+ and higher K+ concentrations, leading to a better Na+/K+ ratio (Table 1). A previous study showed that this fact could be due to BraA.cax1a-4 plants favors the transport of K+ over Na+ to the shoot from roots [28]. Hence, the modification of CAX1 activity could result in different ion accumulation, because of changes in Ca2+ fluxes (but not absolute concentrations) in BraA.cax1a-4, improving Na+ and K+ homeostasis and thereby growth [29]. This is supported by the close relationship between leaf DW and K+ concentration observed in loading plot analysis (Figure 3b). Alternatively, Ca2+ is involved in modulating ROS levels that are generated by oxidative stress caused by salinity [5]. Thus, as observed in a previous study, the higher tolerance of BraA.cax1a-4 plants could also be related to this ROS modulation [28].



The possible alteration of Ca2+ fluxes by BraA.cax1a mutations could affect the function of Ca2+ sensors, such as calmodulins and protein kinases, that are crucial for hormone synthesis and signaling. Thus, the improved growth response under salinity of BraA.cax1a-4 plants could be also related to changes in the hormonal balance, as it has been proposed in the present study. Indeed, auxins, and particularly the active compound IAA, have crucial roles in stress signaling responses in B. rapa seedlings [3] and also participate in redox and antioxidative metabolism [9]. However, IAA concentration usually decreases and, thereby, senescence is promoted in plants grown under salt stress [30]. In the present study, we did not observe a significant reduction in IAA concentration. Thus, BraA.cax1a-4 was the line with the highest IAA concentration, which could contribute to the higher growth observed in this mutant under salinity conditions (Table 2). In fact, the greater IAA levels might enhance ROS detoxification under saline stress which could increase the tolerance to NaCl [31], as previously demonstrated in BraA.cax1a-4 mutants [28].



CKs regulate several physiological processes, promote plant growth, and play important roles in salinity tolerance [32,33,34]. A decrease in CKs usually is an early response to salt stress [10], although the contrary was also reported by Ghanem et al. [35]. These authors observed that CK concentrations increased in plants grown under salt stress as a response to increased salinity tolerance in tomato. This study agrees with our findings as we observed an increment in the CK concentrations in the plants subjected to salinity. Total CK concentrations significantly increased in the mutant, which presented the highest biomass under salinity, BraA.cax1a-4, compared to the parent line (Figure 2b). However, their role in the control of growth of BraA.cax1a mutants seems to be limited since the PCA analysis revealed that CKs do not associate with any of the growth-related parameters recorded in this assay (Figure 3b).



Some studies have stated that GA accumulation in plants grown under abiotic stress provide salinity tolerance [36], whereas other studies have shown GA reduction because of repressor protein accumulation, leading to plant growth reduction [4]. Our results show that total GAs—especially GA3—markedly increased in BraA.cax1a-4 plants under salinity (Table 2, Figure 2a). GA3 is the main GA that regulates important steps in plant growth and development and alleviates salt stress [10]. Furthermore, Khan et al. [11] proved that the exogenous application of GA3 to linseed, alone or in combination with Ca2+, reduced the damage to membranes and improved water status. Therefore, this particular increment in GA3 and GA4 could also explain the higher biomass of the BraA.cax1a-4 mutants under salinity stress, as suggested by the close association between GAs and leaf DW in the PCA (Figure 3b).



Despite auxins, CKs, and GAs play a role in the response of the plants to salinity and other abiotic stresses, the phytohormone more broadly studied in relation to water and salinity stress is ABA, since this hormone is over-produced as a consequence of both stresses. Thus, genes related to ABA synthesis and accumulation are up-regulated by NaCl application, and in turn, ABA is the main hormone that activates salt responsive genes [37]. Our data reflects an increase in ABA concentration under salinity, which was especially strong in the BraA.cax1a-4 mutant (Table 2). ABA triggers stress responses, such as water balance and osmotic stress regulation, and leads to stomatal closure to avoid excessive water loss [38]. This fact could be important in BraA.cax1a-4 plants where the high ABA levels provoke the closure of the stomata, thus enhancing water use efficiency (WUE) (data not shown). This is in agreement with previous studies in maize and tomato in which salinity-tolerant genotypes presented greater WUE and stomatal regulation, and lower Na+ accumulation than the sensitive ones, associated with higher ABA concentrations [39,40]. Furthermore, Iqbal et al. [10] proved that Ca2+ induces ABA accumulation, thus reducing Na+ and Cl− content and increasing K+ content. Therefore, ABA could contribute to better ion homeostasis via Na+/K+ reduction, as observed in BraA.cax1a-4 plants (Table 1), maintain growth in plants grown under salinity conditions. This is further supported by the linkage among ABA, K+, and leaf FW shown in the PCA plot (Figure 3b).



Another hormone traditionally associated with stress responses is ethylene, especially in relation to leaf senescence and abscission. Salinity stress triggers the accumulation of the ethylene precursor ACC, leading to de-novo synthesis of ethylene, which induces cell death and leaf senescence, and reduces plant growth [9]. In our study, ACC concentration was higher in plants subjected to salinity which could contribute to biomass reduction (Table 2, Figure 1). Likewise, de la Torre-González et al. [31] observed that a salinity-tolerant tomato genotype presented much lower ACC concentration than the sensitive one under saline conditions. However, some studies proved that plants supplied with ACC or that overexpress ethylene-responsive factors presented tolerance to salinity stress [36,41]. Thus, all mutants evaluated in the present study showed a significant increase in ACC concentrations, and importantly, the BraA.cax1a-4 mutant presented the highest concentrations (Table 2) which may be associated with its improved growth-response due to better regulation of Ca2+ homeostasis under salinity. This conclusion is additionally endorsed by the link of ACC with leaf FW and K+ (Figure 3b). Indeed, the increased growth of BraA.cax1a-4 mutant under salinity stress could be partially associated with improved ethylene regulation of the high-affinity K+ transporters, which increase K+ tissue accumulation [41], as observed in this mutant (Table 1).



SA and JA regulate biotic stress responses but also are involved in regulating abiotic stresses, such as salinity, in cooperation with other hormones [12,42]. JA appears to provide tolerance to salt stress via plant signal transduction [7], whereas SA induces antioxidant defenses, protects photosynthesis, and reduces membrane damage [10,43]. Iqbal et al. [10] observed that JA reduces membrane depolarization and, thereby, K+ loss. Hence, the highest JA concentrations of BraA.cax1a-4 and BraA.cax1a-12 (Table 2) could prevent K+ leakage and contribute to the higher K+ concentrations detected in these two mutants (Table 1). Additionally, this also may be explained by the lower lipid peroxidation levels previously observed in BraA.cax1a-4 and BraA.cax1a-12 plants [28]. Regarding SA, we observed a significant increment in SA concentration in all mutant plants grown under salinity in comparison to the parental R-o-18 plants (Table 2). Ku et al. [7] proved that increments in cytosolic Ca2+ are a necessary step in SA accumulation in response to salinity. Thus, BraA.cax1a mutations could induce a higher SA accumulation through a greater cytosolic Ca2+ response.




5. Conclusions


The present study demonstrates that the control of Ca2+ homeostasis through BraA.cax1a mutants modifies the phytohormone balance of B. rapa plants controlling growth responses under salinity stress conditions. Specifically, the growth improvement of BraA.cax1a-4 mutant plants under salinity can be primarily associated with higher GA, IAA, and CK concentrations. Besides, ABA accumulation activates signaling stress responses under saline conditions, leading to better control of Na+/K+ homeostasis. This study confirms the key role of the CAX1 transporter in phytohormone regulation and as a potential target for improving growth under salinity stress. However, further research is still necessary to mechanistically demonstrate the relationship between Ca2+ fluxes and phytohormone accumulation in the control of the growth and productivity under salinity conditions.
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Figure 1. Effect of BraA.cax1a mutations and salinity on leaf dry weight (DW) (a) and root DW (b). Values are expressed as means ± standard error (n = 9). Bars marked with different letters indicate significant differences among genotypes based on the LSD test (p < 0.05). Asterisk (*) indicates significant differences between control and 150 mM NaCl treatments. 
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Figure 2. Effect of BraA.cax1a mutations and salinity on total GA (a) and CK (b) concentrations in the leaves. Values are expressed as means ± standard error (n = 9). Bars marked with different letters indicate significant differences among genotypes based on the LSD test (p < 0.05). Asterisk (*) indicates significant differences between control and 150 mM NaCl treatments. 
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Figure 3. Scores (a) and corresponding loadings plot (b) of principal component analysis (PCA) using all parameters analyzed in R-o-18 (R), BraA.cax1a-4 (4), BraA.cax1a-7 (7), and BraA.cax1a-12 (12) plants grown under salinity conditions. 
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Table 1. Effect of BraA.cax1a mutations and salinity on analyzed cation concentration and Na+/K+ ratio in leaves.
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Ca2+

	
Na+

	
K+

	
Na+/K+






	
Control

	
R-o-18

	
15.09 b

	
3.29 a

	
39.24 ab

	
0.08 a




	
BraA.cax1a-4

	
17.61 a

	
3.64 a

	
38.81 ab

	
0.09 a




	
BraA.cax1a-7

	
17.85 a

	
3.23 a

	
36.69 b

	
0.09 a




	
BraA.cax1a-12

	
18.51 a

	
3.76 a

	
41.14 a

	
0.09 a




	
p-value

	
*

	
NS

	
*

	
NS




	
LSD0.05

	
2.22

	
1.05

	
4.11

	
0.02




	
150 mM NaCl

	
R-o-18

	
9.50 a

	
36.74 a

	
22.17 b

	
1.65 ab




	
BraA.cax1a-4

	
8.54 a

	
26.65 b

	
28.15 a

	
0.96 c




	
BraA.cax1a-7

	
9.57 a

	
41.07 a

	
22.15 b

	
1.85 a




	
BraA.cax1a-12

	
10.19 a

	
40.68 a

	
25.85 a

	
1.57 b




	
p-value

	
NS

	
*

	
**

	
***




	
LSD0.05

	
2.22

	
9.81

	
2.55

	
0.26




	
Analysis of variance




	
Salinity (S)

	

	
***

	
***

	
***

	
***




	
Mutation (M)

	

	
*

	
*

	
**

	
***




	
S × M

	

	
NS

	
*

	
*

	
***




	
LSD0.05

	

	
1.44

	
4.54

	
2.22

	
0.12








Values are expressed as mg g−1 DW and differences between means (n = 9) were compared by Fisher’s least-significance test (LSD; p = 0.05). Values with different letters indicate significant differences among genotypes. The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).













[image: Table] 





Table 2. Effect of BraA.cax1a mutations and salinity on leaf phytohormone concentrations.
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IAA

	
GA1

	
GA3

	
GA4

	
iP

	
tZ

	
ABA

	
ACC

	
SA

	
JA






	
Control

	
R-o-18

	
2.40 bc

	
0.05 b

	
nd

	
0.02 b

	
6.83 a

	
180.47 a

	
6.43 a

	
489.79 c

	
282.53 a

	
131.42 b




	
BraA.cax1a-4

	
3.43 b

	
0.10 a

	
0.08

	
0.05 a

	
4.55 b

	
129.43 ab

	
4.38 ab

	
848.95 a

	
283.45 a

	
68.98 c




	
BraA.cax1a-7

	
1.62 c

	
0.07 b

	
nd

	
0.01 b

	
2.94 b

	
119.26 b

	
4.13 b

	
343.59 d

	
317.96 a

	
102.67 bc




	
BraA.cax1a-12

	
5.42 a

	
0.06 b

	
0.05

	
0.04 a

	
8.54 a

	
176.00 a

	
6.49 a

	
623.31 b

	
306.47 a

	
190.93 a




	
p-value

	
**

	
**

	

	
*

	
***

	
*

	
*

	
***

	
NS

	
**




	
LSD0.05

	
1.55

	
0.02

	

	
0.03

	
1.29

	
56.09

	
2.12

	
59.33

	
165.18

	
54.96




	
150 mM NaCl

	
R-o-18

	
2.03 b

	
0.08 c

	
0.03 c

	
0.04 b

	
5.10 b

	
231.93 b

	
13.93 b

	
515.55 c

	
611.82 c

	
125.07 c




	
BraA.cax1a-4

	
3.14 a

	
0.16 ab

	
0.18 a

	
0.11 a

	
2.91 c

	
355.02 a

	
21.86 a

	
1234.98 a

	
942.16 ab

	
201.57 ab




	
BraA.cax1a-7

	
2.95 ab

	
0.18 a

	
0.05 bc

	
0.03 b

	
7.82 a

	
382.54 a

	
16.86 ab

	
695.43 b

	
1035.42 a

	
168.46 bc




	
BraA.cax1a-12

	
2.79 ab

	
0.09 bc

	
0.07 b

	
0.04 b

	
2.94 c

	
255.38 b

	
15.01 b

	
722.12 b

	
795.16 bc

	
224.16 a




	
p-value

	
*

	
*

	
***

	
**

	
**

	
**

	
*

	
***

	
**

	
**




	
LSD0.05

	
1.04

	
0.07

	
0.04

	
0.0 4

	
2.05

	
63.88

	
5.62

	
164.17

	
206.85

	
50.51




	
Analysis of variance




	
Salinity (S)

	

	
NS

	
***

	

	
**

	
*

	
***

	
***

	
***

	
***

	
***




	
Mutation (M)

	

	
***

	
***

	

	
***

	
**

	
NS

	
NS

	
***

	
**

	
***




	
S × M

	

	
**

	
NS

	

	
NS

	
***

	
***

	
**

	
***

	
*

	
**




	
LSD0.05

	

	
0.86

	
0.03

	

	
0.02

	
1.11

	
39.07

	
2.76

	
80.24

	
121.67

	
34.31








Values are expressed as ng g−1 DW and differences between means (n = 9) were compared by Fisher’s least-significance test (LSD; p = 0.05). Values with different letters indicate significant differences among genotypes. The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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