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Abstract:



Salt-alkaline stress generally leads to soil compaction and fertility decline. It also restricts rice growth and phosphorus acquisition. In this pot experiment, two relatively salt-alkaline tolerant (Dongdao-4 and Changbai-9) and sensitive (Changbai-25 and Tongyu-315) rice genotypes were planted in sandy (control) and salt-alkaline soil to evaluate the characteristics of dry matter and phosphorus assimilation and translocation in rice. The results showed that dry matter and phosphorus assimilation in rice greatly decreased under salt-alkaline stress as the plants grew. The translocation and contribution of dry matter and phosphorus to the grains also increased markedly; different performances were observed between genotypes under salt-alkaline stress. D4 and C9 showed higher dry matter translocation, translocation efficiency and contribution of dry matter assimilation to panicles than those of C25 and T315. These changes in D4 and C9 indexes occurred at low levels of salt-alkaline treatment. Higher phosphorus acquisition efficiency of D4 and C9 were also found under salt-alkaline conditions. Additionally, the phosphorus translocation significantly decreased in C25 and T315 in the stress treatment. In conclusion, the results indicated that salt-alkaline-tolerant rice genotypes may have stronger abilities to assimilate and transfer biomass and phosphorus than sensitive genotypes, especially in salt-alkaline conditions.
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1. Introduction


The global land area that is threatened by salinization and alkalization has exceeded 900 × 106 ha, which is 20% of the global cultivated land area [1]. Salinity is more serious in arid and semi-arid environments. There are approximately 233 × 104 ha with concentrated saline-alkaline soil in the Songnen plain of China [2]. Salt-alkaline soil could cause poor yields or very few surviving crops through serious ionic toxicity and osmotic stress. Rice is susceptible to salt-alkaline stress, but it has long been used in salt-alkaline soil remediation and improvement by irrigating and then flushing salt ions away [3]. Rice has been cultivated in the salt-alkaline soil in the Songnen plain of China for more than 50 years [4].



There are three principal strategies for plants to cope with stress conditions and enhance stress tolerance: selective ionic absorption and transportation, osmotic adjustment and increased antioxidase activity [5]. The exclusion and compartmentation of Na+ can maintain the ironic balance in membranes and tissues. Shabbir et al. [6] proposed that rice genotypes can dilute the salt irons by increasing tiller numbers. Accumulation of osmolytes such as proline, sugars, and compatible solutes are also important to balance the osmotic pressure [7]. The polarity and high solubility of these metabolites is helpful in rapidly reacting to stress conditions [8]. Furthermore, plants can enhance the activities of antioxidase including superoxide dismutase (SOD), ferredoxin (FD) and ascorbate peroxidase (APX) to ease the damage of reactive oxygen species [9]. All of these strategies are focused on the structural stability and metabolic balance of plants. However, the salinity also inhibits plant growth via nutritional deficiencies, which still remains largely unknown.



Rice genotypes are affected by not only ion toxicity and osmotic stress but also the high pH in a salt-alkaline environment [10]. The high pH conditions generally result in a decrease in plant biomass, an imbalance in ion absorption and reduced phosphorus absorption. Research has shown that Olsen-P is easily immobilized by Ca2+ or it competes with other salt ions, such as Na+, Cl− and CO32− in salt-alkaline soil [11,12]. As the salt-alkaline stress increases in severity, the amount of Na+ content in the plant increases and the amount of phosphorus that the plant can acquire decreases [13]. As a result, a physiological phosphorus deficiency of crops always occurs after salt-alkalization. Papakosta [14] also found that crop development and nutrient acquisition and translocation were generally dependent on genotype, soil and environmental conditions. Phosphorus acquisition is easily decreased by salinity, but it changes less with low phosphorus fertilization [15]. This result indicates that salinity has a greater impact on phosphorus absorption in a crop than phosphorus deficiency.



The dry matter and phosphorus assimilation, distribution and translocation also dynamically change in different crop parts, and during different development stages and stress conditions. Karlen and Whitney [16] demonstrated that the phosphorus concentration alone decreased in the growth of winter wheat in whole plants. Strategies for improving the phosphorus efficiency of crops under stress environments were also observed. For example, phosphorus redistribution in cells, tissues and organs decreases the phosphorus expenditure of metabolism [17]. Winter wheat transferred more dry matter to reproductive parts during a mild drought stress, contributing to increased yields [18]. The phosphorus efficient genotypes can generally obtain a higher biomass but lower phosphorus content than the inefficient genotypes, especially in the harvested portion [19]. A higher crop biomass at heading may contribute to higher remobilization [20,21]. Yang et al. [22] found that the phosphorus acquisition efficiency of different phosphorus-sensitive rice genotypes was greatly affected by sodic stress. However, it changed less with the phosphate supplement under sodic treatment. In low-phosphorus conditions, phosphorus acquisition was more important than phosphorus utilization for grains [23]. Thus, the parameters should be defined in evaluating dry matter and phosphorus assimilation and translocation, which may contribute to future rice breeding in salt-alkaline soil.



Rice genotypes generally have different tolerance levels and phosphorus nutrient reactions to salt-alkaline stress with the mechanism obscured. In this study, two relatively salt-alkaline-tolerant genotypes and two relatively salt-alkaline-sensitive rice genotypes were planted into sandy and salt-alkaline soils. We investigated the effects of salt-alkaline stress on dry matter and phosphorus assimilation and translocation at three growth stages for these four rice genotypes. Different changes among the salt-alkaline tolerant and sensitive genotypes are also discussed.




2. Materials and Methods


2.1. Experimental Site


The pot experiment was conducted in 2014 at Da’ an-Sodic Land Experiment Station, Chinese Academy of Sciences, Da’ an, Jilin (45°35’ N; 123°50′ E) in Northeast China. The climate at this station is semi-arid and semi-humid with an average of 413.7 mm of precipitation. The rainy season occurs during July and August. There are 137 frost-free days and 2935 °C of effective accumulated temperature beyond 10 °C. All pots were placed in a glasshouse (day temperature 24–30 °C, night temperature 17–23 °C).




2.2. Experimental Treatment


Four early maturing japonica rice genotypes with similar flowering dates (65 ± 2 days after transplanting) were planted during the growing season (May to September). Among them, Dongdao-4 (D4) and Changbai-9 (C9) are relatively salt-alkaline-tolerant genotypes, whereas Changbai-25 (C25) and Tongyu-315 (T315) are relatively salt-alkaline-sensitive genotypes. Two types of wild soils (Table 1), sandy soil (SS) and salt-alkaline soil (SAS), were chosen and collected at 0–20 cm depth. They were then air-dried and passed through a 5 mm sieve.



Table 1. Physical, chemical, and fertility characteristics of the two soil types used in this experiment.







	
Soils

	
EC 1:5 μS·cm−1

	
pH

	
Total N·g·kg−1

	
Total P g·kg−1

	
Available P mg·kg−1

	
Organic Matter %

	
CEC cmol·kg−1

	
ESP

	
Na+ mg·kg−1

	
HCO3− mg·kg−1






	
SS

	
86.6

	
7.59

	
461.8

	
163.59

	
2.68

	
0.99

	
9.74

	
1.15

	
2.74

	
292.8




	
SAS

	
358

	
8.81

	
535.9

	
254.63

	
9.39

	
1.24

	
17.33

	
7.59

	
347

	
770.4








SS = sandy soil; SAS = salt-alkaline soil; CEC = cation exchange capacity; ESP = exchangeable sodium percentage.









2.3. Planting, Sampling and Plant Analysis


Fully developed and average-sized seeds were sown on April 14th. Forty days later, uniform seedlings were transplanted into plastic pots (24 cm diameter × 19 cm depth) filled with 8 kg of two types of soils. One plant was planted in each pot with three replications; the plantings were completely randomized. The fertilizer condition was 72 kg·ha−1 N as urea, 100 kg·ha−1 P2O5 as triple super phosphate and 56 kg·ha−1 K2O as K2SO4 fertilizer applied four days before transplanting, and 54 kg·ha−1 N as urea applied seventeen days after transplanting, then 54 kg·ha−1 N as urea and 24 kg·ha−1 K2O as K2SO4 applied fifty-two days after transplanting.



Sampling was conducted at the tilling stage (TS), the heading stage (HS) and the mature stage (MS) of rice. The overground parts were cut and washed in distilled water three times. Every plant was divided into stems, leaves and grains; plants were dried at 105 °C for 2 h and then kept at 80 °C until constant weight was reached before dry mass measurement and storage.



Every sample was shredded and digested completely by a mixture of H2SO4 and 30% H2O2 for the measurement of phosphorus (P). P was measured using an ultraviolet and visible spectrophotometer (T6-1650E, Beijing Purkinje General Instrument CO., LTD, Beijing, China).




2.4. Calculation of Dry Matter and Phosphorus Indicators


Dry matter and P movement of the four rice genotypes were calculated as follows [24,25,26]:



Dry matter translocation (DMT, g·pot−1) = dry matter at heading − (stem + leaf) dry matter at maturity.



Dry matter translocation efficiency (DMTE, %) = (DMT/dry matter at heading) × 100.



Contribution of dry matter assimilation to grains (CDMAG, %) = (DMT/grain dry matter) × 100.



Harvest index (HI) = grain dry matter/total aboveground biomass at maturity.



Phosphorus acquisition efficiency (PAE, mg) = P accumulation in shoot part.



Phosphorus utilization efficiency (PUE, g·mg−1) = aboveground biomass/PAE.



Phosphorus translocation (PT, mg·pot−1) = P content at heading − (stem and leaf) P content at maturity.



Phosphorus translocation efficiency (PTE, %) = (PT/P content at heading) × 100.



Contribution of phosphorus assimilation to grains (CPAG, %) = (PT/grain P content at maturity) × 100.



Phosphorus harvest index (PHI) = grain P at maturity/total P content of above ground biomass at maturity.




2.5. Statistical Analysis


Dry weight, P concentration and evaluated index treatments were subjected to a one-way analysis of variance (ANOVA) using SPSS 20.0. The ANOVA results were subjected to a DUNCAN test for the significance comparison (p < 0.05, p < 0.01). Tables were generated using Office 2007, and figures were generated using Origin 9.0.





3. Results


3.1. Dry Matter Accumulation


Differences between the dry matter of the stem, leaf, and grain at the three growth stages are shown in Table 2.



Table 2. Stem, leaf and grain dry matter of four genotypes at three stages in two soil types.







	
Genotypes

	
Dry Matter (g)




	
Stem

	
Leaf

	
Grain






	
(TS)

	
SS

	
SAS

	
rDMR

	
SS

	
SAS

	
rDMR

	
SS

	
SAS

	
rDMR




	
D4

	
2.46

	
0.79

	
67.73a **

	
2.17

	
0.65

	
69.98a **

	

	

	




	
C9

	
1.96

	
1.01

	
48.55b **

	
1.43

	
0.76

	
46.90c **

	

	

	




	
C25

	
1.88

	
1.16

	
38.18c **

	
1.99

	
0.86

	
56.58b **

	

	

	




	
T315

	
2.35

	
0.71

	
69.89a **

	
1.83

	
0.57

	
68.83a **

	

	

	




	
(HS)

	

	

	

	

	

	

	

	

	




	
D4

	
11.77

	
10.48

	
10.88a

	
4.09

	
4.05

	
1.01c

	
2.55

	
2.02

	
20.33b *




	
C9

	
11.96

	
10.68

	
10.64c

	
3.61

	
3.41

	
5.60c

	
2.02

	
1.56

	
22.89b




	
C25

	
12.33

	
7.92

	
35.78c **

	
4.32

	
2.79

	
35.57a **

	
2.35

	
1.23

	
47.60a **




	
T315

	
12.20

	
9.04

	
25.87a **

	
4.19

	
3.48

	
16.94b **

	
2.23

	
1.59

	
28.11b




	
(MS)

	

	

	

	

	

	

	

	

	




	
D4

	
9.61

	
8.03

	
16.40c *

	
3.63

	
2.83

	
22.13d

	
17.34

	
12.89

	
25.67c **




	
C9

	
10.39

	
8.45

	
18.52c *

	
3.04

	
2.73

	
10.32c

	
17.42

	
11.38

	
34.74bc **




	
C25

	
11.98

	
5.78

	
51.87a **

	
3.65

	
2.09

	
42.85a **

	
18.39

	
8.68

	
52.94a **




	
T315

	
12.85

	
8.74

	
31.91b **

	
4.00

	
2.80

	
30.01b **

	
18.63

	
10.95

	
40.98b **








TS = tilling stage; HS = heading stage; MS = mature stage; SS = sandy soil; SAS = salt-alkaline soil; rDMR = (SAS-SS)/SS × 100%, relative dry matter reduction; *, ** = significant at 0.05, 0.01 levels between the two types of soils, respectively; a, b, c, d = significant at 0.05 levels between the four genotypes.








The dry matter of the stem, leaf, and grain at the three growth stages was significantly lower in the salt-alkaline soil than in the sandy soil. In the TS stage, the relative dry matter reductions (rDMR) of the stem and leaf in D4 (67.73%, 69.98%) and T315 (69.89%, 68.83%) were higher than the other two cultivars and were higher than in the other stages. These results show that the seedlings of D4 and T315 were more seriously affected than C9 and C25 in the TS stage. From the tilling to the heading stage, the rice genotypes focused on vegetative growth, with increases in the stem and leaf biomasses observed. Because reproductive stages occurred from heading to maturity, panicle development became the most important for rice. At the same time, the biomass of vegetative organs stopped increasing and even decreased, which was more significant in the salt-alkaline treatment (Table 2, stem and leaf dry matter at HS and MS). This result indicates that the crop genotypes transferred more nutrients and dry matter from the vegetative organs to the panicle. The rDWR of the grain for all genotypes in the mature stage were much higher than that of the stem and leaf and in the heading and mature stages. These results showed that the crop yields were highly affected by salt-alkaline stress. Despite all of these results, the rDWR of C9 and D4 were lower than those of C25 and T315. Moreover, the dry matter reduction of the grain was more obvious than that in the stem and leaf, especially at maturity; it changed from 16.40% (D4) to 51.87% (C25) in the stem, 10.32% (C9) to 42.85% (C25) in the leaf and 25.67% (D4) to 52.94% (C25) in the panicle. With the development of rice, the biomass decreased in the order TS > MS > HS under salt-alkaline stress. These results may illustrate that genotypes were more tolerant to salt-alkaline stress in the heading and mature stages than in tilling stage.




3.2. Phosphorus Concentration


The phosphorus concentrations in different plant parts and during different stages of growth are shown in Table 3.



Table 3. Stem, leaf and grain phosphorus concentration of four genotypes at three stages in two soil types.







	
Genotypes

	
Phosphorus Concentration (mg·g−1)




	
Stem

	
Leaf

	
Grain






	
(TS)

	
SS

	
SAS

	
rPC

	
SS

	
SAS

	
rPC

	
SS

	
SAS

	
rPC




	
D4

	
3.78

	
3.14

	
0.83b

	
2.76

	
2.57

	
0.93a

	

	

	




	
C9

	
3.63

	
3.25

	
0.89ab

	
3.13

	
2.61

	
0.84a **

	

	

	




	
C25

	
3.45

	
2.82

	
0.82b **

	
2.64

	
2.41

	
0.92a

	

	

	




	
T315

	
3.01

	
3.00

	
1.00a

	
2.38

	
2.25

	
0.95a

	

	

	




	
(HS)

	

	

	

	

	

	

	

	

	




	
D4

	
2.04

	
2.16

	
1.06ab

	
2.08

	
2.29

	
1.11a *

	
1.68

	
2.03

	
1.21a *




	
C9

	
2.15

	
2.48

	
1.15a

	
2.46

	
2.18

	
0.89b

	
1.76

	
1.76

	
1.01b




	
C25

	
2.62

	
2.33

	
0.89c

	
2.17

	
2.16

	
1.00ab

	
1.79

	
1.99

	
1.12ab




	
T315

	
2.25

	
2.10

	
0.94bc *

	
2.33

	
2.07

	
0.89b

	
1.77

	
2.23

	
1.26a **




	
(MS)

	

	

	

	

	

	

	

	

	




	
D4

	
0.81

	
0.84

	
1.04a

	
1.19

	
1.36

	
1.15a *

	
3.43

	
3.33

	
0.97a




	
C9

	
0.94

	
0.90

	
0.96a

	
1.23

	
1.05

	
0.86b

	
3.66

	
3.53

	
0.96a




	
C25

	
0.80

	
0.84

	
1.05a

	
0.92

	
1.04

	
1.13a *

	
3.26

	
3.19

	
0.98a




	
T315

	
0.62

	
0.68

	
1.11a

	
0.72

	
0.91

	
1.26a **

	
3.38

	
3.25

	
0.97a








TS = tilling stage; HS = heading stage; MS = mature stage; SS = sandy soil; SAS = salt-alkaline soil; rPC = SAS/SS, relative phosphorus concentration; *, ** = significant at 0.05, 0.01 levels between two types of soils, respectively; a, b, c = significant at 0.05 level between four genotypes.








The phosphorus concentrations in different plant parts and during different stages of growth are shown in Table 3. For all genotypes and treatments, the highest phosphorus concentrations occurred in the tilling stage, and P in the stem was much higher than P in the leaf, which may be good for P transportation. Then, the phosphorus concentration in the stem and leaf continued to decrease with the development of the rice, whereas P in the grain significantly increased from heading to maturity. The changes showed that the phosphorus translocated from the stem and leaf to the grain. The phosphorus concentration slightly decreased under salt-alkaline stress at the tilling stage only, at which the rPC ranged from 0.82 (C25) to 1 (T315). The phosphorus concentration was not significantly different among genotypes. In addition, the phosphorus concentrations of D4 and C9 were higher than that of C25 and T315 except heading stages in both crop parts and soil treatments. This result may show different performances between rice genotypes.




3.3. Dry Matter Translocation


As the turning point for vegetative growth and reproductive development, a large amount of dry matter and phosphorus in the grain depends on the accumulation before the heading stage. Thus, we used the dry matter and phosphorus concentration at the heading and mature stages to evaluate the crop dry matter and phosphorus utilization and translocation. Four indexes of dry matter translocation are shown in Figure 1.


Figure 1. The four dry matter translocation indexes for genotypes in two soil treatments. (a) DMT = dry matter translocation; (b) DMTE = dry matter translocation efficiency; (c) CDMAG = contribution of dry matter assimilation to grains; (d) HI = harvest index; *, ** = significant at 0.05, 0.01 levels between the two types of soils, respectively; A, B, C, D = significant differences between genotypes in sandy treatment; a, b, c, d = significant differences between genotypes in salt-alkaline treatment; bars represent ± S.E.
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The dry matter translocation (DMT), dry matter translocation efficiency (DMTE) and contribution of dry matter assimilation to grains (CDMAG) in the salt-alkaline treatment were all significantly higher than that in the sandy treatment. In addition, the three indexes showed significant differences between genotypes. D4 had the highest DMT (5.17 mg in sandy and 5.69 mg in salt-alkaline), whereas T315 had the lowest DMT (1.77 mg in sandy and 2.57 mg in salt-alkaline) (Figure 1a). The relative increase of DMT changed from 7.61% (C9) to 44.93% (T315). The relative increase of DMTE was higher than that of DMT (Figure 1b). The largest relative reduction occurred for C25 at 92.07% and the smallest occurred for C9 at 20.50%. A significant difference among treatments and genotypes was also observed in the CDMAG (Figure 1c). The relative increase of C25 (158.25%) and T315 (148.72%) was considerably larger than that of C9 (64.16%) and D4 (48.63). As a common point, D4 and C9 had much higher DMT, DMTE and CDMAG in sandy treatment and less relative increases than C25 and T315 in salt-alkaline treatment. The less DMT means that C25 and T315 transferred less dry matter from the stem and leaf to panicle. The largely increased DMTE and CDMAG of C25 and T315 means that their dry matter translocations were highly affected by the salt-alkaline stress. By contrast, the harvest index (HI) decreased under the salt-alkaline stress but showed similar behavior (approximately 0.55) between the genotypes and treatments (Figure 1d). The relative reduction ranged from 3.12% (C25) to 10.83% (C9). This result may mean that the HI was relatively stable and was less affected by the genotypes and salt-alkaline stress.




3.4. Phosphorus Acquisition and Utilization Efficiency


To analyze the ability of rice to absorb and utilize phosphorus, the phosphorus acquisition efficiency (PAE) and phosphorus utilization efficiency (PUE) were calculated and are shown in Figure 2.


Figure 2. Phosphorus acquisition and utilization efficiency of four genotypes at three stages in two soil types. (a) PAE = phosphorus acquisition efficiency at filling stage; (b) PAE = phosphorus acquisition efficiency at heading stage; (c) PAE = phosphorus acquisition efficiency at mature stage; (d) PUE = phosphorus utilization efficiency at filling stage; (e) PUE = phosphorus utilization efficiency at heading stage; (f) PUE = phosphorus utilization efficiency at mature stage; *, ** = significant at 0.05, 0.01 levels between the two types of soils, respectively; A, B, C, D = significant differences between genotypes in sandy treatment; a, b, c, d = significant differences between genotypes in salt-alkaline treatment; bars represent ± S.E.
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The PAE of all genotypes continued to increase with rice development in both treatments (Figure 2a–c). This trend was similar for genotypes in the sandy treatment at the same stage. However, the reduction of PAE under salt-alkaline stress differed markedly among genotypes and developing stages. The PAE of D4 was the highest of all genotypes under sandy soil, but it showed the largest reduction (72.77%) under salt-alkaline stress at the tilling stage (Figure 2a), and the relative reduction of C25 (53.67%) was the least. From the heading stage, the PAEs of D4 and C9 were higher than C25 and T315 in the salt-alkaline treatment. The relative PAE reduction of D4 (2.37% at heading, 27.59% at maturity) and C9 (3.91% at heading, 25.35% at maturity) was significantly lower than C25 (41.48% at heading, 52.48% at maturity) and T315 (27.59% at heading, 40.05 at maturity) although the reductions of PAE at the mature stage were larger than in the heading stage, indicating that the mature stage of rice was more sensitive to salt-alkaline stress than the heading stage.



The PUE was approximately 0.35 at the tilling stage and increased to approximately 0.42 in the reproductive stages. A slight increase in salt-alkaline soil for the PUE was maintained for all genotypes except for that of D4 and C9 at the heading stage (Figure 2e). Significant increases in PUEs were observed in C9 (14.66%) and C25 (15.10%) at the tilling stage, T315 (4.00%) at the heading stage and C9 (9.85%) at the mature stage. Thus, the PUE was not seriously affected by the salt-alkaline stress because the proportion of changes in the phosphorus concentration was similar.




3.5. Phosphorus Translocation


Four phosphorus translocation indexes are shown in Figure 3.


Figure 3. The four phosphorus translocation indexes for genotypes in two soil treatments. (a) PT = phosphorus translocation; (b) PTE = phosphorus translocation efficiency; (c) CPAG = contribution of phosphorus assimilation to grains; (d) PHI = phosphorus harvest index; *, ** = significant at 0.05, 0.01 levels between the two types of soils, respectively; A, B, C, D = significant differences between genotypes in sandy treatment; a, b, c, d = significant differences between genotypes in salt-alkaline treatment; bars represent ± S.E.
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The changes in phosphorus translocation (PT) and phosphorus assimilation to grains (CPAG) were significantly affected by salt-alkaline stress (Figure 3a,c). D4 (2.57%) and C9 (6.32%) showed minimal increase in the PT under salt-alkaline stress, whereas PT significantly decreased in C25 (39.97%) and T315 (29.79%). As a result, the phosphorus transfer abilities of C25 and T315 were affected by the salt-alkaline stress in spite of their higher PT in the sandy soil. The CPAG of genotypes significantly increased with salt-alkaline stress. With a lower CPAG of D4 and C9 in both the sandy soil and the salt-alkaline soil, the increasing CPAG was much larger than in C25 and T315. The relative increase of CPAG was 42.05% for D4, 68.42% for C9, 31.65% for C25 and 23.35% for T315. These results showed that the phosphorus transferring abilities of D4 and C9 were much stronger than that for C25 and T315, and more phosphorus might be transferred to the grains under salt-alkaline stress. However, the phosphorus translocation efficiency (PTE) of D4 and C9 increased slightly but did not show any significant difference between genotypes and soil types (Figure 3b). Similar to PTE, the phosphorus harvest index (PHI) did not exhibit much difference between genotypes, even though it was slightly higher in the sandy treatment (Figure 3d).





4. Discussion


The source–sink relationship plays a critical role in crop growth and yield [27]. As the most important nutrients, nitrogen and phosphorus are essential to the balance of the source–sink relationship by affecting the dry matter and nutrient assimilation and translocation [21]. However, salt-alkaline stress can suppress the ionic absorption through ionic and osmotic stress, oxidative effects and high pH conditions, which leads to physiological nutritional deficiency and poor phosphorus assimilation and translocation. Shoot growth of crops is quite affected by phosphorus acquisition, but it is mainly restricted by salt-alkaline stress [5,28]. When different tolerant genotypes suffered from salt stress initially, they reacted similarly, by lowering the water potential. When the stress conditions become more severe and continuous, however, salt-tolerant genotypes accumulate Na+ and Cl− more slowly than sensitive genotypes [29]. They can also redistribute toxic ions from cytoplasm to vacuole and from leaf to root, which keep salt-tolerant genotypes from metabolic disturbance, growth inhibition and even plant death [30].



In this experiment, salt-alkaline stress significantly affected the four genotypes’ biomass, DMT, DMTE, CDMAG, PAE, PT, and CPAG. There were also significant differences between salt-alkaline-tolerant rice genotypes (D4 and C9) and -sensitive rice genotypes (C25 and T315) under salt-alkaline stress.



4.1. Dry Matter Accumulation and Translocation


Plant growth and dry matter assimilation can be seriously affected by salt-alkaline stress, primarily because of the acquisition of excessive sodium, decrease of potassium and increase of Na+/K+, which generally constitute ion toxicity to plants under salt or sodic stress [31,32]. The excessively accumulated Na+ and Cl− inhibited the absorption of K+, Ca2+ and other nutrients [33,34]. In this study, dry matter from the four genotypes was significantly restricted by the salt-alkaline stress at three stages along with the development (Table 2). The tilling stage suffered the worst effect, with dry matter reduction of the stem and leaf of approximately 50% or even more in the salt-alkaline treatment. The spikelet differentiation was severely inhibited by the salt-alkaline stress, which led to the reduction of spikelet number and weight [35,36]. Thus, the serious effect occurred in the mature stage, and the dry matter reduction in the heading stage was the least for all genotypes. The dry matter reductions in D4 and C9 were significantly lower than C25 and T315 in the two later stages, especially in the grain in the mature stage. Shabbir et al. [6] found that salt stress significantly increased the pollen sterility of rice, especially to salt-sensitive genotypes. It may due to the disturbances and restriction of photosynthesis and sugars under salt stress condition [37]. These results shows that the tolerance for salt-alkaline is different for growth stages and genotypes [38]. Additionally, tilling and grain filling were more sensitive to stress conditions than the anthesis stage.



An ionic imbalance in cells, tissues and organs makes it difficult to absorb and transport water, leading to weakened photosynthesis and transpiration pull. Thus, the production and translocation of carbohydrates are easily affected by salt-alkaline stress [33,39]. In general, vegetative organs play an important role in transporting water and nutrients to the grain and even restore the excessive toxic ions, especially in the stem [40]. From the heading stage, the dry matter of the stem and leaf decreased with the grain filling, which meant that the stem and leaf remobilized carbohydrates to the panicle. In the sandy condition, the DMT, DMTE and CDMAG of rice genotypes were significantly lower than in the salt-alkaline condition (Figure 1). These phenomena may be a result of the changing strategies of the rice plant to stress. Fabre et al. [41] found that grain dry matter mainly comes from the carbohydrates produced by photosynthesis at grain filling stages than from the stem and leaf in appropriate conditions. However, the suppression of photosynthesis and reduction of carbohydrates promote greater dry matter translocation of the stem and leaf under stress conditions [42]. Van et al. [43] also obtained similar results indicating that the contribution of carbohydrate assimilation of grains reached 75%–100% for wheat under dry conditions. As in previous research, the dry matter in the stem and leaf had a higher translocation and contribution to the grain in salt-alkaline soil. The increasing DMT, DMTE and CDMAG of D4 and C9 were markedly lower than those of C25 and T315. This was because C25 and T315 had weaker photosynthesis and nutrient acquisition ability to support their panicle development under salt-alkaline stress. Arduini et al. [21] found that the higher dry matter assimilation in pre-anthesis stages may link to higher translocation. However, there was no positive relationship between dry matter and its translocation in our results. Conversely, C25 and T315 showed higher dry matter and lower translocation in sandy treatment. The HI did not show an obvious difference (below 60%) among genotypes but showed a slight decrease in the salt-alkaline treatment because the decrease of the stem and leaf was lower than that of the grain at maturity. In conclusion, the salt-alkaline-tolerant genotypes D4 and C9 have a greater capacity for growth and remobilizing carbohydrates.




4.2. Phosphate Accumulation and Translocation


Although the inorganic phosphorus content in crops is generally low, it plays an important role in stabilizing the pH and metabolic balance of the cellular protoplasm [44]. The low Ca-P mineral solubility and ionic competition with H2PO4− and HPO42− severely restricted the availability of phosphorus in salt-alkaline soils [45]. The effect of salinity on phosphorus absorption and utilization in crops seems to be more obscure [12].



In the two types of soil, the phosphorus concentration continued to decrease from the tilling stage to maturity in the stem and leaf but increased from the heading to mature stages in the grain (Table 3). This result may be because of the change in vegetative growth and translocation toward grains for reproductive development [46]. The phosphorus concentration in two soil treatments was similar at the same stage for the genotypes. Consistent with a previous study, NaCl salt stress had no significant effect on the concentration of leaf and grain phosphorus in rice [33]. Similar with the changing of dry matter, the relative reduction of PAE was higher at the tilling and mature stages under salt-alkaline treatment for all genotypes, which illustrated that phosphorus acquisition was severely affected by salt-alkaline stress at these two stages (Figure 2a–c). Grattan and Grieve [45] proved that saline soils can reduce the phosphorus availability and root absorption by the fixation and low solubility of Ca-P minerals. In addition, the PAE relative reduction of D4 and C9 was far less than that of C25 and T315 in the salt-alkaline treatment. However, in the sandy treatment, there was almost no significant difference on PAE among genotypes; this result is the same as the result reported by Masooni et al. [42]. The difference in dry matter and phosphorus assimilation between genotypes was far less than that between environments. We also propose that D4 and C9 have greater phosphorus acquisition ability with the higher PAE under salt-alkaline stress. The demand from plants was the vital factor for phosphorus uptake [14,47,48]. In addition, a higher phosphorus concentration can be helpful for cellular osmotic regulation and metabolic balance, and enhancing the crop salt-alkaline tolerance [49]. Zirbi et al. [50] also demonstrated that PAE increased significantly in salt-tolerant rice genotypes. Because of the relatively stable phosphorus concentration, the PUE did not show obvious differences among treatments (Figure 2d–f). While Wu et al. [25] found obvious higher PUE in low phosphorus conditions than in normal and higher phosphorus conditions. This may implied that the contribution of phosphorus to dry matter was the same with a sufficient phosphate supply in our experiment.



Compared to the translocation of dry matter, phosphorus had a greater amount of translocation (greater than 20 mg pot-1), a higher translocation efficiency (approximately 70%), a larger contribution to phosphorus in the grain (38.75%–72.43%) and a higher PHI (approximately 80%) (Figure 3). This result indicated that phosphorus is less affected than the dry matter under salt-alkaline stress. It also proved that the shoot biomass was more restricted by salt-alkaline stress than weak phosphorus acquisition. Masoni et al. [42] also found the same result between dry matter and nutrition translocation in durum wheat. Phosphorus in grain relies on the translocation from other vegetable organs and production of photosynthesis. A significant difference among genotypes occurred in the PT and CPAG under salt-alkaline stress. D4 and C9 showed lower PT than C25 and T315 in sandy soil, representing less remobilization and more photosynthesis for their grain filling. Thus, the CPAG of D4 and C9 was also lower than C25 and T315 in the same condition. In the salt-alkaline treatment, however, the PT and CPAG changed because of the photosynthetic inhibition and biomass reduction. Sensibility of the salt-alkaline stress led to an extremely significant PT decrease in C25 and T315 because of the greater dry matter reduction of C25 and T315 in both the heading and mature stages. D4 and C9 showed slightly higher PT under salt-alkaline stress. This is own to the relative metabolic stability and less reduction of dry matter. They can also redistribute Na+ and Cl− from grains and leaves into stems and roots. Once the dry matter and phosphorus assimilation was restrained, contribution of the dry matter and phosphorus to the panicle at maturity increased [21,51]. The lower PT and relative increased CPAG of C25 and T315 reflected their seriously restrained photosynthetic abilities and phosphorus absorption under salt-alkaline stress. In addition, the higher PT and relative increased CPAG of D4 and C9 reflected their stronger abilities of photosynthetic adaption and phosphorus remobilization under salt-alkaline stress. The relative CPAG is come from the combined action of phosphorus acquired in metabolism and translocation from other organs, while the PT can represent the phosphorus remobilization more directly [42]. The PTE and PHI were similar in genotypes, showing that the percent of phosphorus translocation for genotypes was not affected by the salt-alkaline stress. In this study, with higher phosphorus acquisition efficiency and translocation, D4 and C9 may have greater ability to regulate the phosphorus absorption from soil to root and reasonable remobilization from vegetative organs to the reproductive organs under stress conditions.





5. Conclusions


Biomass and phosphorus were transferred from the vegetative organs to the yield components from the beginning of the reproductive stages. Our study showed that dry matter and phosphorus concentration kept decreasing in vegetative parts but increasing in the grain along with rice growth. The salt-alkaline stress seriously affected the dry matter and phosphorus assimilation and translocation. The total phosphorus acquisition of rice, the PAE, also increased with development. Because of ionic toxicity and osmotic stress, rice genotypes absorbed more Na+ and Cl− than K+ and other useful ions, which led to the photosynthesis and the synthesis of carbohydrates being significantly affected under salt-alkaline stress. Growth restriction resulted in a poor source of assimilation, while pollen sterility resulted in a weak potential sink. The dry matter and phosphorus translocations in vegetable organs increased further to support grain filling under stress conditions. Results also demonstrated that the salt-alkaline-tolerant genotypes D4 and C9 can maintain stably higher dry matter assimilation and translocation in the salt-alkaline soil. They can also remobilize more phosphorus to the grain under stress conditions. As a result, we speculate that the salt-alkaline-tolerant rice genotypes may have greater biomass and phosphorus assimilation and translocation abilities than the salt-alkaline-sensitive rice genotypes, especially under stress conditions. This study can provide a basis for high resistance rice breeding and rational fertilization in salt-alkaline soil, which is also important for environment protection and food security. More rice genotypes should be used to support our speculation in future work.
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