
 

 

School of Agriculture, Policy and Development 

 

 

Thesis  

Submitted to the University of Reading, in fulfilment of the requirements for the degree of 

Doctor of Philosophy in Crop Sciences 

 

Seed priming approaches to increase salt tolerance of rice (Oryza sativa L.) accessions from 

Mozambique and improve their yield and grain nutritional quality 

 

 

PhD Candidate: Celsa Suzethe Mathe Mondlane Macandza  

                              Student number: 26805104 

 

 

                                                                                                   Supervisors: 

                                                                                                   Dr. Paola Tosi     & 

                                                                                                   Dr. John Hammond 

 

 

Reading, October 2022 



Page II of 206 
 

Declaration: 

I confirm that this is my own work and the use of all material from other sources has been 

properly and fully acknowledged. 

 

Celsa Suzethe Mathe Mondlane Macandza 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page III of 206 
 

Abstract 

In Mozambique, rice is one of the staple crops and is among the main sources of 

carbohydrates for most of the population. Most rice production occurs along the coastal 

areas. Rice crop is sensitive to salt stress and sea salt intrusion severely limits growth, 

development and yield of rice in Mozambique. However, scientific evidence on the specific 

effects of salinity on rice varieties cultivated in Mozambique and the mechanisms that could 

increase salt tolerance are still scarce. To fill this gap, laboratory experiments in hydroponic 

system in a growth cabinet were conducted to investigate rice salt tolerance, the effect of 

priming treatments with inorganic salts (CaCl2, KCl, and KNO3) in mitigating salt stress, and 

the physiological mechanisms that confer higher salt tolerance. The following parameters 

were assessed in twelve rice accessions: plant growth (shoot dry weight, percent 

germination, root and shoot lengths), plant physiology (Na-ions and K-ions), grain yield and 

grain composition (starch, amylose, protein concentrations). Indica Mozambique (landrace) 

rice accessions are moderately tolerant and the indica improved (IRRI Lines) are tolerant to 

salt stress. CaCl2 and KNO3 priming treatments showed potential to alleviate salt stress 

effects on Indica Mozambique (landrace) by increasing shoot dry weight and salt tolerance, 

altering Na-ions and K+/Na+ ratios, and increasing grain protein concentrations. However, 

these changes were not translated in the increase of grain yield, thus there is a need for 

further studies to identify the ideal priming inorganic salt concentration and duration 

suitable for each rice accession, stage of crop growth, level and duration of salinity stress, 

including the evaluation of more physiological parameters (e.g. Ca-ions, osmolytes, 

antioxidants, hydrolases). Thereafter, priming approaches with positive significant effects 

may be adopted by the smallholder farmers to increase rice grain yield and quality, hence 

contributing to food and nutritional security in Mozambique. 
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production (day and night temperatures 29 °C and 26 °C respectively, relative humidity 70%, 
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PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy, photoperiod was 10 h); B) 

supported hydroponic system; and C) tank ready for rice direct seeding in Rockwool cubes: 

each treatment (rice accession, priming treatment and salt treatment) had eight replicates, 

represented with the same labelling colour, and randomly distributed. ........................... 100 

 

Figure 5.2: Rice plants at maturity stage: A) under 0 mM NaCl salt concentration, and the 
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 Literature Review 

 Rice (Oryza Sativa L.): Global Perspective, Taxonomy, Production  

Rice belongs to the genus Oryza in the family Poaceae (or Gramineae) (Linares, 2002, Khush, 

2005, Vaughan et al., 2008), and there are currently more than twenty identified Oryza 

species. However, only two are widely cultivated, namely: Oryza sativa L. and Oryza 

glaberrima Steud. O sativa is the most widespread and commonly cultivated rice in Asia, 

whereas O glaberrima is an African rice, mainly grown in African countries (West Africa) 

(Linares, 2002, Vaughan et al., 2008). O sativa is subdivided in two main subspecies: Indica 

(including glutinous, non-glutinous, aromatic basmati and aromatic jasmine types) and 

Japonica rice types (Awan et al., 2017). Based on the grain colour, rice may be categorized 

as white, black, red and green, the first type being the most commonly grown (Graham et 

al., 1999).  

Rice is one of the most cultivated cereal crops worldwide, being grown in different ecologies, 

which vary from dry upland ecosystems to flooded rainfed low-land and irrigated soils and 

spanning latitudes from 50 of Northern China to 35 in South Australia and Argentina (Ismail 

and Horie, 2017). The subspecies O sativa Indica rice is grown in subtropics and tropics of 

the world (particularly tropical Asia), in submerged and lowland conditions; whereas, 

subspecies O sativa Japonica rice is cultivated at high elevation (South Asia), dry fields 

(temperate East Asia), upland areas (Southeast Asia) and in temperate and cooler zones of 

the subtropics (Awan et al., 2017). Overall, rice is grown in 114 of the 193 total global 

countries and covering the six continents of Asia, Africa, Australia, Europa, Latin America, 

and North America (Virmani and Ilyas-Ahmed, 2007, Hoang et al., 2016). Currently, rice is 

grown in a global area of about 162,427 million hectares. The total annual production is 
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about 501,201 million metric tons (MMT) of milled rice, from which 497,694 MMT (about 

99%) is for domestic consumption (INDEXMUNDI, 2021a). More than 90 % of global rice 

production and consumption is accounted in Asia (Khush, 2005, Virmani and Ilyas-Ahmed, 

2007). China and India have the highest annual production of 147 MMT and 120 MMT, 

respectively. Major producers outside of Asia are Brazil, followed by United States of 

America (Figure 1.1). In Africa, Nigeria (West Africa), with 5,040 MMT of annual production, 

has the highest annual rice production, followed by Egypt (North Africa), Madagascar (East 

Africa), Mali (West Africa), and Tanzania (East Africa) (Figure 1.1).  

Among the major rice producing countries China and Japan have the highest yields, at 7 

metric tons per hectare (MT/ha), while Nigeria has the lowest at 2 MT/ha. (INDEXMUNDI, 

2021a). Therefore, the lowest yields are observed in Africa. 
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Figure 1.1: The major rice producing countries worldwide. Annual production and domestic 
consumption (in MMT – million metric tons) in Asian countries, Brazil, United States of 
America and Africa (INDEXMUNDI, 2021a). 

 

 Rice Importance and Consumption 

 Rice Grain Composition  

The rice grain (rough rice) consists of an edible portion (caryopsis) and its covering structure 

called hull (vestige of the bracts within which the caryopsis developed). Removal of the 

covering structures results in caryopsis or brown rice. Brown rice comprises the bran 

(pericarp, tegmen, aleurone layers, and embryo), polish (subaleurone with or without small 

part of starchy endosperm), and milled white or polished rice (Juliano, 1972, Champagne et 

al., 2004). The subaleurone has relatively smaller cells, higher protein bodies , lower starch 
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compared to the starchy endosperm (Champagne et al., 2004). Milled white or polished rice 

grain consists of starch, proteins, water, various minerals and vitamins (Chen et al., 2012, 

Calingacion et al., 2014). Starch is the main component, accounting for about 80% of the 

milled rice grain (Table 1.1) (Champagne et al., 2004), and  it is formed by two types of 

glucose polymers, amylose and amylopectin. Amylose is a linear polymer of D-glucose and 

represents between 15-30% of rice starch, while amylopectin is a highly branched polymer 

of glucose and constitutes 70-85% of the starch in the rice grain (Umeda et al., 1991). 

Proteins are the second largest component of rice grain and represent 5-12% of the total 

grain weight (Villareal and Juliano, 1978, Chen et al., 2012, Calingacion et al., 2014). Based 

on their solubility, proteins are classified into four groups, namely: water soluble albumin, 

salt soluble globulin, alkaline soluble glutelin, and alcohol soluble prolamin (Chen et al., 

2012). The latter two types are the most prevalent in rice grain. The alkaline soluble glutelin 

make up to 80%, whereas the alcohol soluble prolamin account for about 20% of the total 

rice grain proteins (Yamagata et al., 1982, Chen et al., 2012). Water typically composes 12% 

of the harvest-mature rice grain (Calingacion et al., 2014). Although in relatively smaller 

quantities, rice grain contains several minerals such as N, P, K, Ca, Mg,  and trace elements 

such as Fe, Cu, Zn, Se and Mn, which are predominantly found in the bran layer (Table 1.1) 

(Champagne et al., 2004, Heinemann et al., 2005, Razzaq et al., 2020). Rice grain, particularly 

brown rice, contains vitamin B complex, namely: Thiamine (B1), Riboflavine (B2), Niacin (B3), 

Pantothenic acid (B5), and Vitamin B6 (Table 1.1) (Champagne et al., 2004, Chen et al., 2012, 

Ghosh et al., 2016). 
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Table 1.1: Organic fractions of rough, brown and milled rice grain and the respective bran. 

Nutrient 
(% of organic fractions at 14% 
moisture) 

Rice grain type  

Rough  
(raw) 

Brown 
(unpolished) 

Milled 
(polished) 

 
Bran 

Protein (N*5.95) 5.8 - 7.7 4.3 - 18.2 4.5 - 10.5 11.3 - 14.9 

Carbohydrates 64 - 73 73 - 87 77 - 89 34 - 62 

Starch 53.4 66.4 77.6 13.8 

Macroelements (mg/g at 14% moisture)  

Nitrogen 1.0 - 1.3 0.7 - 3.1 0.8 - 1.8 1.9 - 2.5 

Calcium  0.1 - 0.8 0.1 - 0.5 0.1 - 0.3 0.3 - 1.2 

Magnesium  0.6 - 1.5 0.2 - 1.5 0.2 - 0.5 5 - 13 

Phosphorus 1.7 - 3.9 1.7 - 4.3 0.8 - 1.5 11 - 25 

Potassium  1.5 - 3.7 0.6 - 2.8 0.7 - 1.3 10 - 20 

Silicon  10.8 0.6 - 1.4 0.1 - 0.4 3 - 5 

Sulphur 0.4 - 1.6 0.3 - 1.9 0.8 1.7 

Microelements (mg/g at 14% moisture)  

Copper 2 - 11 1 - 6 2 - 3 9 - 34 

Iron 14 - 60 2 - 52 2 - 28 86 - 430 

Manganese 17 - 94 2 - 36 6 - 17 95 - 230 

Sodium 53 - 810 17 - 340 5 - 86 71 - 335 

Zinc 1.7 - 31 6 - 28 6 - 23 43 - 258 

Vitamins (mg/g at 14% moisture)  

Thiamine (B1) 2.6 - 3.3 2.9 - 6.1 0.2 - 1.1 12 - 24 

Riboflavin (B2) 0.6 - 1.1 0.4 - 1.4 0.2 - 0.6 1.8 - 4.3 

Niacin (B3) 29 - 56 35 - 53 13 - 24 267 - 499 

Pantothenic acid (B5) 7 - 12 9 - 15 3 - 7 20 - 61 

Vitamin (B6) 4 - 7 5 - 9 0.4 - 1.2 9 - 28 

Adapted from tables 1, 2 and 3; pages 88 and 89 (Champagne et al., 2004). 

 

 Rice Grain Quality  

The quality of rice grain is determined based on storage, milling and marketing properties, 

physical appearance of the caryopsis, cooking and eating quality, and nutritional value; these 

in turn are determined by rice grain composition (Juliano et al., 1964b, Yang et al., 2007, Sun 

et al., 2011, Chen et al., 2012, Calingacion et al., 2014).  
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 Milling and Marketing Properties  

Milling quality is measured in terms of head rice recovery (HRR), which indicates the amount 

of whole grain obtained from the removal of bran and polish components with milling. It is 

expressed as the ratio of milled grain to rough rice (Cruz and Khush, 2000). Therefore, it 

determines the final yield, which may range from 25% to 65% (Khush et al., 1978, Chen et 

al., 2012). Starch, and to a lesser extent proteins, play a prominent role on rice grain quality 

(Muramatsu et al., 2006, Sun et al., 2011, Chen et al., 2012, Calingacion et al., 2014, 

Thitisaksakul et al., 2015). Rice grains with lower amylose content are characterized by 

having less densely packed starch granules, thus as being more susceptible to breakage 

during milling (Juliano, 1979, Cruz and Khush, 2000). Rice grains with a lower protein content 

also display a higher propensity to breakage during milling (Leesawatwong et al., 2004, Lee 

et al., 2009).  

 

 Physical Appearance of the Caryopsis  

Physical appearance is related to the size, shape and visual attributes of milled rice grain. 

Regarding the visual attributes, rice grain may be chalky or translucent (Cruz and Khush, 

2000). A chalky grain results from incomplete grain filling, caused by adverse environmental 

conditions, which lead to endosperm opacity (Chen et al., 2012). Rice grain endosperm may 

be opaque on the dorsal, ventral, or central side; resulting respectively in a white back, white 

belly or white centre (Cruz and Khush, 2000). Grain translucency is also influenced by the 

amylose content. In general, a translucent rice grain contains a greater amount of amylose 

than a chalky grain (Rani and Bhattacharya, 1989, Lisle et al., 2000, Singh et al., 2003). 
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Consumers have different preferences in the size and shape of rice grain, but translucent 

grain is the most preferred (Cruz and Khush, 2000). 

 

 Cooking and Eating Quality 

Cooking and eating quality describe the easiness of cooking, firmness and stickiness of rice 

grain upon cooking (Chen et al., 2012). This is influenced by the ratio of amylose and 

amylopectin in the starch, which govern starch properties, and by the content of protein 

(Rao et al., 1952, Cruz and Khush, 2000, Chen et al., 2012). The properties of starch are 

gelatinization temperature, amylose content and gel consistency (Cruz and Khush, 2000, 

Chen et al., 2012) (Table 1.2). The gelatinization temperature determines the time required 

for 90% of the starch granules to dissolve irreversibly in hot water. Therefore, it defines the 

time required for cooking the rice grain (Cruz and Khush, 2000, Chen et al., 2012). The 

gelatinization temperature varies from 55 oC to 79 oC, hence it is subdivided into three 

categories which are: low (gelatinization temperature 55 oC to 69 oC), intermediate 

(gelatinization temperature 70 oC to 74 oC), and high (gelatinization temperatures higher 

than 74 oC) (Table 1.2). In laboratory experiments, the alkali spreading value is used to 

evaluate the gelatinization temperature of rice starch granule: an alkaline solution (1.7% 

KOH) is used to test the degree of dispersion value of individual milled rice grain (Cruz and 

Khush, 2000). Grains with low gelatinization temperature show complete disintegration of 

starch granules, intermediate gelatinization temperature show partial disintegration of 

starch granules, while high gelatinization temperature the starch granules remain 

unaffected (Cruz and Khush, 2000). Traditional tropical varieties are in general intermediate 

(Juliano et al., 1964a) (Table 1.2).  
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The amylose content determines the ability of rice grain to absorb water and expand its 

volume during cooking, and the texture of cooked rice (Juliano, 1979, Rao et al., 2013). It is 

therefore considered a highly and distinctly relevant parameter in the determination of the 

grain quality of milled rice (Juliano, 1979, Rao et al., 2013). Regarding the proportion of 

amylose in the starch, rice grain may be grouped into five classes namely: waxy (0-2%), very 

low (3-9%), low (10 - 19%); intermediate (20-25%) and high (25% or more amylose content 

in the grain) (Kumar and Khush, 1986). Waxy rice grains almost do not contain amylose in 

the starch, thus do not expand in volume, are glossy and sticky, cook moist and remain firm 

after cooking. High amylose content rice grains exhibit a high volume of expansion, high 

degree of flakiness, cook dry, are less tender and become harder upon cooling. While, rice 

grain varieties with intermediate amylose content cook moist and tender and do not harden 

when cool. The class of  intermediate amylose content is the most preferred in many rice 

producing regions (Cruz and Khush, 2000) (Table 1.2). There is no strict correlation between 

low gelatinization temperature with any class of amylose content in the grain, thus it is freely 

recombined, but intermediate gelatinization temperature is associated with either 

intermediate or high amylose content, whereas high gelatinization temperature is related 

with low amylose content (Cruz and Khush, 2000) (Table 1.2). The gel consistency property 

indicates the trend of cooked rice to harden on cooling, thus it may be hard, medium, and 

soft. These classes are based on the length of the gel (flow characteristics of milled rice gel 

in 0.2 M KOH) which are < 40 mm for hard, 40 – 61 mm for medium, and > 61 mm for soft 

gel consistency. These intervals exhibit respectively very flake, flake and soft rice grains 

(Juliano, 1979, Chen et al., 2012), with each of  these classes also differing  in terms of 

cohesiveness, tenderness, colour and gloss of the cooked grain. Among them, the soft gel 

consistency is the most preferred, because it provides tender cooked rice grain. Moreover, 
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soft gel consistency is generally combined with amylose content lower than 25% (Rao et al., 

2013) (Table 1.2).  

 

Table 1.2: Characteristics of different rice varieties based on the properties of the starch in 
the rice grain endosperm (Juliano et al., 1964a, Cruz and Khush, 2000, Rao et al., 2013, 
Awan et al., 2017) 

Gelatinization temperature (defines time required for cooking for cooking the rice grain) 

Categories  
Gelatinization 
temperature  

Degree of dispersion starch 
granules 

Amylose content 
Rice grain type 

Low  55 oC to 69 oC complete disintegration  no strict correlation  ________ 

Intermediate  70 oC to 74 oC partial disintegration intermediate/high 
traditional tropical 
varieties  
Indica (Basmati rice) 

High  > 74 oC starch granules unaffected  low _______ 

Amylose content (determines rice grain water absorption, expansion and texture 
during cooking) 

 

Classes 
Amylose 
content 

Characteristics of rice grains 
 

Waxy 0-2% 

 do not expand in volume 
 are glossy and sticky 
 cook moist 
 remain firm after cooking 

Japonica rice 
Indica 
(glutinous, 
jasmine rice) 

Very low 3-9% _________________ __________ 

Low 10 - 19% _________________ __________ 

Intermediate 20-25% 
 cook moist and tender 
 do not harden when cool 

most preferred 
Indica (Basmati 
rice) 

    

High 
≥ 25% 

 exhibit a high volume of expansion 
 high degree of flakiness, cook dry 
 are less tender 
 become harder upon cooling 

__________ 

Gel consistency (indicates trend of rice grain to harden on cooling) 

Classes Length of the gel  Characteristics of rice grains 
Amylose 
content 

  
 

Hard < 40 mm  very flake, ______ __________ 

Medium 40 – 61 mm flake  ______ __________ 

Soft > 61 mm  soft rice grains  < 25%   
most preferred 
Indica (Basmati 
rice) 
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 Nutritional Value  

Rice grain is among the major staple foods and part of the diet for more than 50% of global 

population (Linares, 2002, Khush, 2005, Vaughan et al., 2008). It is commonly consumed in 

the form of polished or milled rice grain without the embryo and the bran layers, which are 

removed during the grain processing (Yang et al., 2019). Currently, rice grain is prepared in 

several forms from boiled, steamed, fried or parched rice grain, and in a wide range of rice 

based food, such as cake, noodle, dumpling, glutinous rice flour, snacks, brewed beverages, 

and rice bran oil for use in religious events (Graham et al., 1999, Ghosh et al., 2016, Razzaq 

et al., 2020). Therefore, the nutritional value of rice grain is a fundamental quality parameter 

for the consumers, particularly in many developing countries, where rice is among the top 

staple foods (Chen et al., 2012).  

Rice is predominantly a source of carbohydrates, in the form of endosperm starch, and 

provide more than 21% of the human calorific requirements (Fitzgerald et al., 2009, Ghosh 

et al., 2016, Yang et al., 2019). The nutritional value of rice grain is also related to the content 

of protein, minerals (e.g. Ca, Mg, Cu, Fe, Zn, Mn) and vitamins, which are essential for the 

human diet (Juliano, 1979, Heinemann et al., 2005, Liu et al., 2017). Proteins of rice grain 

are highly digestible (about 88%), thus considered of high nutritional value (Ghosh et al., 

2016). Minerals have a substantial role in the control of immunological functions for adults 

and contribute for the development of intelligence in children (Belder et al., 2005, 

Boonchuay et al., 2013). Lower dietary intake of minerals may lead to negative effects on 

human health, such as anaemia (Shan, 2006). However, deficient intake of Fe and Zn is a 

problem that affects about one third of the global population, and this is severe in 

developing countries (Boonchuay et al., 2013). Significant proportion of vitamins and 

minerals of the rice grain are concentrated in the bran (brown rice), hence effort should be 
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made to increase the quality of milled rice in consuming countries with particular attention 

to developing countries.  

 

 Rice Production in Mozambique  

 Harvested Area, Producing Regions and Growth Conditions  

In Mozambique, rice has been cultivated for more than 500 years. Although approximately 

900,000 ha are suitable for the production of rice, only 365,000 ha are currently used for 

rice production (NRDS, 2009). The production of rice occurs along the coastal zone in all 

regions of Mozambique: north, centre and south, and this is concentrated in four niches: 

Cluster 1: Xai-xai, Cluster 2: Beira, Cluster 3: Quelimane and Cluster 4: Nampula. A significant 

proportion of rice, about 90%, is produced under rainfed lowland conditions in clusters 2 

and 3 (Figure 1.2). Rice in Mozambique is predominantly cultivated during the rainy season 

by small landholder farmers, with an average total land area of less than 0.5 ha/farmer. 

Therefore, rice is direct seeded from November to January and harvested from May to June, 

with an average yield of about 1.2 ton/ha(EDA, 2005). 
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Figure 1.2: Regions with higher concentration of rice production in Mozambique(EDA, 2005). 

 

 National Importance 

Rice is mainly produced for domestic consumption and only small quantities of surplus are 

sold in local markets. Rice plays an important dietary role for more than 90% of Mozambican 

population, because it is a staple food and one of the major sources of daily intake of 

carbohydrates. Currently, rice is the third source of calories after cassava and maize, 

contributing to about 10.5% of total consumption of calories, which is equivalent to nearly 

23 kg of milled rice per person a year (NRDS, 2009). Rice consumption has increased tenfold, 

while production has increased sevenfold in the last 30 years. Therefore, national rice 

production remains below consumption (Figure 1.3). The current rice consumption is about 
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1,000,000 tons/year, but only 300,000 tons/year is covered by national production and the 

remaining 700,000 tons/year rely on imports from Asia (Figure 1.3) (INDEXMUNDI, 2021b). 

 

Figure 1.3: Annual Production and Domestic Consumption of Milled Rice in Mozambique 
(INDEXMUNDI, 2021b).  

 

 Constraints of Rice Production  

There are many factors contributing to the limited use of land for rice production as well as 

to the low yield. The most prominent barriers which restrict the production of rice in 

Mozambique are low availability of technologies such as tractors, mechanized ploughs, 

irrigations systems, fertilizers and access to good seed. In addition, there are climatic 

adversities such as floods, drought and salinity, which negatively impact rice production 

(EDA, 2005). Rice cultivation in Mozambique occurs along the coastal zone and during the 

rainy season, thus crops are prone to salinity stress, in particular due to salt intrusion 

originating from storms. Therefore, a better understanding of the impact of soil salinity on 
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rice genotypes from Mozambique, and the identification of appropriate husbandry practice 

which may enhance salt tolerance in rice, could contribute to mitigate the impact of salinity, 

increase yield, and hence increase food security in Mozambique. 

 

 Soil Salinity  

 Definition of Soil Salinity  

Soil salinity is one of the major abiotic stresses that threatens agricultural productivity 

worldwide (Shabala and Munns, 2017). Currently, more than 6% (830 million hectares) of 

the global total land area and more than 20% of cultivated land is affected by salinity, which 

results mainly from natural processes and to a lesser extent from human activities. More 

than half of global land area affected by salinity is found in Asia, the Pacific and Australia, 

with 444 million hectares (Figure 1.4) (Munns, 2005, Smajgl et al., 2015, Hoang et al., 2016).  

 

Figure 1.4: Distribution of global total land area affected by salinity (million hectares) 
(Hoang et al., 2016). 
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Weathering of parental rocks releases soluble salts such as chlorides of sodium, calcium, 

magnesium, sulphates and carbonates, which accumulate in the soils over time. Among the 

most common salts, sodium chloride is the most predominant (Munns and Tester, 2008). 

Rainwater and wind can also transfer salts from oceans to the soils (Rengasamy, 2006), and 

salt intrusion originating from storms and consequent rise of sea level also contributes to 

the salinization of coastal soils (Smajgl et al., 2015, Shabala and Munns, 2017). Human 

activities such as clearing of land and irrigation can also contribute to the increase of salt 

concentrations in the soil by increasing water table and subsequent concentration of soluble 

salts in the root zone (Rengasamy, 2006, Smajgl et al., 2015).  

A soil is considered saline when the Electrical Conductivity of its saturated paste extract 

(ECe) is more than 4 ds/m, which is equivalent to 40 mM NaCl and creates osmotic pressure 

of 0.2 MPa (Richards, 1969, Munns and Tester, 2008). This concept of salinity corresponds 

to the concentrations that impair growth and development of the majority of crops (Munns 

and Tester, 2008, Shabala and Munns, 2017). However, a soil in the field is rarely saturated, 

thus the concentration of salts in the root zone may be higher than indicated by the 

saturated paste extract (Rengasamy, 2006). Therefore, soil with an ECe of 4 ds/m may have 

concentrations of salts of approximately 80 -100 mM NaCl and have a negative impact on 

plant growth and productivity, significantly reducing the yield of most crops, including rice 

(Munns and Tester, 2008, Shahbaz and Ashraf, 2013, Shabala and Munns, 2017). In many 

countries such as the United States of America, Australia, China, India and Pakistan, the 

impact of salinity in the agricultural sector is significant, with an annual loss of about US$27.3 

billion (Qadir et al., 2014). 
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 Effect of Soil Salinity on Plant Physiology 

Salinity affects cereals crop morphology, physiology and biology (Qin et al., 2020). The 

predominant changes at the morphological levels are suppressed root growth, leaf rolling, 

reduction of plant height and the number of tillers, spikelet sterility, and eventual yield loss 

(Chang et al., 2019, Razzaq et al., 2020). At physiological and biological levels, the rate of 

photosynthesis and water content decrease, the metabolism is disturbed, the concentration 

of Na-ions in the shoot rise, and those of K, Zn and P-ions decrease (Lekklar et al., 2019, Tsai 

et al., 2019, Razzaq et al., 2020). Therefore, focusing on physiological changes, soil salinity 

prevents growth and development of plants by causing osmotic stress, ion toxicity and 

nutritional imbalance, such as limited uptake of the K-ions from the soil, which ultimately 

lead to growth inhibition and reduced crop yield (Greenway and Munns, 1980, Ismail et al., 

2007, Munns and Tester, 2008). 

 

 Osmotic Stress 

Concentrations of salts above the threshold (4 ds/m) in the root zone create an osmotic 

pressure that reduces the ability of plants to take water from the soil (Munns, 2002, Munns 

and Tester, 2008). Low water availability for plants reduces the rate of cell elongation, the 

stomatal aperture and conductance of CO2 in shoot tissues, and consequently results in 

slower formation of photosynthetic area and limited rate of photosynthesis. These effects 

on photosynthesis reduce the movement of assimilates to the meristematic and growing 

tissues in both leaves and roots of a plant, but this effect is more prominent in leaves 

(Greenway and Munns, 1980, Shabala and Munns, 2017). The adverse effects of osmotic 
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stress in cellular and metabolic processes are similar to the effects of drought on plants 

(Munns, 2002). 

 

  Ion Toxicity  

The inability of plants to exclude salts from the transpiration stream results in the 

accumulation of salts to toxic concentrations, which cause disruption of metabolic processes 

and injury to the photosynthetic cells in transpiring leaves (Greenway and Munns, 1980, 

Ismail et al., 2007, Munns and Tester, 2008). Toxic concentrations of Na-ions in the 

transpiration stream accelerate the senescence of old leaves, resulting in premature death 

of plants (Munns, 2005). While Cl-ions may follow the same pathway of Na-ions, they rarely 

accumulate to reach toxic concentrations (Munns and Tester, 2008). This is because Na-ions 

have the same physico-chemical properties as the K-ions, specifically the ionic radius and 

ion hydration energy. Therefore, the accumulation of salts leads to competition between 

the Na-ions and K-ions for the major binding sites in fundamental metabolic processes in the 

cytoplasm, including many enzymatic reactions, protein synthesis and ribosome functions 

(George et al., 2012). More than 50 enzymes in the cytoplasm are activated by K-ions, thus 

the competition between the Na-ions and K-ions leads to severe disturbance of metabolism 

in the leaves as well as in the roots (Shabala and Munns, 2017). Asch et al. (2000) and Haq 

et al. (2014) emphasize that the concentration of Na-ions in shoot tissues is associated with 

the reduction of the concentration of K-ions , which results in the decrease of K+/Na+
 ratios. 

The reduction of K+/Na+ ratio is commonly linked with the reduction of yield, and can be 

used to estimate salt induced yield reduction from 60 days after sowing in rice (Asch et al., 

2000). 
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 Physiological Adaptation to Salinity Stress 

Plants physiologically respond to soil salinity stress in three distinct ways: osmotic 

adjustment, sodium exclusion and potassium retention in the cytosol. 

 

 Osmotic Adjustment 

Plants may counteract effect of salinity through osmotic adjustment by accumulating 

compatible solutes or organic osmolytes, biosynthesis of compatible solutes or increase in 

the accumulation of Na, Cl and K-ions from the soil (ion homeostasis and 

compartmentation)(Shabala and Shabala, 2011, Hoang et al., 2016). The most common 

compatible solutes are sugars, polyols, amino acids and quaternary ammonium compounds 

(Delauney and Verma, 1993). However, accumulation of organic osmolytes requires high 

energy, which may lead to yield reduction, and the biosynthesis of compatible solutes is a 

slow process. Therefore, increased accumulation of Na, Cl and K-ions is the ideal adaptation 

strategy to salinity for plants (Shabala and Munns, 2017).Flowers et al. (1986) observe that 

a small amount of ions accumulated in the leaves may contribute to osmotic adjustment, 

but excessive amount of Na and Cl-ions may cause toxicity in the leaves or reproductive 

tissues. Therefore, the accumulation of Na and Cl-ions should be essentially accompanied 

by efficient compartmentation of these ions in vacuoles to avoid toxicity (Shabala and 

Munns, 2017). 

 

 Na+ Exclusion  

Under high salt conditions there is a unidirectional influx of Na-ions, which is 

thermodynamically passive. This influx of Na-ions is common in most glycophytic plants, 
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which are non-native flora of saline soils, and this process is poorly controlled (Tester and 

Davenport, 2003). After a prolonged exposure to salt, plants, through the transpiration 

stream, accumulate Na-ions in the old leaves, since there is no longer an increase of leaf 

area, which would lead to the dilution of the salt deposited (Munns and Tester, 2008).The 

exclusion of Na-ions from growing leaves is an essential strategy for the survival of plants 

under salt stress, because it prevents salt accumulation at toxic levels (Munns, 2005, Munns 

and Tester, 2008). Most glycophytic plants rely on mechanisms that maintain low 

concentrations of Na-ions to survive under salinity stress, and this is attained by the balance 

between Na-ions exclusion and Na-ions sequestration in the vacuoles (Munns, 2005, Haq et 

al., 2014). Translocation of Na-ions from the leaves to the roots through the phloem would 

be an alternative for Na+ exclusion in the shoots (Munns, 2005, Munns and Tester, 2008). 

However, this approach appears to be unfeasible, because salt concentrations remain in the 

leaves after salt solution removal in the root zone, revealing a low movement of salt from 

leaves to roots via the phloem (Munns, 2005). Therefore, Na+ exclusion in the shoots is a 

process predominantly controlled by the net delivery of Na-ions to the root xylem (Munns 

and Tester, 2008). The net delivery of Na-ions to the xylem is divided into four distinct 

components: (1) influx into cells in the outer half of the root; (2) efflux back out from these 

cells to the soil solution; (3) efflux from cells in the inner half of the root to the xylem; and 

(4) influx back into these cells from the xylem before the transpiration stream delivers the 

Na-ions to the leaf blade (Munns and Tester, 2008). Approximately 98% of Na-ions in the 

transpiration stream should be excluded at the root zone and only 2% should flow in the 

xylem to avoid toxic concentrations (Munns, 2005). For this reason, the accumulation of Na-

ions in leaves has been used as an indicator of salt tolerance of crop plants (Ashraf and 

Harris, 2004, Munns et al., 2006). 
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 K+ Retention and K+/Na+ Discrimination 

The ability of a plant to survive under salt stress is not determined only by the concentration 

of Na-ions, but by the ratio of K+/Na+ in the cytosol (Shabala and Cuin, 2008). Therefore, in 

addition to the exclusion of Na-ions, it is essential that K-ions are retained in the cytosol, to 

increase the ratio of K+/Na+ (Shabala and Munns, 2017)  

 

 Impact of Soil Salinity on Rice Production 

 Salt Stress on Rice Growth, Physiology and Yield 

Rice is widely grown in different ecologies, thus the production of rice may be observed in 

diverse environments, including saline soils in coastal tropical regions, where salinity is 

dynamic and seasonal, and inland saline and sodic soils, where salinity remains all year 

(Ismail and Tuong, 2009). 

Among major cereals (maize, wheat , rice , barley), rice is the most sensitive to salinity stress, 

with a low threshold of 19-30 mM NaCl (Grattan et al., 2002). Salt concentrations that 

exceed 30 mM NaCl considerably affect growth, grain yield and grain quality of rice. Maas 

and Hoffman (1977) observed that under a salt concentration of about 60mM NaCl, the yield 

of rice is reduced by 50%. Other authors have observed rice to be more sensitive, and assert 

that lower salt concentrations of 20 mM NaCl and 40 mM NaCl cause a yield reduction of 

1/3 (33%) and 1/2 (50%) respectively (Lutts et al., 1995, Abdullah et al., 2001, Grattan et al., 

2002, Baxter et al., 2011). Shabala and Munns (2017) highlight that in field conditions where 

the concentrations of salts are about 100 mM NaCl, rice plants will not survive to maturity. 

However, the response to saline stress varies according to the stage of growth and 

development, severity, and the duration of stress (Zeng et al., 2001, Ismail and Horie, 2017).  
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The impact of salinity on rice is greater during the seedling stages, panicle initiation, 

flowering and pollination than in germination, tillering, grain filling and maturity (Lutts et al., 

1995, Roessner and Beckles, 2012, Ismail and Horie, 2017). However, the negative effect of 

salinity at seedling stages may be compensated by the higher percentage of production of 

new leaves, earlier panicle initiation, higher inflorescence formation and increased rate of 

grain filling (shorter period of grain filling) (Lutts et al., 1995, Munns, 2005). 

The effect of salinity during the reproductive stage has a direct effect on yield, because at 

this final stage, the plant has few adaptation mechanisms and this can lead to a high number 

of sterile florets, partially filled or unfilled grains and, ultimately, lower yield (Roessner and 

Beckles, 2012, Thitisaksakul et al., 2012, Shavrukov, 2013, Beckles and Thitisaksakul, 2014).  

Moreover, the sensitivity to salinity varies with genotype (Lee et al., 2003, Kurotani et al., 

2015). Lee et al. (2003) observe that japonica rice is more sensitive to salinity than indica 

rice. Regarding, the physiological effect of salinity stress, rice plants are poor in excluding 

Na-ions from saline soil, being able to exclude up to 94%, which is relatively low compared 

to the ideal 98% (Munns, 2005). Munns et al. (2006) recommend Na+ exclusion as a 

parameter to evaluate salt tolerance in rice. Under salt stress, salt tolerant varieties of rice 

retain lower concentrations of Na-ions in the leaves than salt sensitive varieties (Flowers and 

Yeo, 1981, Haq et al., 2009, Haq et al., 2014).  

Platten et al. (2013) observed a strong correlation between the concentration of Na-ions 

and salt tolerance in many rice accessions of different rice species. Generally, the Indica rice 

subspecies has higher ability to exclude Na-ions in the leaves and retain K-ions and 

consequently increase K+/Na+ ratio in the cytosol than the Japonica rice subspecies (Gregorio 

et al., 1997). Previous studies indicate that Indica rice accumulate 75% less Na-ions, and has 
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27% higher K+/Na+ ratio in the shoots than Japonica rice. Therefore, Na+ exclusion and higher 

K+/Na+ ratio were the key mechanisms that conferred higher salt tolerance of Indica variety 

compared to Japonica variety (Haq et al., 2009, Haq et al., 2014). 

 

 Effect of Soil Salinity on Rice Grain (Nutritional) Quality 

Rice grain composition and quality are defined by several developmental processes. These 

processes are influenced by genetic factors as well as the growth environment (Chen et al., 

2012). In general, rice is consumed in the form of whole milled grain with very little 

processing (without adding several ingredients to the end-product), hence the effect of 

growth environmental conditions is prominent in the quality of the raw material (Yamakawa 

et al., 2007, Sun et al., 2011, Beckles and Thitisaksakul, 2014). Rice grain yield and grain 

quality are both affected by abiotic stresses, including soil salinity; (Peiris et al., 1988, Siscar-

Lee et al., 1990, Lutts et al., 1995, Munns and Tester, 2008, Pattanagul and Thitisaksakul, 

2008, Chen et al., 2012, Razzaq et al., 2020). Although soil salinity has significant impact on 

rice grain quality, knowledge of the specific effects on composition, processing and visual 

attributes are still limited (Siscar-Lee et al., 1990, Baxter et al., 2011, Chen et al., 2012, 

Beckles and Thitisaksakul, 2014). Previous research indicates that rice production under salt 

stress results in reduced grain size, grain weight, head rice recover, starch and amylose 

concentrations, grain translucence and gel consistency; on the contrary, the grain protein 

concentration is increased as consequence of reduced grain size and starch concentration 

(Siscar-Lee et al., 1990, Rao et al., 2013, Thitisaksakul et al., 2015). 

Siscar-Lee et al. (1990) investigated the response of four rice varieties with different degrees 

of salt tolerance under EC = 5/6 dS/m and found reduced caryopsis weight, starch 
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concentration, less translucent grain, and decrease in length, width and thickness compared 

to the control (normal soil). However, there was no effect on gel consistency (the length of 

the gel based on the consistency of a cold 4.4% milled rice paste in 0.2 M KOH); and the 

brown rice protein concentration (higher nutritional value) was higher compared to the 

control (normal soil). Rao et al. (2013) tested nineteen genotypes categorized as tolerant, 

semi-tolerant and sensitive, under EC = 4 and 8 mS/cm salinity stress, in five different agro-

ecological regions representative of semi-arid sub-tropical India, with climatic conditions of 

hot and dry summers and cold winters. They observed a reduction in grain dimensions, head 

rice recover, amylose concentration, starch concentration and gel consistency, with effects 

more prominent in the salt sensitive varieties. Conversely, Thitisaksakul et al. (2015) 

observed that when the rice cultivar Nipponbare was grown under EC = 2 and 4 ds/m salinity 

stress, applied either at seedling stage or at anther appearance, in greenhouse conditions, 

there was an increase of starch concentrations in the caryopsis. This increase, compared to 

control (EC = 0 ds/m), was 32.6% under EC = 4 ds/m applied at seedling stage and 39% under 

EC = 2 ds/m applied at anther appearance. However, there was no significant change in the 

concentration of amylose, protein or grain weight. This suggests that under these two levels 

of salinity treatments, there was a stimulatory increase in the concentrations of starch, and 

the concentrations of starch and protein were differently structured (i.e. the effect of salt 

stress may have changed some characteristics of starch biosynthesis: the starch granule 

initiation and amylose biosynthesis). In contrast, for EC = 4 ds/m salinity stress imposed at 

anthesis stage there was no significant effect on starch concentrations, the grain protein 

concentration increased by 20.1 % and the grain weight reduced by 28.8 %. The increase of 

grain protein concentration was mainly due to the increase of the glutelin followed by 

prolamin. It was speculated that salt stress may have led to difference in the allocation and 
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portioning of grain reserves.  From these results it can be deduced that the effect of salinity 

stress on rice grain quality is influenced by the concentration of salt, timing or the stage of 

growth and development, and the rice genotype. 

In addition, the stress of salinity alters the mineral composition of rice (Verma and Neue, 

1984, Saleethong et al., 2013). Salt tolerant and salt sensitive rice varieties were grown in 

culture solution in the greenhouse, salt concentrations equivalent to 2.5 dS/m, 5.6 dS/m, 

and 8.7 dS/m salinity stress were applied to 21-day-old seedlings and up to maturity, and it 

was observed that increasing salinity stress resulted in the increase of rice grain Na, Fe and 

Zn concentrations, and the reduction of rice grains Mn concentration. The uptake of N, Mg, 

Cu, K, and Ca were not affected in either variety (Verma and Neue, 1984). 

When rice varieties Pokkali (salt-tolerant) and KDML105 (salt-sensitive) were exposed to 25 

mM NaCl salinity stress from booting stage up to maturity , there was a reduction in the 

content of macronutrients N, P, K, and Mg accompanied by the increase of Ca in brown rice 

grains. This effect was more evident in salt sensitive varieties (Saleethong et al., 2013).  

 

 Seed Priming  

 The Concept of Seed Priming  

Priming is a process of seed enhancement or invigoration, which consists of a controlled 

hydration of seeds in water, solution or other conventional priming agent. This process 

stimulates pre-germination physiological and biochemical activities prior to sowing, 

enhancing germination, uniformity of crop establishment and in some cases tolerance to 

environmental stresses (Figure 1.5) (Taylor et al., 1998, Dutta, 2018). To achieve this, seeds 

are immersed in water or solution for specific period of time and re-dried to their original 
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weight and moisture content (Khan, 1992, Taylor et al., 1998, Afzal et al., 2016, Dutta, 2018). 

A viable and non-dormant seed requires water, oxygen and optimum temperature to initiate 

the germination process. This process comprises three distinct phases of water uptake, 

namely: imbibition stage, activation or lag stage and the growth stage (Bewley and Black, 

1994, Bewley, 1997). The phase I, or imbibition stage, is characterized by the rapid water 

uptake resulting from the lower water potential inside the seeds compared to its 

surrounding environment. Low metabolic activity is observed during this first stage. The 

phase II, or activation stage, corresponds to the beginning of metabolic activities, i.e. 

mitochondria and DNA repairing processes and protein synthesis, which lead to the 

modification of proteins, lipids and fats (mobilization of nutrient reserves) into compounds 

required for germination. All through the activation phase there is a reduction of water 

uptake and the seed fresh weight is constant. Phase III or growth stage is distinguished by 

the seed recovering the ability to quickly uptake water, which is accompanied by its fresh 

weight increase. The growing processes associated with cell elongation that results in radicle 

protrusion begin at this stage (Figure 1.5) (Bewley and Black, 1994, Bewley, 1997). The three 

different phases are controlled by the availability of water and seeds tolerate desiccation 

during phases I and II (Taylor et al., 1998). Therefore, priming is a traditional technique that 

allows seeds to imbibe water, initiate the metabolic activities and undergo the physiological 

and biochemical changes (the increase of energy metabolism, advanced mobilization of seed 

reserves, embryo expansion and endosperm breakdown) required for germination before 

sowing, improving the performance of seed (Bray, 1995, Pandita et al., 2007, Theerakulpisut 

et al., 2017). During the priming procedure, seeds experience the imbibition phase and 

partially the activation phase (Bray, 1995, Theerakulpisut et al., 2017); however, the pre-

germination activities occur up to the level where they are still reversible and the seeds may 
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exhibit only a slight radicle protrusion (Figure 1.5). Thus the seed priming process is 

discontinued before complete germination is achieved (Bray, 1995). 

 

Figure 1.5: Seed hydration process and germination stages of un-primed and primed seeds 
(Thakur et al., 2019). 

 

 Beneficial Effects of Seed Priming  

The process of priming reduces the length of germination, increases seed vigor, promotes 

the germination rate and synchronizes the germination, which results in uniform crop 

establishment and improved yield. These effects of seed priming may be observed in an 

extensive range of environments including (biotic or abiotic) stressed conditions. In addition, 

the priming technique is simple, effective and affordable with minimum environmental risks 

(Taylor et al., 1998, Farooq et al., 2006c, Jisha et al., 2013, Paparella et al., 2015, Dutta, 

2018). McDonald (2000) highlights that priming triggers positive changes at cellular, 
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subcellular and molecular levels promoting germination and seed vigour of various plant 

species, under diverse environmental constraints, including salinity stress. Rehman et al. 

(2011) state that seed priming is a practical strategy to improve the performance of direct 

seeded rice. Therefore, seed priming is a strategy that enables plants to promptly and 

effectively respond to various environments, particularly under stressful conditions. 

 

 Types of Seed Priming  

Currently there are several conventional categories of seed priming, based on the priming 

solution. Therefore, seed priming can be classified as: (a) hydropriming, if only water is used 

to prime the seeds; (b) halopriming, when the seeds are soaked in solutions of inorganic 

salts; (c) osmopriming, where an osmotic substance of lower water potential such as 

Polyethylene Glycol (PEG), Glycerol, Sorbitol, or Mannitol is used in the priming solution; (d) 

chemopriming ,which includes the application of chemicals; (e) hormopriming, based on the 

use of hormones; (f) solid matrix priming, in which seeds are immersed in an inert substance 

of identified matrix potential; (g) biopriming, which involves priming of seeds through 

inoculation of beneficial organisms; (h) nutriopriming, described as the use of 

micronutrients (e.g. Zn, B, Mo, Mn, Cu, Co) to prepare the seeds; and (i) thermopriming, 

where the heat is employed to prime the seeds (Afzal et al., 2016, Dutta, 2018, Lal et al., 

2018). These priming techniques have been employed in several horticultural crops, as well 

as in cereals such as wheat, maize and latterly in rice (Khan, 1992, Farooq et al., 2006e, Jisha 

et al., 2013, Paparella et al., 2015, Dutta, 2018). 
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 Hydropriming 

Hydropriming is a pre-sowing treatment that involves soaking the seeds in water to a 

moisture level very close to radicle protrusion, followed by drying before sowing (Khan, 

1992, Afzal et al., 2015, Bakhtavar et al., 2015). Hydropriming may be carried out either 

under aerated or not aerated conditions (Thornton and Powell, 1992). Throughout this 

priming process, no chemicals are involved, hence it is harmless for the environment, 

(Farooq et al., 2009). There are considerable number of studies carried out to improve the 

production of rice under optimal and non-optimal environments through seed 

hydropriming. Farooq et al. (2006b) evaluated the effect of hydropriming for 12, 24, 36, 48 

and 60 h on the germination and seedling vigour of fine (i.e. long or medium grain - indica 

rice) and coarse (i.e. bold short grain - japonica rice) rice under unstressed conditions in 

growth chamber. Except  for the 60 h hydropriming treatment, improvements were 

observed in all treatments, and the 48 h priming treatment provided the best results ,with 

the 36 h treatment second best. The effect of 48 h hydropriming treatment in both fine and 

coarse rice was subsequently assessed in lab and field experiments, and better emergence, 

seedling establishment, growth, yield and grain quality were observed (Farooq and Basra, 

2006, Farooq et al., 2006d, Mahajan et al., 2011). The impact of 48 h hydropriming treatment 

was also examined on fine and coarse transplanted rice and better growth of seedling in the 

nursery, which led to better growth, yield and quality in the field (Farooq et al., 2007a, 

Farooq et al., 2007b). Farooq et al. (2009) emphasizes that priming seeds with water for a 

duration of up to 48 h may be a practical approach to improve the performance of both 

direct seeded and transplanted rice. Janmohammadi et al. (2008) observed that 

hydropriming for 36 h alleviated the effect of salinity and drought on maize plants by 

improving the germination and seedling growth. Hussain et al. (2017) observed that 
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hydropriming effectively improved crop establishment, growth, polyphenols, flavonoids and 

antioxidants activities of pigmented and non-pigmented rice under drought conditions. Lal 

et al. (2018) highlights that the beneficial effect of hydropriming may be observed in both 

non-salt and salt stressed conditions. Rice plants germinated in a solution of different salt 

mixture exhibited quicker germination compared to the non-primed control (Chang, 2002, 

Ashraf and Foolad, 2005). However, hydropriming may lead to irregular hydration and non-

uniform germination (Lal et al., 2018). 

 

 Halopriming 

Halopriming is the hydration of seeds with an osmotic solution of lower water potential to 

the level of constant moisture. The reduction of water potential is achieved through addition 

of one or more solutes (inorganic salts) to the priming solution (Khan, 1992, Janmohammadi 

et al., 2008). Among the diverse osmotic solutes, potassium nitrate (KNO3), sodium chloride 

(NaCl), calcium chloride (CaCl2), potassium chloride (KCl), magnesium sulphate (MgSO4), 

calcium sulphate (CaSO4), potassium orthophosphate (KH2PO4), and potassium phosphate 

(K3PO4) are the most commonly applied to decrease the water potential of the priming 

solution (Khan, 1992, Taylor et al., 1998, Afzal et al., 2016, Lal et al., 2018). The duration, 

osmotic potential and temperature required for a successful priming process vary with plant 

species. Therefore, the duration of seed priming may last from 2 to 24 days, the osmotic 

potential of a solution may be maintained between 0.8 to 1.6 MPa and the temperature 

range from 15 to 20o C (Khan, 1992). Previous studies indicate that priming seeds with 

inorganic salts improves crop growth under non-saline conditions and also reduce effectively 

the negative effect of salinity stress. The reduction of salinity impact is due to the 
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improvement of the growth parameters and considerable change in the concentrations of 

Na-ions and K-ions, which lead to higher ability to osmotic adjustment (Cayuela et al., 1996, 

Iqbal and Ashraf, 2007, Afzal et al., 2008). Farooq et al. (2006a) observed that priming coarse 

rice seed with (20.74 g/l) KCl or (22.2 g/l) CaCl2 salt solutions of Ψs= -1.25 MPa osmotic 

potential for 48 h at 27 oC + 3 oC increased germination, the emergence of seedlings, number 

of fertile tillers, yield and the harvest index. Moreover, priming altered the grain quality 

attributes, thus salt solution of KCl or CaCl2 increased the percentage of crude protein and 

decreased the amylose concentration of direct seeded rice grain in farmer rice growing belt 

(Pakistan) under non-saline soils. Priming with KCl provided better results that priming with 

CaCl2. Rehman et al. (2011) also noticed that priming fine rice seed with (22.2 g/l) CaCl2 salt 

solution of Ψs= -1.25 MPa osmotic potential increased crop establishment, number of fertile 

tillers, yield, harvest index and quality parameters of direct seeded rice, under normal 

conditions in farmer fields.  Afzal et al. (2012) reported that halopriming with 2.2 % (22.2 

g/l) CaCl2 or 2.2 % (20.74 g/l) KCl salt solutions of Ψs= -1.25 MPa osmotic potential, for 36 h 

at 25 oC + 2 oC room temperature, improved the tolerance of both salt tolerant and sensitive 

fine aromatic rice cultivars under moderate salinity stress of 40 and 80 mM NaCl. This was 

the result of improved germination ability, faster germination, increased root length, shoot 

length, shoot dry weight, decreased Na-ions and increased K-ions concentrations in the 

leaves. Theerakulpisut et al. (2017), on the other hand, primed rice seeds with 0.25%, 0.50% 

or 0.75% KNO3, 200 mM (22.2 g/l) CaCl2 or 200 mM (14.91 g/l) KCl for 48 hours at room 

temperature and evaluated their effect on the alleviation of 150 mM NaCl salinity stress. 

KNO3 priming treatment was found to alleviate the negative impact of salinity on 

germination and growth of young rice seedlings; under 150 mM NaCl salt treatment, there 

was an increase in shoot length by 69 % to 83 %, of shoot dry weight by 25 to 31.15%, while  
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the ratio Na+/K+ was relatively low compared to the non-primed control. However, priming 

with CaCl2 and KCl did not affect shoot dry weight, which may be due to both rice genotype 

and concentration of priming solution applied in this study.  

 

 Research Overall Aim 

The improved crop performance and the alleviation of the negative effect of salinity stress 

through seed priming indicate that there is scope to improve rice production, increase grain 

yield and grain (nutritional) quality under non-saline and saline conditions in Mozambique. 

Therefore, this research aimed to: 

 

 To determine if and which seed priming approaches could be effective in increasing 

salt tolerance of rice (Oryza sativa L.) accessions from Mozambique and improve 

their yield and grain composition (grain nutritional quality). 

 

 Specific Objectives 

 To determine the salinity tolerance of rice accessions from Mozambique; 

 To evaluate changes in salt tolerance of rice accessions from Mozambique following 

different seed priming treatments, and establish the physiological mechanisms that 

confer higher salt tolerance; 

 To quantify the impact of salt stress and different priming treatments on 

germination, plant growth and development of rice accessions from Mozambique; 
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 To determine the effect of salinity stress and evaluate the impact of different priming 

treatments on grain yield and grain composition (grain nutritional quality) of rice 

accessions from Mozambique.  
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 Salinity Tolerance of Rice Accessions from Mozambique 

 

 Introduction  

The aim of this chapter was to determine the salinity tolerance of rice accessions from 

Mozambique, under high salinity stress. It was hypothesized that high salinity stress will 

decrease shoot dry weight, salt tolerance, K+ retention and K+/ Na+ discrimination, while 

increasing shoot Na+ concentrations. Salt tolerance was calculated as the percentage of 

shoot dry weight production under salt stress in relation to the respective control. The ratios 

of K+/Na+ were calculated based on the means of respective tissue Na and K concentrations.  
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 Materials and Methods (Experiment I - 2018)  

 Plant Material  

Rice accessions were obtained from the International Rice Research Institute (IRRI), in the 

Philippines (Table 2.1). The majority of these accessions are representative of those grown 

in the main rice producing regions and the main ecosystems of Mozambique. Those not from 

Mozambique where selected based on previous studies on salinity stress to represent salt 

tolerant and sensitive accessions controls (Table 2.1).  

 

Table 2.1: Rice accessions screened for salt tolerance. These accessions were obtained from 
the International Rice Research Institute (IRRI), Manila, Philippines, and the majority of them 
represent the rice accessions grown in main rice producing regions of Mozambique. 

 

 

 

Rice Varieties 
Accession 
number  

Subspecies Grown Ecosystem 

Gaza IRGC 7546 Indica Mozambique (landrace) Rainfed lowland/upland 

Chincherica IRGC 7547 Indica Mozambique (landrace) Rainfed lowland/upland 

Chibica IRGC 7548 Indica Mozambique (landrace)  Rainfed lowland/upland 

Moroberekan IRGC 12048 Japonica Guinea (West Africa) Upland 

IR 46 IRGC 32695 Indica IRRI line in Mozambique Rainfed lowland 

CO 39 IRGC 51231 Indica India Rainfed lowland 

IR 54 IRGC 53435 Indica IRRI line in Mozambique Rainfed lowland/Irrigated 

IR 54 IRGC 55969 Indica IRRI line in Mozambique Rainfed lowland/Irrigated 

IR 64 IRGC 66970 Indica IRRI line in Mozambique Irrigated 

Moroberekan IRGC 101363 Japonica Côte D'Ivoire (West Africa)  Upland 

IR 64 IRGC 116793 Indica IRRI line in Mozambique Irrigated 

IR 52 IRGC 126505 Indica IRRI line in Mozambique Rainfed lowland 
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 Seed Surface Sterilization and Pre-germination  

Seeds of rice accessions were surface sterilized and pre-germinated prior to sowing. A total 

of 120 seeds per accession were selected, placed in 50 mL conical centrifuge tubes 

containing 30 mL of 0.8% sodium hypochlorite (NaClO) for twenty minutes, then rinsed 

thrice with autoclaved distilled water. The sodium hypochlorite solution was prepared from 

commercial bleach 5%NaClO (Bado et al., 2016). Germination was carried out on a set of 

three HOSTESS 230 mm x 310 mm paper towels laid on top of one another, wetted with 

autoclaved distilled water and wrung to remove the excess of liquid. In each set of three 

paper towels, 40 sterilized seeds were uniformly arranged in three lines, leaving a space of 

about 2 cm around the edges, and covered with a fourth wetted and wrung HOSTESS 230 

mm x 310 mm paper towel. This arrangement of paper towels and seeds was then rolled 

loosely. Each of the twelve accessions had three sets of rolled papers, which were placed in 

labelled plastic bags and incubated in the  LEEC plant growth incubator (Models PL2, PL3, 

and PL33 with JUMO dTRON 316 CONTROL) at 34/11◦C day/night with 16hrs light/8 hrs dark 

for eight days (Ellis et al., 1985, Ueno and Miyoshi, 2005). 

 

 Hydroponic System for Rice Screening: Hydroponic System Setup, Seed 

Establishment and Salt Treatment 

After eight days in the incubator, seedlings were transferred to a hydroponic system 

constructed following the IRRI protocol (Gregorio et al., 1997, Bado et al., 2016), within a 

glasshouse chamber in the control environment laboratory (CEL) at School of Agriculture 

Policy and Development(SAPD), University of Reading, United Kingdom. 

 



Page 36 of 206 
 

 Hydroponic System Setup 

Eight grey food grade polypropylene tanks (REF: 3-6413-13-CASE GREY RANGE EURO 

CONTAINER CASE - 26 LITRES (600 X 400 X 155MM) - http://www.plastor.co.uk/), were 

placed on level benches. Lids of the test tanks were drilled to obtain 48 holes of 2 cm 

diameter in each. Two air pumps, feeding plastic tubes with aeration stones at the bottom 

of the tanks, insured aeration of the nutrient solution (Figure 2.1).  

 

Figure 2.1: Experiment setup: tanks containing nutrient solution, with aeration stone at the 
bottom and lids with 48 holes (white sponge strips). In each tank, seedlings of the twelve 
rice accessions were randomly planted in white sponge strips, with four replicates per tank 
in groups of three seedlings per sponge strip. 

 

The nutrient solution was prepared following Yoshida et al. (1976), with modifications 

subsequently made by Gregorio et al. (1997). Therefore, six stock solutions, containing the 

first five supply macroelements and the sixth microelement, were prepared in small amount 

of 5 L to simplify the handling during rice growth (Table 2.2). Each of the stock solution was 

shaken, and either 25 mL or 150 mL was added to autoclaved distilled water, to prepare 20 

L or 120 L of working solution, respectively. For this study, 120 L working solution was 

predominantly prepared. The pH of the working solution was adjusted in the drum to 5.0 

http://www.plastor.co.uk/
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with 6 N NaOH. A submersible pump was attached to the drum to aid in mixing, aeration 

and homogenization of the working solution, as well as its distribution to the tanks. pH in 

the tanks was measured thrice a week and adjusted to 5.0 with either 1 N HCl or 6 N NaOH; 

solution in the tanks was renewed every week (Bado et al., 2016).  

 

Table 2.2: Nutrient composition of the six stock solutions and the chemical amounts 
required for five litres, for rice production in hydroponic system. 

Stock no. Chemical Amounts/5 L 

1 NH4NO3 457 g 

2 NaH2PO4H2O 201.5 g 

3 K2SO4 357 g 

4 CaCl2 443 g 

5 MgSO4 7H2O 1 620 g 
6 MnCl2 4H2O 7.5 g 

(NH4)6 Mo7O24 4H2O 0.37 g 

H3BO3 4.67 g 

ZnSO4 7H2O 0.175 g 

CuSO4 5H2O 0.155 g 

FeCl3 6H2O 38.5 g 

C6H8O7 H2O 59.5 g 

1MH2SO4 250 mL 

 

 Seed Establishment 

Pre-germinated seeds with the longest roots (approximately 4 cm length) were selected, 

grouped in three, rolled in sponge strips of about 10x2x1 cm and placed in the holes of the 

eight tanks randomly. Therefore, all twelve accessions, with four replicates in groups of 

three seedlings per sponge strip, were represented in each tank. Seedlings were kept in the 

glasshouse, with no supplemental light and the average photoperiod was about 15 h of 

daylight during the experiment. Not all seedlings survived the transplantation process, 

hence after three weeks from transplant, surviving plants were selected and rearranged 
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among the tanks, to obtain six tanks with plants uniform in size and vigor. Three tanks were 

used for salt treatment and three for control.  

 

 Salt Treatment 

Salt treatment was introduced after the seedlings were allowed to establish in the 

hydroponic system for four weeks and had been rearranged among the tanks (see previous 

paragraph). Therefore, dry NaCl was added up to the desired molarity in a drum with 

nutrient solution sufficient for the three tanks, dissolved and mixed with the submersible 

pump. To avoid seedling shocking, salt treatment was introduced in two increments of 50 

mM NaCl to reach the final concentration of 100 mM NaCl over two days. The 100 mM NaCl 

salt concentration is commonly used for rice crop testing (Bado et al., 2016) The level of 

salinity was measured with a portable waterproof conductivity meter (Multi-Parameter 

Testr 35 Series). Water volume was checked and autoclaved distilled water was added in 

each tank thrice a week, to replace water lost from evaporation and transpiration and 

maintain the original volume. 

 

 Data Collection  

 Shoot Dry Weight Production  

Shoot dry weight was measured after 4 weeks of salt treatment. In each tank, two samples 

of three shoots /accession (six plants/accession) were collected. These samples were 

separately washed with autoclaved distilled water, dried with tissue paper and placed in 

paper bags. Samples were then dried in an oven at 80oC for 4 d. Shoot dry weight was then 



Page 39 of 206 
 

measured. The average shoot dry weight per plant for each rice accession was calculated. 

The remaining plants were kept in the tanks for further analysis. 

 

 Na+ Exclusion and K+/Na+ Discrimination 

One set of the two replicates per accession in each tank was ground on FRITSCH Rotor Speed 

Mill. A 0.5 g subsample of the respective powder was mixed with 2 mL ultra-pure water and 

8 mL Trace Element Grade concentrated nitric acid, and digested at 200 °C for 30 min on 

MARS 6 microwave digestion system (under plant material settings). After digestion, 

samples were cooled for 15 min and filtered (with Whatman filter paper 9.0 cm) into 

Fisherbrand Falcon 50 mL Conical Centrifuge Tubes. Ultra-pure water was added to each 

centrifuge tube up to a weight of 50 g (excluding the weight of the empty centrifuge tube) 

and tubes were then kept in the refrigerator. These samples were further diluted by adding 

2.5 mL of sample solution to 7.5 mL of ultra-pure water and submitted to ICP analysis for the 

measurement of tissue Na and K concentrations. Samples were measured for Na and K 

radially on ICP-OES (Inductively coupled plasma - optical emission spectrometry) (Optima 

7300 dual view, Perkin Elmer, Nebuliser type: Meinhard), looking at the plasma sideways on 

and the wavelengths used were: Na 589.592nm and K 766.490nm. The plasma parameters 

for the Meinhard Nebuliser were: plasma flow 15 L/min, auxiliary flow 0.2 L/min, nebuliser 

flow 0.40 L/min, RF power 1500W, viewing distance 15.0mm, and sample flow rate 1ml/min. 
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  Statistical Data Analysis  

Two-way analysis (salt treatment*rice accession) using a Linear Mixed Model (p-value < 

0.05) was used in the statistical package GenStat 18th Edition, to assess the differences in 

the means of shoot dry weight, and tissue Na and K concentrations. Salt tolerance was 

calculated as the percentage of shoot dry weight production under salt stress compared to 

the respective control. The ratios of K+/Na+ were calculated based on the means of 

respective tissue Na and K concentrations. The assumptions of ANOVA (Shapiro-Wilk Test 

for Normality and Test of Homogeneity) were checked and data were Log10 transformed to 

improve the normality of the data. 
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 Results 

 Effects of Salt Stress on Shoot Dry Weight Production  

A reduction in shoot dry weight was observed in the majority of accessions in the salt 

treatment compared to control treated plants (Figure 2.2). However, in some accessions the 

reduction in shoot dry weight was higher than in others, hence some accessions were more 

sensitive to salinity than others. 

 

 

 

 

 

Figure 2.2: Effect of salt stress in 53-day old seedlings after 24 days of salt treatment. Twelve 
rice accessions were grown in a hydroponic system, in the greenhouse and salt stress was 
imposed on 29-day old seedlings. A) and C) Salt treatment (100 mM NaCl);  B) and D) Control 
(0 mM NaCl).  

 

Mean shoot dry weight was significantly different between the two salt treatments (p-value 

< 0.001) and the twelve rice accessions (p-value < 0.001), and there was a significant 

interaction between salt treatments and rice accessions (p-value =0.002) (Appendix: 

Chapter 2). The 0 mM NaCl salt treatment (control) exhibited a higher mean shoot dry 

weight (0.68 g/plant) and the 100 mM NaCl salt treatment showed a lower mean shoot dry 

weight (0.45 g/plant). Overall 100 mM NaCl salt treatment reduced shoot dry weight by 34%. 

Under 100 mM NaCl salt treatment, the highest shoot dry weight was observed in the rice 

accession IRGC 7547 (Chincherica) (1.03 g/plant), followed by IRGC 7548 (Chibica) (0.62 

g/plant), and IRGC 66970 (IR64) (0.53 g/plant); whereas, the lowest shoot dry weight was 

A) B) C) D) 



Page 42 of 206 
 

observed in the rice accessions IRGC 12048 (Moroberekan) (0.29 g/plant), followed by IRGC 

101363 (Moroberekan) (0.30 g/plant), and IRGC 126 505 (IR52) (0.32 g/plant) (Figure 2.3). 

However, compared to control, the highest reduction in shoot dry weight under 100 mM 

NaCl salt treatment was observed in the rice accession IRGC 12048 (Moroberekan) (74%), 

followed by IRGC 101363 (Moroberekan) (70%), IRGC 7548 (Chibica) (49%), IRGC 7547 

(Chincherica) (39%); and the lowest reduction in shoot dry weight was observed in the rice 

accession IRGC 53435 (IR54) (7%), followed by IRGC 66970 (IR64) (9%). Moreover, under 100 

mM NaCl salt treatment, there was an increase in shoot dry weight in the rice accessions 

IRGC 32695 (IR46) (17%) and IRGC 55969 (IR54) (9%) (Figure 2.3). However, this change was 

statistically significant only for the rice accessions IRGC 12048 (Moroberekan) and IRGC 

101363 (Moroberekan) (Appendix: Chapter 2). 
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Figure 2.3: Effects of salt treatment in shoot dry weight of 60-day old seedlings. Twelve rice 
accessions were grown under control (0mM NaCl) and salt treatment (100mM NaCl) in 
hydroponic system in a glasshouse. Salt stress was imposed for four weeks. Data are shown 
as mean value +/- SD of eighteen individual replications (n=18) and * mark show significant 
differences (p- value < 0.05). Error bars represent 95% CI. 

 

 Salt Tolerance of Rice Accessions  

There were large variations in salt tolerance among the twelve rice accessions, ranging from 

26% to 117% after four weeks of salt treatment. The rice accessions were classified into 

three different categories of salt tolerance from sensitive (0 - 30%), moderate (31 - 70%), 

and tolerant (more than 70%). The sensitive category included rice accessions IRGC 12048 

(Moroberekan) (26%) and IRGC 101363 (Moroberekan) (30%); the moderate category 

included the rice accessions IRGC 7548 (Chibica), IRGC 7547 (Chincherica), IRGC 7546 (Gaza), 

and IRGC 116793 (IR64) which showed salt tolerances of 51%, 61%, 64% and 68% 

respectively; and the tolerant category included the rice accessions accessions IRGC 51231 
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(CO39), IRGC 126 505 (IR52), IRGC 66970 (IR64), IRGC 53435 (IR54), IRGC 55969 (IR54) and 

IRGC 32695 (IR46) which showed at least 70% salt tolerance (Figure 2.4). 

 

 

Figure 2.4: Salt Tolerance of 60-day old seedlings. Twelve rice accessions were grown under 
control (0mM NaCl) and salt treatment (100mM NaCl) in hydroponic system in a glasshouse. 
Salt stress was imposed for four weeks. Data are shown as percentage of the means of shoot 
dry weight under salt stress in relation to control. The red line indicate salt tolerance of 
100%. The bar colours:      - sensitive,       - moderate, and      - tolerant rice accessions. 

 

 Na+ Exclusion  

Mean shoot Na concentrations were significantly different between the two salt treatments 

(p-value < 0.001) (Appendix: Chapter 2). The control treatment (0 mM NaCl) had a mean 

shoot Na concentration of 0.43 mg Na g-1 DW and the 100 mM NaCl salt treatment had a 

mean shoot Na concentration of 30.16 mg Na g-1 DW. There was a significant difference in 

the mean shoot Na concentrations among the twelve rice accessions (p-value < 0.001), and 
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a significant interaction between salt treatments and rice accessions (p-value < 0.001) 

(Appendix: Chapter 2). The variation in shoot Na concentration among the rice accessions 

was lower (ranging from to 0.24 mg Na g-1 DW to 0.76 mg Na g-1 DW) under the control salt 

treatment, but under the 100 mM NaCl salt treatment large variation (ranging from to 7.38 

mg Na g-1 DW to 67.89 mg Na g-1 DW) was observed (Figure 2.5). Under the 100 mM NaCl 

salt treatment, the highest shoot Na concentration was observed in IRGC 12048 

(Moroberekan) (67.89 mg Na g-1 DW), followed by IRGC 101363 (Moroberekan) (64.21 mg 

Na g-1 DW), IRGC 51231 (CO39) (45.01 mg Na g-1 DW), and IRGC 126 505 (IR52) (43.84 mg Na 

g-1 DW), while the lowest shoot Na concentration was recorded in IRGC 55969 (IR54) (26.48 

mg Na g-1 DW),followed by IRGC 116793 (IR64) (24.99 mg Na g-1 DW), IRGC 66970 (IR64) 

(15.16 mg Na g-1 DW), and IRGC 53435 (IR54) (7.38 mg Na g-1 DW) (Figure 2.5). However, 

compared to control, the highest shoot Na concentration accumulation due to salt stress 

was observed on the rice accessions IRGC 12048 (Moroberekan) (99.3%), followed by IRGC 

101363 (Moroberekan) (99.4%), IRGC 7548 (Chibica) (99.2%), and IRGC 126 505 (IR52) 

(99.1%); and the lowest shoot Na concentration accumulation in the rice accession IRGC 

51231 (CO39) (98.3%), followed by IRGC 116793 (IR64) (97.5%), IRGC 32695 (IR46) (97.4%), 

and IRGC 53435 (IR54) (92.5%). Therefore, the increase of shoot Na concentrations under 

100 mM NaCl salt treatment were higher in the sensitive rice accessions IRGC 12048 

(Moroberekan) and IRGC 101363 (Moroberekan), and lower in the tolerant rice accessions 

IRGC 53435 (IR54), IRGC 32695 (IR46) and moderate IRGC 116793 (IR64). The rice accessions 

IRGC 12048 (Moroberekan), and IRGC 101363 (Moroberekan) had 2% to 7% higher shoot Na 

concentrations compared to the salt tolerant rice accessions IRGC 32695 (IR46) and IRGC 

53435 (IR54), respectively. 
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Figure 2.5: Mean shoot Na concentration of 60-day old seedlings. Twelve rice accessions 

were grown under control (0mM NaCl) and salt treatment (100mM NaCl) in hydroponic 

system in a glasshouse. Salt stress was imposed for four weeks. Data are shown as mean 

value + SD of nine individual replications (n=9).The error bars represent 95% CI. 
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 K+ Retention  

Mean shoot K concentrations were significantly different between the two salt treatments 

(p-value < 0.001) (Appendix: Chapter 2). The control treatment had a mean shoot K 

concentration of 55.85 mg K g-1 DW and the 100 mM NaCl salt treatment had a mean shoot 

K concentration of 38.28 mg K g-1 DW. There was significant difference in the mean shoot K 

concentrations among the twelve rice accessions (p-value < 0.001), and a significant 

interaction between salt treatments and rice accessions (p-value < 0.001) (Appendix: 

Chapter 2). The variation in shoot K concentration among the rice accessions was lower 

under the control treatment than under 100 mM NaCl salt treatment (Figure 2.6). The 

largest and significant reduction in shoot K concentration between control and 100 mM NaCl 

salt treatment within an accession was approximately 50 %, and was recorded in IRGC 12048 

(Moroberekan) (29.94 mg K g-1 DW), followed by IRGC 101363 (Moroberekan) (26.44 mg K 

g-1 DW); while, the lowest and not significant reduction in shoot K concentration was of 

approximately 15 %, recorded in IRGC 55969 (IR54) (8.03 mg K g-1 DW), followed by IRGC 

53435 (IR54) (6.79 mg K g-1 DW). All the other eight rice accessions exhibited intermediate 

shoot K concentration reductions, ranging from 37.9% - 20% (22.64 – 11.64 mg K g-1 DW) 

(Figure 2.6, Appendix: Chapter 2). The shoot K concentration decreases observed between 

control and salt 100 mM NaCl treatment were contrasting to the shoot Na concentration 

within the sensitive and tolerant rice accessions. There was increase of shoot Na 

concentrations and reduction of shoot K concentrations from control to 100 mM NaCl salt 

treatment in the sensitive rice accessions IRGC 12048 (Moroberekan) and IRGC 101363 

(Moroberekan); and in tolerant rice accession IRGC 53435 (IR54). 

 



Page 48 of 206 
 

 

 

Figure 2.6: Means of shoot K concentration of 60-day old seedlings. Twelve rice accessions 
were grown under control (0mM NaCl) and salt treatment (100mM NaCl) in hydroponic 
system in a glasshouse. Salt stress was imposed for four weeks. Data are shown as mean 
value + SD of nine individual replications (n=9) and * mark show significant differences (p- 
value < 0.05).Error bars represent 95% CI. 

 

 K+/Na+ Discrimination  

The ratio of K+/Na+ discrimination were calculated from the means of shoot Na 

concentration and shoot K concentration under the control and 100 mM NaCl. The K+/Na+ 

ratio was lower under salt stress (salt treatment 100 mM NaCl K+/Na+ ratio mean = 1.68) 

compared to control (K+/Na+ ratio mean = 137.69) (Figure 2.7 & Figure 2.8). However, under 

the 100 mM NaCl salt treatment, the twelve rice accessions exhibited variation in the 

reduction of K+/Na+ ratio. The lowest value of K+/Na+ ratio was observed in the rice accession 

IRGC 12048 (Moroberekan) (K+/Na+ ratio = 0.41), followed by IRGC 101363 (Moroberekan) 
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(K+/Na+ ratio = 0.44), and IRGC 126 505 (IR52) (K+/Na+ ratio = 0.89); whereas, highest value 

of K+/Na+ ratio was observed in the rice accession IRGC 55969 (IR54) (K+/Na+ ratio = 1.66), 

followed by IRGC 66970 (IR64) (K+/Na+ ratio = 2.44), and IRGC 53435 (IR54) (K+/Na+ ratio = 

6.68) (Figure 2.8). The increase in shoot Na concentration and the decrease in shoot K 

concentration due to the stress of salinity caused the lower K+/Na+ ratio in the sensitive rice 

accessions IRGC 12048 (Moroberekan) and IRGC 101363 (Moroberekan) compared to the 

salt tolerant rice accessions IRGC 53435 (IR54) and IRGC 66970 (IR64).  

 

Figure 2.7: K+/Na+ Discrimination of 60-day old seedlings. Twelve rice accessions were grown 
under control (0mM NaCl) and salt treatment (100mM NaCl) in hydroponic system in a 
glasshouse. Salt stress was imposed for four weeks. Data are shown as ratio of the means of 
shoot K concentration and shoot Na concentration under the control treatment. 
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Figure 2.8: K+/Na+ Discrimination of 60-days old seedlings. Twelve rice accessions were 
grown under control (0mM NaCl) and salt treatment (100mM NaCl) in hydroponic system in 
a glasshouse. Salt stress was imposed for four weeks. The data are shown as ratio of the 
means of shoot K concentration and shoot Na concentration under the salt treatment 100 
mM NaCl. 

 

 Relationship between Shoot Dry Weight, Salt tolerance and Shoot Na and K 

Concentrations  

Correlation coefficient among salt tolerance, shoot Na and K concentrations, and shoot 

K+/Na+ ratio were analysed. A high and significant negative correlation between salt 

tolerance and shoot Na concentration (r = - 0.720), significant positive correlation between 

shoot K concentration (r = 0.612), and no significant positive between salt tolerance and 

shoot K+/Na+ ratio (r = 0.426) were observed (Table 2.3).  
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Table 2.3 Association coefficient among salt tolerance, shoot Na and K concentrations, and 
shoot K+/Na+ discrimination in rice accessions (n=12), * represents significant correlation.  

Variable Means Std.Dev. Salt Tolerance Na+ K+ K+/Na+ 

Salt Tolerance 72.290 28.341 1.000    

Na+ 34.868 17.956 -0.720* 1.000   

K + 38.813 6.769 0.612* -0.625 1.000  

K+/Na+ 1.677 1.665 0.426 -0.717 0.590 1.000 
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 Discussion  

  Shoot Dry Weight Production Responses to Salt Stress vary widely between Rice 

Accessions  

High concentrations of salt in the soil negatively affects plant growth and productivity, and 

significantly decreases yield of staple foods including rice (Munns and Tester, 2008, Shahbaz 

and Ashraf, 2013). The adverse effects of salinity stress were observed in the majority of rice 

accessions tested in this study. On average, 100 mM NaCl salt treatment significantly 

reduced shoot dry weight by 34% (Figure 2.3). Greenway and Munns (1980) and Shabala 

and Munns (2017) observe that under salt conditions, there is a reduction of the movement 

of assimilates to the meristematic and growing tissues in both leaves and roots of a plant 

and this effect is more evident on leaves. Gerona et al. (2019) reported a decrease in shoot 

dry weight by 45% on average when  salt stress in the form of 100 mM NaCl was applied to 

six rice genotypes contrasting in salt tolerance (sensitive, moderate, and tolerant). However, 

the magnitude was influenced by the genotype, thus there was large variation fluctuating 

from 14% to 79%; the tolerant genotypes showed an average  reduction of 18%; whereas, 

the sensitive genotypes showed on average a reduction of 75% in shoot dry weight. In this 

study, a similar response was observed, since there were large variations in salt tolerance 

among the twelve rice accessions, ranging from 26% to 117%. On average, sensitive rice 

accessions showed a decrease in shoot dry weight by 70 %, moderately tolerant rice 

accessions a decrease by 40 %; while, tolerant rice accessions decrease by less than 20% 

(Figure 2.4). 
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  Na+ Exclusion 

From a physiological point of view, salt stress reduces the rate of photosynthesis and plant 

water content, disturbs plant metabolism, increases shoot Na concentrations and decreases 

shoot K, Zn, and P concentrations (Lekklar et al., 2019, Tsai et al., 2019, Razzaq et al., 2020). 

The addition of 100 mM NaCl to the hydroponic solution increased shoot Na concentration 

from 0.43 mg Na g-1 DW (control plants) to 30.16 mg Na g-1 DW (shoot Na concentration 

increased 98.6% on average). Exclusion of Na-ions in the leaves is a fundamental strategy 

for salt tolerance (Munns and Tester, 2008). The inability of plant to exclude Na from the 

transpiration stream may lead to toxic concentrations, causing disruptions to metabolic 

processes and injury of the photosynthetic cells in transpiring leaves (Greenway and Munns, 

1980, Ismail et al., 2007, Munns and Tester, 2008). There was large variation in shoot Na 

concentrations among the twelve rice accessions. The salt sensitive rice accessions IRGC 

12048 Moroberekan and IRGC 101363 Moroberekan showed the highest accumulation of 

shoot Na concentrations of 99.3% and 99.4% respectively; while, the tolerant rice accessions 

IRGC 32695 (IR46) and IRGC 53435 (IR54) showed the lowest accumulation of 97.4% and 

92.5% respectively, from non-saline to saline treatments (Figure 2.5). These results are in 

concordance with the view that under salt stress, salt sensitive varieties of rice accumulate 

higher concentrations of Na-ions in the leaves than salt tolerant varieties (Flowers et al., 

1986, Haq et al., 2009, Haq et al., 2014, Gerona et al., 2019). Commonly, most glycophytic 

plants (non-native flora of saline soils) rely on strategies that maintain lower concentrations 

of Na-ions to survive under saline stress, and this is achieved through Na+ exclusion and/or 

Na-ions sequestrations in the vacuoles (Munns, 2005, Haq et al., 2014). Therefore, Na+ 

exclusion may have been the mechanism underpinning the higher percentages of salt 

tolerance of rice accessions IRGC 32695 (IR46), and IRGC 53435 (IR54) compared to 
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accessions IRGC 12048 Moroberekan and IRGC 101363 Moroberekan. Platten et al. (2013) 

reports that there is a strong correlation between the concentrations of Na-ions and salt 

tolerance in many species of rice. In this study, strong negative correlation between salt 

tolerance and shoot Na concentration, and strong positive correlation between shoot K 

concentration and salt tolerance were observed (Table 2.3). This indicate that salt tolerance 

decrease with increase of shoot Na concentration, and increase with increase of shoot K 

concentration. Under 100 mM NaCl salt treatment, the rice accession IRGC 126 505 (IR52) 

(99.1%) also showed the highest accumulation of shoot Na concentration, following IRGC 

12048 (Moroberekan) (99.3%), IRGC 101363 (Moroberekan) (99.4%), and IRGC 7548 

(Chibica) (99.2%), but it was among the salt tolerant rice accessions (Figure 2.5).Flowers et 

al. (1986) observe that a small amount of Na-ions accumulated in the leaves may contribute 

to osmotic adjustment, and Shabala and Munns (2017) emphasize that increased 

accumulation of Na- ions combined with its efficient compartmentation in the vacuoles is an 

effective mechanism for the survival of plants under salinity stress. This indicate that the rice 

accessions IRGC 126 505 (IR52) may have the ability to effectively compartmentalized Na-

ions in the vacuoles and maintain high tolerance to salinity. Rice accession IRGC 126 505 

(IR52) showed relatively high shoot Na concentration, but produced more than 70% shoot 

dry weight of the control, under salinity stress. This high shoot Na concentration was 

combined with relatively moderate shoot K concentrations (reduction in saline condition = 

34.1% /20.21 mg K g-1 DW) (Figure 2.6) and low K+/Na+ ratio (0.89) (Figure 2.8), which means 

that the rice accession IRGC 126 505 (IR52) may have accumulated Na-ions in the leaves for 

osmotic adjustment, combined with effective compartmentation of Na-ions in the vacuoles 

and thus increased its tolerance to salt.  
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The sensitivity to salt stress is influenced by the genotype. Japonica rice subspecies are more 

sensitive to salt than Indica rice subspecies (Lee et al., 2003). In this study, the Japonica rice 

subspecies IRGC 12048 (Moroberekan) and IRGC 101363 (Moroberekan) were the less 

tolerant to salt with the highest shoot Na concentration compared to the other ten Indica 

rice subspecies. Previous studies, Haq et al. (2009), Haq et al. (2014), indicate that rice 

cultivar Moroberekan, accumulated about 75% more Na-ions than the rice cultivar C039 and 

was less tolerant to salinity, with concentrations of Na and K being measured after 42 d of 

salt application and plants grown in flood bench system. In our study, the shoot 

concentrations of Na and K were measured 4 weeks (30 d) after the beginning of salt 

applications and rice accessions IRGC 12048 Moroberekan and IRGC 101363 Moroberekan 

accumulated about 30% more of Na-ions than the rice IRGC 51231 (CO39) accession, and 

were the accessions most sensitive to salinity stress. The duration of salt exposure or the 

growth system may be the reason why rice accessions IRGC 12048 Moroberekan and IRGC 

101363 Moroberekan accumulated less than 75% more Na-ions. Gregorio and Senadhira 

1993 reported that Indica rice subspecies have a higher ability to exclude Na-ions and retain 

K-ions than Japonica rice; in agreement with this report, in our study Indica rice accessions 

were more efficient at excluding Na-ions and taking up more K-ions to maintain higher 

K+/Na+ ratio than Japonica rice accessions IRGC 12048 Moroberekan and IRGC 101363 

Moroberekan.  

 

 K+/Na+ Discrimination  

The Na-ions have the same physico-chemical properties as the K-ions, hence the 

accumulation of salts result in competition between Na-ions and K-ions for the major 
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binding sites in fundamental metabolic processes in the cytoplasm (George et al., 2012). 

Accumulation of Na-ions in the shoots is usually accompanied by the decrease of K-ions in 

the cytosol, which in turn decreases the K+/Na+ ratios and this is generally connected with 

the reduction of yields (Asch et al., 2000, Haq et al., 2014). In this study, sensitive rice 

accessions IRGC 12048 Moroberekan and IRGC 101363 Moroberekan showed the highest 

Na-ions increase and the highest K-ions reduction and lowest K+/Na+ ratios (Figure 2.5 - 

Figure 2.8). The survival of plants, under salt stress is not determined only by the 

concentrations of Na-ions, but the K+/Na+ ratio (Shabala and Cuin, 2008). Shabala and Munns 

(2017) assert that in addition to the ability to exclude Na-ions, it is crucial that the K-ions are 

retained in the cytosol to ensure high K+/Na+ ratio and increase the survival under salt stress. 

The rice accessions IRGC 53435 (IR54), IRGC 66970 (IR64), IRGC 55969 (IR54) showed the 

lowest Na-ions accumulation and the lowest K-ions reduction and highest K+/Na+ ratios, 

which lead to higher shoot dry weight production and higher tolerance to salinity stress.  
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 Conclusions 

Salinity has negative effect on growth and development of rice crops. On average, salinity 

stress decreased shoot dry weight of the twelve rice accessions by 34%. However, rice 

accessions responded differently to the stress of salinity, with some accessions being more 

tolerant than others. The japonica rice subspecies IRGC 12048 (Moroberekan) and IRGC 

101363 (Moroberekan) were the most sensitive, followed by the indica Mozambique 

(landrace); IRGC 7548 (Chibica), IRGC 7547 (Chincherica), and IRGC 7546 (Gaza), which were 

moderately tolerant to salinity. Sodium exclusion from the transpiration stream, K- ions 

retention in the cytosol and increased K+/Na+ ratio are the key physiological mechanisms for 

survival of plants under salt stress. The salt sensitive rice accessions IRGC 12048 

Moroberekan and IRGC 101363 Moroberekan were poor at excluding Na-ions, maintain K-

ions and increase K+/Na+ ratio, compared to the IRRI Mozambican lines IRGC 126 505 (IR52), 

IRGC 66970 (IR64), IRGC 53435 (IR54), IRGC 55969 (IR54) and IRGC 32695 (IR46). Most 

tolerant varieties rely on efficient exclusion of Na-ions from the transpiration stream and 

increase in the uptake of K-ions to maintain growth and cope with salinity stress. Some 

varieties, combining exclusion of Na-ions from the transpiration stream with effective 

sequestration of Na-ions in the vacuoles. The IRRI Mozambican line IRGC 126 505 (IR52) 

appears to have combined Na-ions exclusion and Na-ions sequestrations in the vacuoles, 

because it showed high shoot Na concentrations and low K+/Na+ ratio, but it was among 

tolerant rice accession, with 84% salt tolerance. 

Among the rice genotypes grown in the main rice producing regions of Mozambique, the 

Indica Mozambique (landraces) are moderately tolerant, while the Indica IRRI Lines in 

Mozambique are tolerant to high salinity stress at seedling stage. Indica IRRI Lines would be 

recommended for rice production under salt affected soils in Mozambique.  
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 Seed Priming Approaches to Increase Salt Tolerance of Rice Accessions from 

Mozambique 

 

 Introduction 

We have showed in the previous chapter that the indica landraces rice accessions, 

representatives of those used in the rice producing regions and ecosystems of Mozambique, 

are relatively sensitive to salinity and showed a reduction of shoot dry weight of up to 50%, 

when exposed to 100 mM NaCl salt concentration during the seedling stage in a controlled 

environment experiment (Chapter 2). Therefore, there is a need to identify strategies to 

ameliorate the impact of salinity that are accessible also to smallholders farmers. The aim 

of this chapter was to evaluate changes in tolerance to medium-high salinity application (80 

mM NaCl) of rice accessions from Mozambique following different seed priming treatments, 

and establish the physiological mechanisms that confer higher salt tolerance It was 

hypothesized that priming treatments (hydropriming and halopriming -CaCl2, KCl, and KNO3) 

alleviate the negative effect of salinity by increasing mean shoot dry weight and salt 

tolerance; and altering shoot Na and K concentrations of rice accessions from Mozambique.  
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 Materials and Methods (Experiment II - 2019) 

 Plant Material - Selection of Rice Accessions 

The most salt sensitive rice accessions were selected from previous experiment, carried out 

in 2018 (details in chapter 2). Therefore, rice accessions for this study represent the five 

most sensitive accessions (the score was less than 70% salt tolerance) and the most tolerant 

accession (with 117% of salt tolerance), which was included as standard among tolerant 

accessions (Table 3.1). 

 

Table 3.1 Rice Accessions Assessed for Salt Tolerance under different Priming Treatments 

* Salt Tolerance (%): score derived from experiments described in Chapter 2. 

 

 Seed Surface Sterilization and Priming Treatments 

For each rice accession and respective priming treatment, 40 seeds were placed in a 15 mL 

falcon tube and surface sterilized by soaking them in 10 mL 0.8% sodium hypochlorite 

solution, prepared from commercial bleach 5% NaClO, for 20 minutes over tube rotator 

(Stuart Scientific CO. LTD; Made in UK). Seeds were then rinsed thrice with autoclaved 

distilled water, dried with tissue paper and placed in a fresh 15 mL falcon tube (Bado et al., 

2016)  

Rice Varieties 
IRRI Accession 

Number 

Sub-

species 
Grown Salt Tolerance (%) 

Moroberekan IRGC 12048 Japonica Guinea (West Africa) 26 

Chibica IRGC 7548 Indica Mozambique (landrace) 51 

Chincherica IRGC 7547 Indica Mozambique (landrace) 61  

Gaza IRGC 7546 Indica Mozambique (landrace) 64 

IR 64 IRGC 116793 Indica IRRI line in Mozambique 68 

IR 46 IRGC 32695 Indica IRRI line in Mozambique 117 
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Priming treatments, namely: hydropriming, halopriming and non-priming (control) were 

applied to the disinfected seeds in the falcon tubes. Seeds exposed to hydropriming 

treatment were soaked in 5 mL of autoclaved distilled water. Seeds exposed to halopriming 

treatments were immersed in 5 mL of one of the three solutions: (1) 200mM calcium 

chloride (CaCl2), (2) 278 mM potassium chloride (KCl) and (3) 297 mM potassium nitrate 

(KNO3), and generated a final ratio of 1:5 (w/v). The priming solution concentrations created 

an osmotic potential of Ψs= -1.25 MPa. These priming treatments and the respective 

concentrations were selected because they have been shown to improve the performance 

of both direct seeded and transplanted rice, under non-saline and saline conditions (Farooq 

et al., 2007a, Farooq et al., 2007b, Rehman et al., 2011, Afzal et al., 2012, Theerakulpisut et 

al., 2017). Falcon tubes were placed on the tube rotator (Stuart Scientific CO. LTD; Made in 

UK) for 36 hours at 25 oC +2 oC. Afterward, soaked seeds were rinsed thrice with autoclaved 

distilled water, placed in the petri dishes with one layer of filter paper, and re-dried to 

original weight and moisture level. Drying of seeds was carried out in LEEC plant growth 

incubator (Models PL2, PL3, and PL33 with JUMO dTRON 316 CONTROL) at 27 oC +3 oC in the 

dark for 24 hrs. A subset of six centrifuge tubes, each containing the 40 seeds of one of the 

six rice accessions, was surface sterilized on sowing date and was not primed to serve as 

control (Ruan et al., 2002, Farooq et al., 2009, Afzal et al., 2012). 
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 Rice Plant Establishment: Hydroponic System Setup, Seed Sowing and Salt 

Treatment  

 Hydroponic System Setup 

Primed rice seeds were germinated and left developing into plants in a supported 

hydroponic system in a Fitotron plant growth chamber (WEISS GallenKamp), at the School 

of Agriculture, Policy and Development, University of Reading, United Kingdom. Growth 

conditions were set up based on rice plants’ requirements for grain production; day and 

night temperatures were 28 oC and 23 oC respectively, relative humidity 60%, PAR light 

intensity 300–600 µmol m–2 s–1 at plant height and photoperiod 12 h from sowing up to 132 

days and 10 h thereafter (Köhl, 2015). Ten dark grey food grade polypropylene tanks (REF: 

3-6413-13-CASE GREY RANGE EURO CONTAINER CASE - 26 LITRES (600 X 400 X 155MM).- 

http://www.plastor.co.uk/) were used as the hydroponic tanks and were aerated with 

aeration stones, connected to plastic tubes and two air pumps. Rectangular metallic frames 

of 51x31x12 cm were positioned inside of the ten tanks to support trays with Rockwools 

Cubes (Grodan Rockwool Cubes 3.8x3.8x3.99 cm - https://www.grodan.com/) with plants 

(Figure 3.1) (Munns and James, 2003, Köhl, 2015, Bado et al., 2016). Nutrient solution was 

prepared following Yoshida et al. (1976) with modifications made by Gregorio et al. (1997) 

as described in Section 2.2.3.1 of Chapter 2. 

 

 Seed Sowing  

The experiment was set up in a 2x5x6 factorial design (salt treatments vs priming treatments 

vs rice accessions). Therefore, five tanks corresponding to the five priming treatments were 

assigned to each salt treatment (control and 80mM NaCl). Primed seeds of the six rice 

http://www.plastor.co.uk/
https://www.grodan.com/
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accessions were directly sown in trays, in which two seeds per Rockwool cube and eight 

replicates per rice accession were randomly placed (Figure 3.1) (Köhl, 2015). The nutrient 

solution was gradually introduced over three weeks, hence tanks were filled with autoclaved 

distilled water at sowing and with Yoshida solution ¼ strength, ½ strength and full strength, 

respectively at leaf stages one, two and three (Munns and James, 2003, Bado et al., 2016). 

 

 

 

 

  

Figure 3.1: Experiment setup: a) tank containing nutrient solution, metallic frame with 
aeration stone at the bottom and Rockwool in trays. In each tank, seeds of the six rice 
accessions were randomly direct seeded in Rockwool with eight replicates in groups of two 
seeds per hole (on the left side) and b) 25 days old seedlings in different priming treatments 
(on the right side). 

 

 Salt Treatment  

After seedling establishment, twenty five days after seed sowing, salinity stress was 

imposed. Dry NaCl was added to the nutrient solution of five tanks. The introduction of salt 

was carried out over two days with an increment of 40 mM NaCl per day, to reach the final 

concentration of 80 mM NaCl (Munns and James, 2003, Haq et al., 2014). In this experiment 

salt concentration was reduced to 80 mM NaCl to allow rice plants to develop up to maturity 

stage. The concentration of salt was measured with a portable waterproof conductivity 

meter, Multi-Parameter Testr 35 Series. Autoclaved distilled water was added, in each tank, 

thrice a week to replace water lost from evaporation and transpiration and keep the original 

a) b) 
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volume. Salinity stress was applied for two months (60 days) and then suspended to allow 

the plant to recover and produce the grain.  

 

 Data Collection 

 Shoot Dry Weight and Salt Tolerance 

After 70 days from sowing and 45 days of salt treatment (mid vegetative stage – tillering 

stage), plants from four replicates per rice accession in all treatments (salt treatment x 

priming treatment) were collected. These samples were washed with autoclaved distilled 

water, dried with tissue paper, placed in paper bag and dried to a constant weight in the 

oven at 80 oC for 4 d, at which point shoot dry weight was measured. Salt tolerance was 

calculated as the percentage of shoot dry weight in saline conditions in relation to shoot dry 

weight in non-saline conditions in all priming treatments.  The remaining four replicates 

were left in the tanks for further studies. 

 

 Na+ Exclusion and K+/Na+ Discrimination 

The above four replicates, collected in all treatments to measure the shoot dry weight, were 

combined as one sample and ground in a Foss CT 293 Cyclotec Laboratory Mill. From each 

milled sample, 0.5 g was weighed, placed on MARSXpress digestion tubes, digested, diluted 

and submitted to ICP analysis for the measurement of tissue Na and K concentrations as 

detailed on Section 2.2.4.2. 
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 Statistical Data Analysis 

Three-factor (salt treatments*priming treatments*rice accessions) Analysis of Variance (p-

value < 0.05) was used in the statistical package GenStat 19th Edition to assess the 

differences in the means of shoot dry weight and tissue Na and K concentrations among rice 

accessions, priming treatments and salt treatments. Salt tolerance was calculated as the 

percentage of shoot dry weight production under salt stress in relation to the respective 

control; the ratios of K+/Na+ were calculated based on the values of respective tissue Na and 

K concentrations. The assumptions of ANOVA (Shapiro-Wilk Test for Normality and Test of 

Homogeneity) were checked and the data were normally distributed. 
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 Results  

 Shoot Dry Weight Production 

There was a significant difference in mean shoot dry weight (g/plant) between the six rice 

accessions (p-value < 0.001), two salt treatments (p-value < 0.001), and five priming 

treatments (p-value < 0.001). There were significant interactions between salt treatments 

vs priming treatments (p-value < 0.001), salt treatments vs rice accessions (p-value < 0.001), 

priming treatments vs rice accessions (p-value = 0.019), and salt treatments vs priming 

treatments vs rice accessions (p-value < 0.001). Therefore, the mean shoot dry weight 

among the rice accessions are dependent on both salt treatments and priming treatments.  

Plants growing in the control (0 mM NaCl) treatment showed the highest mean shoot dry 

weight (4.11 g/plant) compared to plants growing in the 80 mM NaCl salt treatment (2.36 

g/plant). Overall, salt treatment decreased mean shoot dry weight by 43%. Under 80 mM 

NaCl salt treatment, the higher shoot dry weight was observed in the rice accessions IRGC 

7546 (Gaza), IRGC 116793 (IR64), and IRGC 12048 (Moroberekan); whereas, the lower in the 

rice accessions IRGC 32695 (IR46), IRGC 7547 (Chincherica), and IRGC 7548 (Chibica) 

(Appendix: Chapter 3). However under 80 mM NaCl salt treatment, compared to 0 mM NaCl 

salt treatment (control), the highest reduction in shoot dry weight was observed on the rice 

accessions IRGC 12048 (Moroberekan) (61%), followed by IRGC 7547 (Chincherica) (57%), 

IRGC 7546 (Gaza) (52%) and IRGC 7548 (Chibica) (31%). There was a slight increase in shoot 

dry weight on the rice accessions IRGC 116793 (IR64) (3%) and IRGC 32695 (IR46) (4%) 

(Appendix: Chapter 3). However, this change was only significant to the rice accession IRGC 

12048 (Moroberekan), IRGC 7546 (Gaza), and IRGC 7547 (Chincherica).  
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Across all rice accessions and salt treatments, priming treatments KCl, KNO3, H2O, and Non-

primed showed higher mean of shoot dry weight; whereas, priming treatment CaCl2 showed 

lower mean of shoot dry weight. Overall, priming treatments KCl, KNO3, and H2O increased 

the mean of shoot dry weight by 27%, 24% and 24% respectively; whereas, priming 

treatment CaCl2 lowered mean of shoot dry weight by 7%, in relation to the non-primed 

treatment (Appendix: Chapter 3).  

However, mean shoot dry weight among the rice accessions was dependent on both salt 

treatment and priming treatments. Under the 80 mM NaCl salt treatment, the highest mean 

shoot dry weights were observed on the KNO3 priming treatment for the rice accessions 

IRGC 12048 (Moroberekan), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), and IRGC 116793 

(IR64); on the CaCl2 priming treatment for the rice accession IRGC 7546 (Gaza); and on the 

KCl priming treatment for the rice accession IRGC 32695 (IR46) (Table 3.2). There was an 

increase in the mean of shoot dry weight of the rice accessions IRGC 12048 (Moroberekan) 

(47%), IRGC 7548 (Chibica) (26%), IRGC 7547 (Chincherica) (31%), and IRGC 116793 (IR64) 

(33%) under KNO3 priming treatment compared to the non-primed treatment, while in IRGC 

7546 (Gaza) (18%) a similar effect was observed under CaCl2 priming treatment, and in IRGC 

32695 (IR46) (63%) under KCl priming treatment. However, this change was only significant 

to the rice accession IRGC 32695 (IR46) (Table 3.2). 
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Table 3.2: Effects of salt treatments and priming treatments on mean shoot dry weight 
(g/plant) of 70-days old seedlings. Six rice accessions (IRGC 12048 (Moroberekan), IRGC 7546 
(Gaza), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), IRGC 116793 (IR64) and IRGC 32695 
(IR46)) treated with five priming treatments (Non-primed (control), Hydropriming, CaCl2, 
KCl, and KNO3) were grown under control (0mM NaCl) and salt treatment (80mM NaCl) in 
hydroponic system in a Fitotron plant growth chamber. Salt stress was imposed at leaf 3 
stage and for 45 days. Data are means (n=4). Means with the same letters are not 
significantly different within each rice accession column (95% CI)  

Salt 
Treatments 

Priming 
Treatments 

Rice Accessions 

Moroberekan Gaza Chibica Chincherica  IR64 IR46 

Control (0mM salt) 

 Non-primed 5.81bcd 5.87abc 1.93a 3.59ab 1.89a 2.06ab 
 Hydropriming 6.48cd 9.21c 3.06a 4.52bc 3.19ab 1.82ab 
 CaCl2 4.22abc 4.23ab 2.52a 4.30bc 1.62a 1.50a 
 KCl 8.43d 7.57bc 3.28a 7.07c 2.01a 2.37ab 
 KNO3 5.63bcd 5.37abc 2.50a 4.25abc 4.75b 2.24ab 

80mM salt 

 Non-primed 1.97a 2.92ab 2.19a 1.95ab 2.63ab 1.35a 
 Hydropriming 2.64ab 3.19ab 1.60a 1.74ab 2.59ab 2.33ab 
 CaCl2 2.24a 3.58ab 0.79a 2.19ab 2.75ab 1.81ab 
 KCl 1.32a 2.73a 1.63a 1.41a 1.94a 3.62b 
 KNO3 3.70abc 3.02ab 2.94a 2.83ab 3.91ab 1.27a 
s.e.d.= 0.878 

 

 

 Salt Tolerance 

Tolerance to salt of the six rice accessions under each of the five priming treatments was 

considered as percentage of mean shoot dry weight under salt treatment 80 mM NaCl in 

relation to the respective 0mM NaCl salt treatment (Control). Rice accessions exhibited 

different degrees of tolerance to salt within priming treatments. The highest increase in 

tolerance to salt on the KNO3 priming treatment were recorded for rice accessions IRGC 

12048 (Moroberekan) (32%), followed by IRGC 7547 (Chincherica) and IRGC 7548 (Chibica), 

with an increase of 12 %, and 5 %, respectively; on the CaCl2 priming treatment increases of 

35 % and 31 % were recorded for rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) 

respectively; an increase of 87% was observed for rice accession IRGC 32695 (IR46) with KCl 

priming treatment (Figure 3.2). 



Page 68 of 206 
 

 

 

Figure 3.2: Salt tolerance of 70-days old seedlings. Six rice accessions (IRGC 12048 
(Moroberekan), IRGC 7546 (Gaza), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), IRGC 
116793 (IR64) and IRGC 32695 (IR46)) treated with five priming treatments (Non-primed 
(control), Hydropriming, CaCl2, KCl, and KNO3) were grown under control (0mM NaCl) and 
salt treatment (80mM NaCl) in hydroponic system in a Fitotron plant growth chamber. Salt 
stress was imposed for 45 days. Data are shown as percentage of the means of shoot dry 
weight under salt stress in relation to control (n=4). The red line indicate salt tolerance of 
100%.  

 

 Na+ Exclusion  

As expected, the 0 mM NaCl salt treatment (control) showed lower mean shoot Na 

concentrations (1.29 mg Na g-1 DW) compared to the 80 mM NaCl salt treatment (21.70 mg 

Na g-1 DW). Variation in shoot Na concentration among rice accessions was lower under 

control, but under 80 mM NaCl salt treatment large variation was observed (Table 3.3). 

Under 80 mM NaCl salt treatment the lowest value of shoot Na concentration were observed 

on KNO3 priming treatment for the rice accessions IRGC 12048 (Moroberekan), IRGC 7546 

(Gaza), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), and IRGC 116793 (IR64); on KCl 
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priming treatment the lowest value of shoot Na concentration was observed for rice 

accession IRGC 32695 (IR46) (Table 3.3). There were lower rates of shoot Na concentration 

accumulation for rice accessions IRGC 12048 (Moroberekan) (92.5%), IRGC 7546 (Gaza) 

(87.9%), IRGC 7548 (Chibica) (95.5%), IRGC 7547 (Chincherica) (88.7%), and IRGC 116793 

(IR64) (76%) under KNO3 priming treatment compared to the 0 mM NaCl salt treatment 

(control); and for rice accession IRGC 32695 (IR46) (79.3%) under KCl priming treatment. 

 

  K+/Na+ Discrimination 

Ratios of K+/Na+ discrimination were calculated from the values of shoot Na concentration 

and shoot K concentration under the control and 80 mM NaCl. A an over ten-fold decrease 

of K+/Na+ ratio under salt stress (salt treatment 80 mM NaCl K+/Na+ ratio mean = 1.69) 

compared to control (salt treatment 0 mM NaCl K+/Na+ ratio mean = 21.16) was observed. 

Variation in the K+/Na+ ratio among rice accessions was observed in control and 80 mM NaCl 

salt treatments (Table 3.3). Under the 80 mM NaCl salt treatment, the six rice accessions 

exhibited variation in the reduction of K+/Na+ ratio under priming treatments. The highest 

value of shoot K+/Na+ ratios was observed on the KNO3 priming treatment for rice accessions 

IRGC 12048 (Moroberekan), IRGC 7546 (Gaza), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), 

and IRGC 116793 (IR64); on KCl priming treatment for rice accession IRGC 32695 (IR46) 

(Table 3.3). 
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Table 3.3: Shoot Na concentration (mg Na g-1 DW) and K+/Na+ ratios of 70-days old seedlings. 

Six rice accessions were grown under two treatments of salinity control (0mM NaCl) and 

(80mM NaCl), and five priming treatments, in hydroponic system in a Fitotron plant growth 

chamber. Salt stress was imposed for 45 days.  These values were measured from four 

replicates of shoot dry weight combined as one sample. 

Priming Treatments 
and 
Rice Accessions 

Na+ Exclusion  K+/Na+ Discrimination 

Control  
(0mM NaCl)  

80mM NaCl  Control  
(0mM NaCl)  

80mM NaCl 

IRGC 12048 (Moroberekan) 

Non-primed 1.37 29.89  13.46 0.87 

Hydropriming 1.76 28.64  11.37 1.08 

CaCl2 1.41 24.15  16.40 1.18 

KCl 1.92 32.24  8.04 0.84 

KNO3 1.37 18.26  13.81 1.35 

IRGC 7546 (Gaza) 

Non-primed 1.29 17.86  15.99 1.92 

Hydropriming 0.78 17.96  27.55 1.86 

CaCl2 1.03 16.08  25.11 2.07 

KCl 1.45 12.13  13.69 2.67 

KNO3 1.02 8.45  24.15 3.44 

IRGC 7548 (Chibica) 

Non-primed 0.56 25.63  40.43 1.01 

Hydropriming 0.56 25.02  48.05 1.20 

CaCl2 0.55 48.40  48.20 0.53 

KCl 0.70 20.95  30.99 1.55 

KNO3 0.61 13.42  39.74 2.13 

IRGC 7547 (Chincherica) 

Non-primed 1.29 24.47  17.09 1.14 

Hydropriming 1.16 32.92  21.59 0.91 

CaCl2 1.73 24.39  14.70 1.25 

KCl 1.81 23.23  10.38 1.31 

KNO3 1.14 10.11  21.45 3.28 

IRGC 116793 (IR64) 

Non-primed 1.59 16.59  14.74 1.93 

Hydropriming 1.29 16.28  20.17 1.81 

CaCl2 1.76 15.46  12.65 1.88 

KCl 1.81 19.03  12.65 1.72 

KNO3 1.73 7.22  11.69 3.47 

IRGC 32695 (IR46) 
Non-primed 1.84 33.37  14.13 0.88 

Hydropriming 1.13 25.89  28.30 1.15 

CaCl2 1.19 35.66  24.21 0.79 

KCl 1.72 8.30  11.89 3.85 

KNO3 1.20 19.09  22.09 1.59 
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 Relationship of salt tolerance, and the physiological mechanisms: Na+ 

concentrations and K+/Na+ ratio 

There was strong negative and significant correlation between the shoot Na concentrations 

and salt tolerance (r = - 0.9587, p-value = 0.0100), and strong positive and significant 

correlation between shoot K+/Na+ discrimination and salt tolerance (r = 0.9575, p-value = 

0.0105) for the rice accession IRGC 12048 Moroberekan. There was moderate negative 

correlation between the shoot Na concentrations and salt tolerance and moderate positive 

correlation between shoot K+/Na+ discrimination and salt tolerance for the rice accession 

IRGC 7548 (Chibica), IRGC 7547 Chincherica and IRGC 32695 (IR46). There was a weak 

positive correlation between the shoot Na concentrations and salt tolerance and weak 

negative correlation between shoot K+/Na+ discrimination and salt tolerance for the rice 

accession IRGC 116793 (IR64) and IRGC 7546 Gaza. However, the association between shoot 

Na concentrations, and K+/Na+ ratio with the salt tolerance was only significant for the rice 

accession IRGC 12048 Moroberekan (Table 3.4). 
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Table 3.4: Association between salt tolerance, shoot Na concentrations, shoot K+/Na+ 

discrimination and shoot K concentrations in the shoots of rice accessions (the correlation 
coefficient n=5), and the respective p-values. 

Shoot Na+, 

K+/Na+, 

and  K+ 

Salt tolerence 

Rice Acessions 

Moroberekan Gaza Chibica Chincherica IR64 IR46 

Na+ - 0.9587 0.0010 - 0.6575 - 0.5774 0.2880 - 0.3553 

K+/Na+ 0.9575 - 0.0190 0.5684 0.6246 - 0.3854 0.5384 

K+ - 0.2099 - 0.0443 - 0.2115 0.3116 0.2616 0.3070 

       

Shoot Na+, 

K+/Na+, 

and  K+ 

p-value 

Rice Acessions 

Moroberekan Gaza Chibica Chincherica IR64 IR46 

Na+ 0.0100 0.9988 0.2278 0.3080 0.6384 0.5574 

K+/Na+ 0.0105 0.9758 0.3174 0.2600 0.5217 0.3493 

K+ 0.7347 0.9437 0.7327 0.6098 0.6707 0.6153 
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 Discussion  

Salt stress reduces growth of crops, including rice (Munns and Tester, 2008, Shahbaz and 

Ashraf, 2013, Gerona et al., 2019) and seed priming has been reported as alleviating the 

negative effect of abiotic stress, including soil salinity (Taylor et al., 1998, McDonald, 2000, 

Farooq et al., 2006a, Iqbal et al., 2006). In this study, under 80 mM NaCl salt treatment we 

observed an overall reduction of shoot dry weight production by 43%. The negative effect 

was more prominent in the rice accessions IRGC 12048 (Moroberekan), IRGC 7547 

(Chincherica), IRGC 7546 (Gaza) and IRGC 7548 (Chibica). Under 80 mM NaCl salt treatment, 

KCl priming treatment increased shoot dry weight and salt tolerance of rice accession IRGC 

32695 (IR46), CaCl2 priming treatment increased shoot dry weight and salt tolerance of  rice 

accession IRGC 7546 (Gaza) and increased salt tolerance of IRGC 116793 (IR64) (Table 3.2 & 

Figure 3.2). These results are in concordance with Afzal et al. (2012) who noticed that seed 

priming salt tolerant and salt sensitive fine aromatic rice cultivars with 200mM CaCl2 or 278 

mM NaCl KCl salt solutions of Ψs= -1.25 MPa osmotic potential, for 36 h at 25 oC +  2 oC room 

temperature, improved shoot dry weight and salt tolerance, under moderate salinity stress 

of 40 and 80 mM NaCl; furthermore, seed priming coarse and fine rice with the same 

inorganic salt solution, for 48 h at 27 oC + 3 oC , increased the emergence of seedlings and 

crop establishment of direct seeded rice grain under normal conditions in farmer fields 

(Farooq et al., 2007a, Rehman et al., 2011). The positive effects of priming were higher under 

KCl than CaCl2 priming treatments under normal conditions (Farooq et al., 2007a). 

Conversely, Theerakulpisut et al. (2017), found that priming rice seeds with 200 mM CaCl2 

or 200 mM KCl, for 48 hours at room temperature, to alleviate the effect of 150 mM NaCl 

salinity stress did not affect shoot dry weight. They presumed diverging of their results from 

those reported from other groups was associated with the genotype and the concentration 
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of priming solution applied in the different studies. In this study, the effect of priming 

depended on both salt treatment and rice accession, with the rice accession IRGC 7546 

(Gaza), IRGC 116793 (IR64), and IRGC 32695 (IR46) grown at 80mM NaCl salt concentrations 

responding positively to the CaCl2 and KCl priming treatments. It should be noted that, the 

KCl priming concentration from Theerakulpisut et al. (2017) study was relatively lower and 

salt concentration was higher than in the present study. The alleviation of salinity impact is 

achieved through the improvement of the growth parameters (roots, leaves, stems) and also 

considerable change in Na-ions and K-ions concentrations, which lead to higher ability for 

osmotic adjustment (Cayuela et al., 1996, Iqbal and Ashraf, 2007, Afzal et al., 2008). Afzal et 

al. (2012) noticed that priming with CaCl2 or KCl decreased Na-ions and increased K-ions 

concentrations in the leaves, which resulted in better salt tolerance of salt tolerant and 

sensitive fine aromatic rice cultivars. Under the KCl priming treatment, the rice accession 

IRGC 32695 (IR46) showed the lowest shoot Na-ions accumulation (79.3% shoot Na-ions 

increase from non-saline to saline) and highest K+/Na+ ratio (3.85) (Table 3.3). These may 

have contributed to the increase of salt tolerance of this accession, under KCl priming 

treatment, though the association between salt tolerance, shoot Na concentration, shoot K 

concentration and shoot K+/Na+ ratio was moderate and not statistically significant (Table 

3.4). The same change in the shoot Na concentrations and K+/Na+ ratio was not observed for 

the rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) under CaCl2 treatment, 

although improved salt tolerance in these accession was observed following priming with 

this salt (Table 3.3). Moreover, there was a weak and positive association between salt 

tolerance and shoot Na concentrations, concomitantly with and a weak negative association 

with shoot K+/Na+ ratios in IRGC 7546 (Gaza) and IRGC 116793 (IR64) (Table 3.4). These 

indicate that Na accumulation in the transpiration stream may favour salt tolerance in these 



Page 75 of 206 
 

accessions. It has indeed been reported that a small amount of Na accumulated in the leaves 

may contribute to osmotic adjustment and ensure survival of plants under salinity stress, as 

long as this is combined with efficient compartmentation in the vacuoles (Flowers et al., 

1986, Shabala and Munns, 2017). Moreover, priming seeds with CaCl2 solution benefit the 

seeds via the influence of Ca2+ on membranes (Shannon and Francois, 1977). Calcium (Ca2+) 

is reported to have a key role in the processes that preserve the integrity of plant membrane 

structures and functions, in the stabilization of cell wall structures, in regulation of ion 

transport and discrimination, control of ion-exchange performance, and the activities of cell 

wall enzyme (Rengel, 1992, George et al., 2012). However, Ca2+ is easily replaceable by other 

cations in the membranes bindings sites, which may compromise its functions if its 

availability is substantially reduced (Tuna et al., 2007). For this reason, supplementation of 

Ca2+ in saline solution may contribute in the alleviation of ion toxicities, in particular for 

plants that are susceptible to sodium injury (Maas, 1993, Grattan and Grieve, 1998). Afzal et 

al. (2012) observed that CaCl2 priming treatment offer protection to adverse impact of salt 

stress and enhance crop growth under saline conditions. This could also be the reason for 

the increase of salt tolerance of rice accession IRGC 7546 (Gaza) and IRGC 116793 (IR64) 

under CaCl2 priming treatment. 

Priming with KNO3 increased shoot dry weight of the rice accessions IRGC 12048 

(Moroberekan), IRGC 7548 (Chibica), IRGC 7547 (Chincherica), and IRGC 116793 (IR64) 

(Table 3.2). There was also an increase of salt tolerance of the rice accessions IRGC 12048 

(Moroberekan), IRGC 7548 (Chibica), IRGC 7547 (Chincherica) (Figure 3.2). Similarly, 

Theerakulpisut et al. (2017) observed that priming with 0.25%, 0.50% or 0.75% KNO3 for 48 

hours at room temperature decreased the negative impact of 150 mM NaCl salinity stress in 

growth of young rice seedlings. They observed that under salt stress there was an increase 
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of shoot dry weight by about 25 - 31.15% and the ratio Na+/K+ were relatively low. In this 

study, the lowest shoot Na concentrations and highest K+/Na+ ratios of the rice accessions 

IRGC 12048 (Moroberekan), IRGC 7548 (Chibica), and IRGC 7547 (Chincherica) were 

recorded under the KNO3 priming treatment (Table 3.3). The rice accession IRGC 12048 

(Moroberekan) may have benefited by the changes in Na and K concentration, since there 

was a strong association between salt tolerance, shoot Na concentration, shoot K 

concentration and shoot K+/Na+ ratio. However, there was moderate and not significant 

association for the rice accession IRGC 7548 (Chibica), and IRGC 7547 (Chincherica), which 

indicate that for these accessions may have additional mechanisms conferring higher salt 

tolerance of these accessions under KNO3 priming treatment (Table 3.4). In addition to 

providing K, priming with KNO3 may also provide nitric oxide (NO). NO is a gaseous redox-

active molecule, which plays an important role in plant growth and development, because 

it is involved in protection strategies against abiotic stresses (Kim et al., 2014, Fancy et al., 

2017, Adamu et al., 2018). It is reported in the literature that NO metabolizes and produces 

osmolytes in plants, reducing the negative effects of abiotic stresses (Ahmad et al., 2017). 

Ruan et al. (2004) observed in wheat, that NO activated the biosynthesis and accumulation 

of proline, improving the maintenance of ion homeostasis. 
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 Conclusions 

80 mM NaCl Salt treatment from leaf 3 stage decreased growth of the rice accessions. 

Overall, there was a reduction of shoot dry weight by 43%. The reduction was more 

prominent on the rice accessions IRGC 12048 (Moroberekan), IRGC 7547 (Chincherica), IRGC 

7546 (Gaza), and IRGC 7548 (Chibica). Salt treatment was associated with an increase of 

shoot Na concentrations, and decrease of K+/Na+ ratios in all six rice accessions. Priming 

treatments had significant impact on the production of shoot dry weight of rice accessions. 

Some priming treatments were helpful under non-saline and others also ameliorated the 

impact of 80 mM NaCl salt treatment. KCl priming treatment increased shoot dry weight and 

salt tolerance, and these effects were accompanied in the rice accession IRGC 32695 (IR46) 

by a low accumulation of Na-ions in the shoot and increased K+/Na+; CaCl2 priming treatment 

increased shoot dry weight and salt tolerance of the rice accession IRGC 7546 (Gaza), and 

salt tolerance of IRGC 66970 (IR64), but did not show the lowest shoot Na concentration and 

highest K+/Na+ ratio. This indicates that rice accessions IRGC 7546 (Gaza) and IRGC 116793 

(IR64) may have been benefited by the increased concentrations of Na in the shoot or that 

CaCl2 offered a specific mechanism for plant survival under salt stress. KNO3 priming 

treatment increased shoot dry weight, salt tolerance, lowered the shoot Na concentrations 

and increased K+/Na+ of the rice accessions IRGC 12048 (Moroberekan), IRGC 7547 

(Chincherica), and IRGC 7548 (Chibica). However, except, for rice accession IRGC 12048 

(Moroberekan), there was no strong association between shoot Na concentration, shoot K 

concentration and shoot K+/Na+ ratio and salt tolerance in IRGC 7547 (Chincherica), and IRGC 

7548 (Chibica). KNO3 may have provided additional mechanism for better plant performance 

under salt stress. Therefore, changes in shoot Na and K concentrations are not the only 

strategic physiological mechanisms promoted by priming treatments for the survival of 
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plants under salt stress. The results suggest that there are multiple strategies of seed 

protection provided by KCl, KNO3, and CaCl2 priming treatments. 

Seed priming treatments (KCl, KNO3, and CaCl2) showed a potential to increase salt tolerance 

in rice accessions cultivated in Mozambique under medium-higher salinity stress. KCl seed 

priming treatment would be recommended for Indica IRRI lines in Mozambique, CaCl2 seed 

priming treatment for both Indica Mozambique (landraces) and Indica IRRI lines in 

Mozambique, whereas KNO3 seed priming treatments for Indica Mozambique (landraces). 
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 Impact of Seed Priming on Germination of Mozambique Rice Accessions 

under Salty Water Imbibition 

 

4.1 Introduction  

In experiments reported in chapter 3 of this thesis, we showed that, CaCl2 and KNO3 priming 

treatments increased shoot dry weight and salt tolerance of indica Mozambique (landrace) 

rice accessions IRGC 7547 (Chincherica) and IRGC 7546 (Gaza), and the IRRI line in 

Mozambique IRGC 66970 (IR64), when these were grown under 80 mM NaCl salt 

concentration. Therefore, the aim of this chapter was to quantify the impact of medium high 

salt stress and different priming treatments on germination, plant growth and development 

of rice accessions from Mozambique. It was hypothesized that salinity stress decreases 

mean percent germination, root and shoot lengths of seedlings of rice accessions from 

Mozambique, while priming treatments reduce these negative impact of salinity stress. 
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4.2 Materials and Methods 

 Plant Material and Priming Treatments 

The rice accessions and priming treatments for this experiment were selected based on the 

results of the previous experiment (Experiment II: 2019, Chapter 3).  

Table 4.1 Rice accessions and priming treatments for the germination test.  

Rice accessions Grown Priming treatments 

IRGC 7546 Gaza Mozambique (landrace) CaCl2, KNO3 

IRGC 7547 Chincherica Mozambique (landrace) KNO3, CaCl2 

IRGC 116793 IR 64 IRRI line in Mozambique CaCl2, KNO3 

*The order of priming treatments indicate which provided best results on previous study (Chapter 3) 

 

 Seed Surface Sterilization 

A total of 50 seeds per rice accession was separately placed in nine (three rice accessions x 

three priming treatments) 15 mL falcon tubes, surface sterilized as described in Section 3.2.2 

of Chapter 3  

 

 Seed Priming  

Priming treatments, namely: halopriming (200mM calcium chloride (CaCl2) and 297mM 

potassium nitrate (KNO3)) and non-priming (control) were applied to the sterilized seeds in 

the falcon tubes. These priming treatments were prepared as described in Section 3.2.2 of 

Chapter 3.  
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 Seed Germination Setup  

The experiment was laid out in a 2x3x3 factorial design with two salt treatments (0 mM NaCl 

and 80 mM NaCl salt concentrations), three rice accessions (IRGC 7547 (Chincherica), IRGC 

7546 (Gaza) and IRGC 66970 (IR64)) and three priming treatments (CaCl2, KNO3, non-primed) 

with four replicates of 25 seeds each. This was carried out over four weeks with one replicate 

per week. An 80 mM NaCl solution and autoclaved distilled water were prepared. Sets of 

four HOSTESS 230 mm x 310 mm paper towels were arranged, and a line was drawn in the 

middle of the upper paper. Subsequently, each set of four paper towels was immersed either 

in a saline solution or in autoclaved distilled water, and wrung to reduce excess moisture. 

Twelve/thirteen seeds were placed in the middle line on top of the three stacked papers and 

a fourth paper towel was used to cover the seeds, leaving a space of about 2 cm on the left 

and basal edges. Afterward, each arrangement of seeds was rolled loosely and placed in 

plastic bags. The plastic bags were labelled and kept in the LEEC plant growth incubator 

(Models PL2, PL3, and PL33 with JUMO dTRON 316 CONTROL) at 34/11 °C day/night with 

16hrs light/8 hrs dark (Ueno and Miyoshi, 2005). Germinated seed was recorded on eighth 

day according to the Association of Official Seed Analysis (AOSA), who recommend a 

germination test duration of 5 to 14 days for rice crop, with a deviation of one to three days 

allowed (AOSA, 1993)(Figure 4.1). 
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Figure 4.1: Procedure for seed germination: A) sets of four papers towels immersed either 
in a saline (80 mM NaCl) solution or autoclaved distilled water. B-E) Seeds sown on moist 
paper towel, which were loosely rolled, placed in labelled plastic bags and F) kept in the 
incubator at 34/11 °C day/night with 16hrs light/8 hrs dark for eight days.  

 

 Data Collection  

After eight days in the incubator, seeds were removed and prepared for the measurement 

of percent germination, root and shoot lengths. A black cardboard of approximate size to 

the paper towels was prepared, a horizontal line in the middle and a scale in one of the 

vertical side of the cardboard were drawn. The seeds in each set of four paper towels were 

transferred to the middle line of the black cardboard, maintaining their position from the 

paper towels. Individual photos were taken with a mobile phone digital camera and stored 

as jpg images (Figure 4.2). 

E) F) 

C) B) A) 

D) 
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Figure 4.2: jpg images with seeds of the rice accession IRGC 7546 Gaza, primed with 200mM 
CaCl2, sown in 80mM NaCl saline solution, germinated in the incubator at 34/11◦C day/night 
with 16hrs light/8 hrs dark for eight days, and transferred to the black cardboard. The seeds 
follow the same position as in the paper towels during the germination period. 

 

4.2.5.1 Percent Germination 

The percent germination was calculated as the number of the germinated seeds in relation 

to the total number of sown seeds per replicate. A seed was considered as germinated when 

root length reached 2 mm (Janmohammadi et al., 2008, Tahjib-Ul-Arif et al., 2018).  

 

4.2.5.2 Seminal Root and Shoot Visualization. 

The root and shoot lengths were measured in the software packages SmartRoot, ImageJ 

1.53a and RootReader2D v4. The jpg images were converted to greyscale in the SmartRoot 

software package and stored as “tif” files. The vertical scale in each “tif” file was converted 

from centimetre to pixel under the software package ImageJ 1.53a. Therefore, from the 

software ImageJ 1.53a, the tool *straight*, segmented or freehand, or arrows was selected 
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and a vertical line between two numbers, on the vertical scale from the “tif” image, was 

drawn. In this study the same numbers, 4 and 5, were used in all “tif” images (Figure 4.3). 

Thereafter, the length of roots and shoots were quantified on RootReader2D v4 software 

package.  

 

4.2.5.3 RootReader2D v4 Software Setup 

The tools Options, Measurement and Modify under the RootReader2D toolbar were 

configured for this data collection. The Options tool was set for Image Processing and Root 

Selecting. Therefore, under the Image Processing four options were selected: Bright roots 

on dark background, Double Adaptive Thresholding, Use Dust Removal Filter (Runs after 

thresholding), and Use Filling Filter (Runs after thresholding and/or dust removal). While, 

two options were selected from Root Selecting: Selected roots share a common endpoint 

(e.g. the seed), and Automatic prediction of furthest endpoint (must select a start endpoint 

first, e.g. the seed). The Measurement tool was set for the options Set Dust Removal Filter 

and Set Scale. The Set Dust Removal Filter was 25 pixels, and Set Scale was the respective 

value converted from centimetre to pixels in ImageJ 1.53a. The Modify tool was adjusted in 

the option Set Pencil/Eraser Size to 25 pixels.  

 

4.2.5.4 Seminal Root and Shoot Lengths Measurement 

Single image saved in grayscale as “tif” file was opened under the RootReader2D v4 Software 

and the roots and shoots were separately measured. Therefore, to each root or shoot, the 

tools (Threshold, Region of Interest, Skeletonize, Build Segments and Measure) were 

applied. Data on the Measuring Log were saved as “csv” file, from which the column 
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corresponding to the longest root or shoot was selected for the statistical analysis (Figure 

4.3). 

 

Figure 4.3: jpg images converted to greyscale and stored as "tif" file. From each "tif" image 
the vertical scale was converted from centimetre to pixel under the software package ImageJ 
1.53a. Root of the rice accession IRGC 7546 Gaza, primed with 200mM CaCl2, sown in a saline 
solution of 80mM NaCl, germinated in the incubator at 34/11◦C day/night with 16hrs light/8 
hrs dark for eight days, and ready for the measurement. The root was thresholded, the 
region of Interest selected, skeletonized, build segments and measured on the 
RootReader2D v4 Software. 

 

 Statistical Analysis  

Three-factor (salt treatments*priming treatments*rice accessions) Analysis of Variance (p-

value < 0.05) was used in the statistical package GenStat 19th Edition. The difference in the 

means of percent germination, root and shoot lengths were assessed using Bonferroni test 

at P<0.05. The assumptions of ANOVA ((Shapiro-Wilk Test for Normality and Test of 

Homogeneity) were checked and the data were homogenous and normally distributed. 
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4.3 Results 

 Percent Germination of Primed and Non-Primed Rice Seedlings Grown under Salt 

Treatments 

Mean percent germination was not significantly different between the two salt treatments 

(p-value = 0.947). There were also no significant interactions between salt treatments and 

priming treatments (p-value = 0.725), salt treatments and rice accessions (p-value = 0.875), 

priming treatments and rice accessions (p-value = 0.076), and salt treatments, priming 

treatments and rice accessions (p-value = 0.874). However, there was significant difference 

in mean percent germination between the three priming treatments (p-value < 0.001) and 

the three rice accessions (p-value < 0.001) (Appendix: Chapter 4). Overall, the KNO3 priming 

treatment, had the lowest percent germination of 74.68%; whereas, CaCl2 priming 

treatment and non-primed treatment had similar mean percent germination of 86.32 % and 

94.32 %, respectively. Rice accession IRGC 7546 (Gaza), had the lowest percent germination 

of 70%. Rice accession IRGC 7547 (Chincherica) and IRGC 116793 (IR64) had similar mean 

percent germinations of 90.84 % and 94.48 %, respectively. 

 

 Root Length of Primed and Non-primed Rice Seedlings Grown under Salt 

Treatments  

Mean root length was not significantly different between three rice accessions (p-value = 

0.157), two salt treatments (p-value =0.977), or three priming treatments (p-value =0.210). 

There were no significant interactions between salt treatments and priming treatments (p-

value =0.908), salt treatments and rice accessions (p-value =0.311), and salt treatment, 

priming treatments and rice accessions (p-value =0.634). However, there was significant 
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interaction between priming treatments and rice accessions (p-value =0.003) (Appendix: 

Chapter 4). 

 

CaCl2 and KNO3 priming treatments decreased mean root length of rice accessions IRGC 

7546 (Gaza) and IRGC 7547 (Chincherica), but this reduction (about 35% of mean root 

length) was only significant for rice accession IRGC 7547 (Chincherica) for the KNO3 priming 

treatment compared to the non-primed treatment. CaCl2 priming treatment decreased 

mean root length, while KNO3 priming treatment increased mean root length, of rice 

accession IRGC 116793 (IR64). However, these changes were not significant on either of 

priming treatments (Figure 4.4). 
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Figure 4.4: Effect of priming treatments on mean root length of 8-days old seedlings. Three 

rice accessions (IRGC 7546 (Gaza), IRGC 7547 (Chincherica) and IRGC 116793 (IR64) treated 

with three priming treatments (non-primed,200 mM CaCl2, and 297 mM KNO3) were grown 

in an incubator at 34/11◦C. day/night with 16hrs light/8 hrs dark. Data are shown as mean 

value +/- SEM of hundred individual replications (n=100). The *sign means significantly 

different (p- value < 0.05) within each rice accession. The error bars represent SEM. 
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 Shoot Length of Primed and Non-primed Rice Seedlings Grown under Salt 

Treatments 

Mean shoot length was not significantly different between priming treatments (p-value 

=0.362). The interactions between salt treatments and priming treatments (p-value =0.612), 

salt treatment and rice accessions (p-value =0.678), salt treatment, priming treatments and 

rice accessions (p-value =0.992) were also not significant. However, there was a significant 

difference in mean shoot length between salt treatments (p-value <0.001) and between rice 

accessions (p-value <0.001). There was also a significant interaction between priming 

treatments and rice accessions (p-value =0.028) (Appendix: Chapter 4). The 0 mM NaCl 

treatment had higher mean shoot length (3.587 cm) compared to 80 mM NaCl (2.297 cm). 

Rice accessions IRGC 66970 (IR64), and IRGC 7547 (Chincherica) had the lowest mean shoot 

lengths of 2.588 cm and 2.893 cm respectively, while rice accession IRGC 7546 (Gaza) had 

the highest mean shoot length of 3.345 cm. 

 

CaCl2 and KNO3 priming treatments slightly decreased mean shoot length of the rice 

accession Gaza and slightly increased mean shoot length of rice accession IRGC 116793 

(IR64); CaCl2 priming treatment increased and KNO3 priming treatments decreased mean 

shoot length of rice accession IRGC 7547 (Chincherica). However, within each rice accession 

there was no significant difference in mean shoot length; and among rice accessions there 

was only significant difference between rice accessions IRGC 7546 (Gaza) and IRGC 66970 

(IR64) under non-primed treatment (p-value =0.0143) (Figure 4.5)  
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Figure 4.5: Effect priming treatments on mean shoot length of 8-days old seedlings. Three 
rice accessions (IRGC 7546 (Gaza), IRGC 7547 (Chincherica) and IRGC 116793 (IR64) treated 
with three priming treatments (non-primed,200 mM CaCl2, and 297 mM KNO3) were grown 
in an incubator at 34/11◦C. day/night with 16hrs light/8 hrs dark. Data are shown as mean 
value +/- SEM of hundred individual replications (n=100). The error bars represent SEM. 
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4.4 Discussion 

 Percent Germination 

Salt treatments did not affect percent germination of the three rice accessions.  

On the contrary, both tested priming treatments reduced percent germination, regardless 

of salt treatments and rice accessions. However, the 8% reduction in germination observed 

following 200 mM CaCl2 priming treatment, compared to non-primed treatment, was not 

statistically significant. Afzal et al. (2012) observed that moderate salinity stress of 80 mM 

NaCl reduced percent germination by 10% in a tolerant rice variety but did not affect the 

percent germination of the salt-sensitive rice variety compared to control (non salt 

treatment); 200 mM CaCl2 priming treatment increased by 6.67% the percent germination 

of fine aromatic rice cultivars sensitive to salinity and by 13.33% the percent germination of 

salt tolerant cultivars, with only the latter increase, being significant. Therefore, effects of 

salt stress and priming treatments on germination are more prominent in the tolerant 

variety compared to a salt sensitive variety. Previous experiments (Chapter 2) indicate that 

rice accessions IRGC 7547 (Chincherica), IRGC 7546 (Gaza), and IRGC 116793 (IR64) are 

moderately tolerant to salinity stress with salt tolerance of 61 %, 64 % and 68 % respectively. 

Possibly, this is the reason why no effect of salt stress was observed and the effect of 200 

mM CaCl2 priming treatment was not significant. The 297 mM KNO3 priming treatment 

significantly reduced percent germination (19.64% less) compared to non-primed 

treatment. This is in contrast with Dhillon et al. (2021) who reported that 198 mM KNO3 

priming treatment increased percent germination of rice plants by 3-4%, under non-saline 

conditions. Ali et al. (2020) observed that 247.5 mM and 495 mM KNO3, increased percent 

germination of rice plants by 16% - 48% under mild, moderate and severe drought 
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conditions; except under 495 mM KNO3 priming treatment and severe drought condition 

where 16% decrease in percent germination was observed. This suggests that the 

concentration of KNO3 that can be efficiently utilized by germinating seeds varies with the 

hydration state of the plant. In this study, 297 mM KNO3 priming treatment is relatively high 

combined with a relatively high 80 mM NaCl salt concentrations, and this may have 

negatively affected the germination of rice accessions. The 80 mM NaCl salt concentrations 

may have created too high osmotic pressure, that reduced the hydration of the seeds, 

decreasing the efficient use of 297 KNO3 priming treatment. 

 

 Seminal Root Length 

Salt stress did not affect seminal root length. However, although not significantly, 200mM 

CaCl2 priming treatment reduced seminal root length of rice accessions IRGC 7547 

(Chincherica), IRGC 7546 (Gaza), and IRGC 116793 (IR64) by 8%, 15%, and 4% respectively 

(Figure 4.4). Similarly, Theerakulpisut et al. (2017) observed that 200mM CaCl2 priming 

treatment decreased root length of 10 d old rice seedlings by 20%, under 150 mM NaCl 

concentrations; while, Afzal et al. (2012) observed that 200mM CaCl2 priming treatment 

increased root length under non-saline and moderate saline conditions (80 mM NaCl salt 

concentrations). This increase was more prominent in salt tolerant varieties (25%) than in 

salt sensitive varieties (8%) at the maximum germination stage (Afzal et al., 2012). In this 

study, although the results were negative and not significant, the impact was lower in IRGC 

116793 (IR64) rice accession, which is relatively tolerant to salt stress compared to IRGC 

7547 (Chincherica) and IRGC 7546 (Gaza) rice accessions. However, it should be considered 

that our observations and scoring were done at day 8th from imbibition and it is possible the 
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seeds had not reached a developmental stage where the effects of the salt treatment begin 

to limit growth and the benefits of priming become evident (which would have evidenced 

the benefits of CaCl2 priming treatment). The 297 mM KNO3 priming treatment decreased 

seminal root length of rice accessions IRGC 7547 (Chincherica) and IRGC 7546 (Gaza) by 35% 

and 4 % respectively, which was significant for IRGC 7547 (Chincherica); though not 

significant, increase seminal root length by 17% was also reported for  IRGC 116793 (IR64) 

rice accession (Figure 4.4). Similarly, Dhillon et al. (2021) observed that 14 d after 

germination, 198 mM KNO3 priming treatment increased seminal root by 17% under normal 

condition. Ali et al. (2020) reported that 247.5 mM and 495 mM KNO3 priming treatments 

increased seminal root length by 30-70% on 51 d old seedlings; this positive impact was 

greater in moderate than in severe drought stress. Theerakulpisut et al. (2017) observed 

that 49.5 mM KNO3 priming treatment increased root length of 10 d old rice seedlings by 

37%, under 150 mM NaCl concentrations. Therefore, there is a tendency for the effects of 

priming to vary with experiment duration, growth conditions (normal or stressed), priming 

concentrations, and the tested rice accessions (degree of tolerance to stress) and this may 

have contributed to the reduction in root length of IRGC 7547 (Chincherica) and IRGC 7546 

(Gaza) rice accessions, which are relatively more salt sensitive compared to IRGC 116793 

(IR64). 

 

 Shoot Length 

Overall, 80 mM NaCl salt treatment decreased shoot length by 36% compared to control (0 

mM NaCl). Salinity stress is known to reduce photosynthetic area and the rate of 

photosynthesis, decreasing the movement of assimilates to the growing tissues, with effects 
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more evident in leaves compared to roots (Greenway and Munns, 1980, Shabala and Munns, 

2017). This could explain why no significant effect of salt stress on root length was observed. 

The 200mM CaCl2 and 297mM KNO3 priming treatments affected shoot length, but the 

response varies with rice accessions (Figure 4.5). Afzal et al. (2012) reported that 200mM 

CaCl2 priming treatment increased shoot length of salt tolerant and salt sensitive fine 

aromatic rice cultivars, and this increase was more prominent in salt tolerant (20%) than in 

salt sensitive (6%) cultivars. Theerakulpisut et al. (2017) observed that 200mM CaCl2 priming 

treatment decreased shoot length by 37%, and therefore did not alleviate the negative 

impact of 150 mM NaCl salinity stress in two different genotypes. In this study, there was an 

increase of shoot length in IRGC 7547 (Chincherica) and IRGC 116793 (IR64) rice accessions 

and decrease in IRGC 7546 (Gaza), and although the changes were not statistically significant 

they suggest that the effect of priming treatment depends on the rice genotype and its level 

of tolerance to the stress (Figure 4.5). The 297mM KNO3 priming treatment increased shoot 

length of IRGC 116793 (IR64) rice accession and decreased that of IRGC 7547 (Chincherica) 

and IRGC 7546 (Gaza), but this was not significant. Similarly, Dhillon et al. (2021) noted a 

non-significant increase in shoot length at 14 days after sowing following a 198mM KNO3 

priming treatment. On the other hand, Ali et al. (2020) reported that 247.5 mM and 495 mM 

KNO3 priming treatments caused a significant increase of shoot length by 30-70% on 51 d 

old rice plants. Theerakulpisut et al. (2017) observed that 49.5 mM KNO3 priming treatment 

alleviated the negative impact of 150 mM NaCl salinity stress on growth of young rice 

seedlings (10 d old rice seedlings). They observed that under salt stress there was about a 

41% increase in shoot length. This suggests that, with prolonged experiment duration, 

significant results might have been obtained in the IRGC 116793 (IR64) rice accession, had 

we scored the seedling after a longer interval from sowing, rather than 8 days. This effect 
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was observed in previous experiment (Chapter 3: Table 3.2 ), in which 70 d old plants of 

IRGC 116793 (IR64) showed 33% increase in mean shoot dry weight when primed with KNO3 

compared to non-primed controls. 
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4.5 Conclusions 

Salt treatment (80 mM NaCl salt concentrations) did not affect percent germination and 

seminal root length, and decreased mean shoot length of 8-day old seedlings of the three 

rice accessions.  

The 200mM CaCl2 priming treatment did not affect percent germination whilst the 297 mM 

KNO3 priming treatment decreased percent germination of the three rice accessions. 

The 200mM CaCl2 priming treatment did not affect seminal root lengths, and shoot lengths 

of the three rice accessions. The 297 mM KNO3 priming treatment did not affect seminal 

root lengths and shoot lengths of rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64), 

while in rice accession IRGC 7547 (Chincherica) decreased seminal root length but did not 

affect shoot length. Therefore, 200mM NaCl CaCl2 and 297mM NaCl KNO3 priming 

treatments did not reduce the negative impact of salinity stress (80 mM NaCl salt 

concentrations) of seedlings of rice accessions IRGC 7547 (Chincherica), IRGC 7546 (Gaza) 

and IRGC 116793 (IR64), at least when determined at 8 days from starting of germination 

inducing conditions.  

The present results and comparing with the literature, suggests that there is a trend for 

priming treatments to increase seedling growth under normal and saline conditions, but this 

tendency appears to vary with duration of experiment (timing for observations and scoring), 

growth conditions (normal or stressed), specific priming salt and concentration and rice 

genotypes. 
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 Effect of Salinity Stress on Growth, Physiological Traits, Grain Yield and Grain 

Composition (Grain Nutritional Quality) of Primed and Non-primed Rice Accessions from 

Mozambique 

 

 Introduction 

In chapter 3 we have showed that CaCl2 and KNO3 priming treatments improved shoot dry 

weight and salt tolerance of indica Mozambique (landrace) rice accessions IRGC 7547 

(Chincherica) and IRGC 7546 (Gaza), and indica IRRI line in Mozambique, IRGC 66970 (IR64), 

under 80 mM NaCl salt concentration. The aim of this chapter was to determine the effect 

of salinity stress and evaluate the impact of different priming treatments on plant growth 

(mature plant biomass), development, grain yield and grain composition (grain nutritional 

quality) of rice accessions from Mozambique. It was hypothesized that salinity stress 

decreases mean grain yield, grain starch concentration, and grain amylose concentration; 

and increases mean grain protein concentration, while priming treatments counteract the 

effect of salt stress on rice accessions from Mozambique. 
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 Materials and Methods (Experiment III - 2020)  

 Plant Material  

The rice accessions and priming treatments for this study were selected as described in 

Section 4.2.1 (Table 4.1) of Chapter 4. 

 

 Seed Surface Sterilization and Priming Treatments 

Seeds were surface sterilized as described in Section 4.2.2 of Chapter 4; and priming 

treatments were prepared and applied to rice seeds as described in Section 4.2.3 of Chapter 

4. 

 

 Rice Plant Establishment: Hydroponic System Setup, Seed Sowing and Salt 

Treatment 

 

 Hydroponic System Setup  

After priming treatments, rice plants were grown in a Fitotron plant growth chamber (WEISS 

GallenKamp), in a supported hydroponic system. Growth conditions were set up based on 

rice plants’ requirements for grain production. Therefore, the day and night temperatures 

were 29 °C and 26 °C respectively, the relative humidity was 70%, the PAR light intensity was 

300–600 µmol m–2 s–1 at crop canopy, and the photoperiod was 10 h. (Figure 5.1) (Yoshida, 

1981, Köhl, 2015).  

Six dark grey food grade polypropylene tanks (REF: 3-6413-13-CASE GREY RANGE EURO 

CONTAINER CASE - 26 LITRES (600 X 400 X 155MM) - http://www.plastor.co.uk/), with 

aeration stones at the bottom of each and linked to two air pumps were arranged in the 

http://www.plastor.co.uk/
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growth room. Rectangular metallic meshes of 510x310x120 mm were positioned inside each 

tank and filled with Rockwool cubes (Grodan Rockwool Cubes Grow Blocks 4" Large Hole X6 

Hydroponics - https://www.grodan.com/) (Munns and James, 2003, Köhl, 2015, Bado et al., 

2016). The nutrient solution was prepared and replenished following Yoshida et al. (1976) 

with modifications made by Gregorio et al. (1997) as described in Section 2.2.3.1 of Chapter 

2 (Figure 5.1)  

 

 Seed Sowing  

The experiment was set up in a 2x3x3 factorial design (salt treatments vs priming treatments 

vs rice accessions). Three tanks were assigned to 0 mM NaCl salt concentration and three to 

60 mM NaCl salt concentration, in which each of the three priming treatments was allocated. 

Seeds of the three rice accessions were randomly sown in each tank, with eight replicates 

(Köhl, 2015). The nutrient solution was gradually introduced over two weeks, thus tanks 

were filled with autoclaved distilled water at sowing and with Yoshida solution, ½ strength 

and full strength, respectively at leaf stages one and three (Figure 5.1) (Munns and James, 

2003, Bado et al., 2016). 

 

 

 

 

 

 

https://www.grodan.com/
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Figure 5.1. A) Fitotron plant growth chamber (WEISS GallenKamp) set up for rice grain 
production (day and night temperatures 29 °C and 26 °C respectively, relative humidity 70%, 
PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy, photoperiod was 10 h); B) 
supported hydroponic system; and C) tank ready for rice direct seeding in Rockwool cubes: 
each treatment (rice accession, priming treatment and salt treatment) had eight replicates, 
represented with the same labelling colour, and randomly distributed. 

 

 Salt Treatment  

Thirty-two days after sowing, corresponding to three weeks after emergence (beginning of 

mid vegetative phase – plants with 3 tillers in average) the salt stress was introduced. Dry 

NaCl was added to the nutrient solution in the tanks allocated to 60 mM NaCl treatment. 

The salt was introduced in two applications over three days, with increments of 30 mM NaCl 

on day 1 and 3, to reach the final concentration of 60 mM NaCl (Munns and James, 2003, 

Haq et al., 2014). In this experiment, the applied salt concentration was reduced to 60 mM 

NaCl to allow rice plants to grow and develop to the reproductive and ripening stages The 

concentration of salt was measured with a portable waterproof conductivity meter, Multi-

Parameter Testr 35 Series. Autoclaved distilled water was added in each tank thrice a week 

to replace water lost from evaporation and transpiration and keep the original volume. 

Salinity stress was applied up to physiological maturity stage (when about 80% of the grain 

were straw, yellow-colored (Figure 5.2). 

 

A B C 
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Figure 5.2: Rice plants at maturity stage: A) under 0 mM NaCl salt concentration, and the 
three priming treatments (A1 - non-primed, A2 - KNO3, and A3 - CaCl2) and B) under 60 mM 
NaCl salt concentration and the three priming treatments (B1 - KNO3, B2 - CaCl2, and B3 -  
non-primed,). 

 

 Data Collection 

 Shoot Dry Weight and Grain Yield  

Plants were grown up to physiological maturity stage (when about 80% - 85% of the grain 

were straw, yellow-colored), and a week before harvesting, the nutrient solution was 

removed from the tanks. Plants aerial tissues (i.e. roots system excluded) were collected and 

separated from the panicles, washed with autoclaved distilled water, dried with tissue paper 

and placed in paper bags. Plants (the vegetative biomass) were then dried in the oven at 80 

°C for four days, to achieve constant weight. Dry weight was measured in grams per plant. 

The panicles were threshed and the grain yield was measured in grams per plant. 

 

 Na+ Exclusion and K+/Na+ Discrimination 

All eight replicates of dried plants corresponding to specific rice accession / priming 

treatment / salt treatment were combined (bulked) as one sample and ground in a Foss CT 

293 Cyclotec Laboratory Mill. A subsample of 0.5 g per sample was weighed and placed on 

A 
B 

A1
1 

B1 A2 A3 B2 B3 
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MARSXpress digestion tubes in three technical replicates. These samples were digested, 

diluted and submitted to ICP analysis for the measurement of tissue Na and K concentrations 

as detailed on Section 2.2.4.2. 

 

 Grain Starch Concentration 

Seeds were harvested and moisture measured (10% on wet weight basis). All eight replicates 

of grain yield per treatment (rice accession / priming treatment / and salt treatment 

combinations) were bulked and ground on the Laboratory Mill 3303 (Perten Instruments, 

Warrington, UK), from which the grain starch, amylose, and protein concentrations were 

measured. 

The starch is defined as total available carbohydrate minus water soluble carbohydrate. 

Total available carbohydrate is defined as the hot water soluble material that is broken down 

to reducing sugars by incubation with amyloglucosidase followed by mild acid hydrolysis 

(Smith et al., 1964). Water soluble carbohydrate is defined as the cold water soluble material 

that is broken down to reducing sugars by mild acid hydrolysis. The starch concentration was 

measured using SKALAR METHODS ANALYSIS: TOTAL REDUCING SUGARS (after inversion) 

RANGE: 50 - 1000 mg C6H12O6/liter SAMPLE: Plant Extraction of Total Available 

Carbohydrates from Grass as described below: 

 

A. Total Available Carbohydrate 

About 0.3 g of ground sample (in duplicate) was weighed into a 50 mL screw top tube, 25 

mL of distilled water was added, and the cap were screwed and mixed thoroughly. The tubes 

were placed in boiling water bath for 2 h. The tube contents were mixed by inversion every 
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15 min. The tube contents were allowed to cool below 70 oC, and 15 mL amyloglucosidase 

solution (~100U/mL in pH 4.5 acetate buffer) was added to the tubes and mixed. The tubes 

were placed in a water bath at 55 oC for 90 min, and mixed by inversion every 15 min. The 

tubes were then cooled and the contents filtered through Whatman filter paper 9.0 cm. From 

the filtered samples, a 2 mL subsample was placed in 15 mL screw top tube, and 6 mL 0.133M 

sulphuric acid was added and the cap replaced and the tubes inverted to mix. The tubes were 

placed in water bath at 70 oC for 30 min. After cooling, the hydrolysate was analysed for 

reducing sugar concentration using a continuous flow auto-analyser (San++ Automated Wet 

Chemistry Analyzer – Continuous Flow Analyzer (CFA) (Skalar Analytical B.V., The 

Netherlands). Recommended Operational Settings: 1. System sample time: 70 sec., wash 

time: 70 sec., air time: 3 sec. 2. Module sample time: 70 sec., wash time: 70 sec., air time: 3 

sec. 3. Calibration type: 1st order ISO 8466-1., standardised with 50:50 glucose: fructose 

solution in distilled water. 

 

B. Water Soluble Carbohydrate 

About 0.5 g of ground sample (in duplicate) was weighed into a 50 mL Erlenmeyer flask, 25 

mL distilled water was added and sample swirled gently to mix. The Flasks were placed on 

Stuart Orbital Shaker SSL1 set at approximately 160 rpm and left for 2 h. The extract was 

filtered through Whatman filter paper 9.0 cm. From the filtered samples, a 2 mL subsample 

was placed in 15 mL screw top tube, and 6 mL 0.133M sulphuric acid was added and the cap 

replaced and inverted to mix. The tubes were then placed in water bath at 70 oC for 30 min. 

After cooling, the hydrolysate was analysed for reducing sugar concentration using a 

continuous flow auto-analyser, standardised with 50:50 glucose:fructose solution in distilled 

water. 
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C. Grain Starch Concentration Calculation 

Total available carbohydrate and water soluble carbohydrate were derived from the 

equation (1) and the starch concentration from the equation (2) below: 

 

(1) CHO =  

 

Where: CHO is the total carbohydrate or the water soluble carbohydrate content (% by 

weight) 

D is the dilution factor, i.e. the extract volume in mL prior to hydrolysis 

C is the concentration of reducing sugar in the hydrolysate in mg/L  

W is the weight of sample taken in mg 

 

 

(2) Starch =  

 

Where: Starch is the starch concentration (% by weight) 

a factor of 0.9 is applied to correct for water gained on hydrolysis 

TC is the total carbohydrate concentration as obtained from (1) 

WC is the water soluble carbohydrate concentration as obtained from (1) 

SR is the starch recovery (%) 

 

 

 

 

 

C  D  100 

  W  1000 

0.9  (TC  WC)  100 

               SR 
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 Grain Amylose Concentration 

The amylose concentration was measured following the Megazyme (www.megazyme.com) 

protocol; therefore, the measurement of the amylose was carried out through sections A, B, 

and C below:  

 

A. Starch Pre-treatment 

Flour sample of 25 mg was added into screw capped Kimax sample tube and 1 mL of 

Dimethyl sulphoxide (DMSO) was added to the tube, with gentle stirring at low speed on a 

vortex mixer (IKA VORTEX GENIUS 3). The tubes were capped and the tube contents were 

heated, for approximately one minute, in a boiling water bath (on PIERCE Reacti-Therm 

Heating Stirring Module, Pierce Chemical Company, Rockford) until the flour sample was 

completely dispersed, ensuring that there was no gelatinous lumps of starch remaining. The 

tube was vigorously mixed at high speed on a vortex mixer, and returned to the boiling water 

bath and heated for a further 15 min, with intermittent high speed stirring on a vortex mixer. 

The tubes were stored at room temperature for approximately five minutes and then 2mL 

of 95 % (v/v) ethanol was added with continuous stirring on a vortex mixer, and a further 4 

mL of 95 % (v/v) ethanol was added. The tubes were capped and inverted to mix, and the 

starch precipitate was formed. The tubes were allowed to stand for 15 minutes and 

centrifuged (on Eppendorf Centrifuge 5810 R, Germany) at 2 000 g for 5 min. The 

supernatant was discarded and the tubes were drained for 10 minutes on a tissue paper, 

ensuring that all of the ethanol has drained. To the starch pellet, 2 mL of DMSO was added 

with gentle vortex mixing and the tubes were placed in boiling water for 15 minutes and 

mixed occasionally, ensuring that there were no gelatinous lumps. The tubes were removed 

http://www.megazyme.com/
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from boiling water bath and immediately 4 mL of Con A solvent (working concentration) was 

added while vigorously mixing the tube, and quantitatively the tube contents was 

transferred to a 25 mL volumetric flask and diluted to volume with Con A solvent (working 

concentration). This solution was filtered through Whatman filter paper 9.0 cm and named 

solution A. 

 

B. Con A Precipitation of Amylopectin and Determination of Amylose 

From solution A above, 1.0 mL was transferred to a 2.0 mL Eppendorf microfuge tube; 0.50 

mL of Con A solution (Bottle 1) was added. The tubes were capped and gently mixed by 

repeated inversion, avoiding frothing of the sample. The tubes were then allowed to stand 

for 1 h at room temperature, and centrifuged (on Eppendorf Centrifuge 5424) at 14,000 g 

for 10 min, at room temperature. A 1 mL subsample of the supernatant was transferred to 

a 15 mL centrifuge tube, and 3 mL of 100 mM sodium acetate buffer, pH 4.5 was added and 

mixed before being heated in a boiling water bath for 5 min to denature the Con A. The 

tubes were placed in water bath (SUB Aqua 12 Plus, Grant Instruments, Cambridge) at 40 oC 

and allowed to equilibrate for 5 min, and 0.1 mL of amyloglucosidase/ α-amylase enzyme 

mixture (page 3; solution 2 (Bottle 2)) was added, and incubated (on Stuart incubator S160D) 

at 40oC for 30 min. The tubes were centrifuged (on Eppendorf Centrifuge 5810 R, Germany) 

at 2,000 g for 5 min and 1 mL aliquots of the supernatant were transferred to new 15 mL 

centrifuge tubes. To which 4 mL of GOPOD Reagent (Reagent B) (Bottle 3 + 4) was added, 

and incubated at 40 oC for 20 min, concurrently with Reagent Blank (1 mL of 100 mM sodium 

acetate buffer, pH 4.5 and 4 mL of GOPOD Reagent (Reagent B) (Bottle 3 + 4)) and two D-
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Glucose Controls (0.1 mL of D-glucose standard solution, 0.9 mL of 100 mM sodium acetate 

buffer, pH 4.5 and 4 mL of GOPOD Reagent (Reagent B) (Bottle 3 + 4)). 

 

C. Determination of Total Starch 

From solution A prepared above, in 15 mL centrifuge tubes, 0.5 mL was mixed with 4 mL of 

100 mM sodium acetate buffer, pH 4.5, and 0.1 mL of amyloglucosidase/ α-amylase solution 

(page 3; solution 2 (Bottle 2)) was added and the mixture was incubated at 40oC for 10 min. 

From this solution, an aliquot of 1.0 mL was transferred in duplicate to new 15 mL centrifuge 

tubes, and 4 mL of GOPOD Reagent (Reagent B) (Bottle 3 + 4) was added, mixed well, and 

incubate at 40oC for 20 min. This last incubation was performed concurrently with the 

samples, Reagent Blank and the D-Glucose Controls detailed in section B. The absorbance of 

each sample, and the D-Glucose Controls were read at 510 nm against the reagent blank on 

SpectraMax i3x (Molecular Devices). The percentage of amylose was calculated as the ratio 

of absorbance of Con A supernatant (section B) and the absorbance of total starch aliquot 

(section C) multiplied by 66.8 dilution factor. 

 

 Grain Protein Concentration 

Elemental nitrogen (N) was determined though the Dumas method (or combustion method) 

in the Leco CHN 628 Carbon/Hydrogen/Nitrogen analyser (LECO Corporation, United States 

of America) and protein derived using conversion factor. Therefore, samples were combusted, 

reduced, separated, and N detected, as described here. Three replicates of well homogenized 

flour samples of about 0.2 g were heated for rapid combustion in a high-temperature oven at 

over 1000 °C in the presence of pure oxygen and produced water (water vapour), carbon 
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dioxide and nitrogen in the form of diverse oxides. This mixture of gases went through the 

reduction chamber containing copper heated to around 650 °C to convert the nitrogen oxides 

into elemental N and collects the oxygen in excess. Total N concentration was measured by a 

thermal conductivity detector and the protein concentration was calculated using a N to 

protein conversion factor of 5.7. 

 

 Total Protein Extraction 

About 50 mg of homogenous and fine flour per treatment (rice accession, priming 

treatment, and salt treatment) was placed in 2 mL Eppendorf tube and 100 mM Tris-HCl (pH 

6.8) extraction buffer containing 1% w/v dithiothreitol (DTT) and 1% sodium dodecyl sulfate 

(SDS) was added to sample (20 μL extraction buffer per mg of flour, hence approximately 

1000 μL was added to each sample). Samples were vortexed briefly on IKA VORTEX GENIUS 

3 and then placed on an Eppendorf Thermo Mixer for 15 min at 50 oC and 1,000 rpm speed 

followed by centrifugation for 20 min at 10,000 g (rpm) on Centrifuge 5424. The supernatant 

was transferred to a new tube, the Bolt 4X LDS Sample Buffer (Novex, Life Technologies was 

added (150 μL supernatant and 50 μL of Buffer) and stored at -20 oC until the one-

dimensional SDS-PAGE analysis.  

 

 Sequential Extraction of Rice Protein 

Rice protein of the accessions IRGC 7546 (Gaza), and IRGC 116793 (IR64) was extracted in 

series as follows: Albumins – Globulins - Cysteine Poor Prolamins (CPP) - Cysteine Rich 

Prolamins (CRP) - Glutelins. Therefore, about 25 mg of homogenous and fine flour per 

treatment (rice accession, priming treatment, and salt treatment) were placed in 2 mL 
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Eppendorf tubes and 250 µl of autoclaved distilled water was added. Tubes were vortexed 

briefly on IKA VORTEX GENIUS 3 and then placed on an Eppendorf Thermo Mixer for 15 min 

at 50 oC and 1000 rpm and centrifuged at 10,000 g (rpm) for 20 min on Centrifuge 5424. The 

supernatant, corresponding to an albumin-reach extract, was removed to clean 2 mL 

Eppendorf tubes and named Albumin (A). To the pellet, 250 µl 0.5 M NaCl, 10 mM Tris –HCl, 

pH 7.5 was added. Tubes were vortexed briefly on IKA VORTEX GENIUS 3 and then placed 

on Eppendorf Thermo Mixer for 15 min at 50 oC and 1,000 rpm and centrifuged at 10,000 g 

for 20 min on Centrifuge 5424. The supernatant corresponding to a globulin-reach extract 

with residual albumins, was removed to clean 2 mL Eppendorf tubes and named 

Albumins/Globulins (A/G). The pellet was resuspended with 250 µl autoclaved distilled 

water, and the tubes were vortexed briefly on IKA VORTEX GENIUS 3 and then placed on 

Eppendorf Thermo Mixer for 10 min at 50 oC and 1000 rpm and centrifuged at 10 000 g for 

20 min on Centrifuge 5424. The supernatant (possibly containing residual A/G) was 

transferred to clean 2 mL Eppendorf tubes and named Water. The pellet was resuspended 

in 250 µl of 60 % (v/v) 1-propanol solution, and the tubes vortexed briefly on IKA VORTEX 

GENIUS 3 and then placed on an Eppendorf Thermo Mixer for 15 min at 50 oC and 1,000 rpm 

and centrifuged at 10,000 g for 20 min on Centrifuge 5424. The supernatant was removed 

to clean 2 mL Eppendorf tubes and named Cysteine Poor Prolamins (CPP). The pellet was 

resuspended in 250 µl of 60 % (v/v) n-propanol + 1% DTT was added, the tubes were 

vortexed briefly on IKA VORTEX GENIUS 3 and then placed on an Eppendorf Thermo Mixer 

for 15 min at 50 oC and 1,000 rpm and centrifuged at 10,000 g for 20 min on Centrifuge 5424. 

The supernatant was removed to clean 2 mL Eppendorf tubes and named Cysteine Rich 

Prolamins (CRP). Finally, the pellet was resuspended in 250 µl of SDS buffer (50 mM ris –HCl, 

pH 6.8, 4 % SDS, 5 % 2-mercaptoethanol + 1.5 % DTT), tubes were vortexed briefly on IKA 
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VORTEX GENIUS 3, and then placed on an Eppendorf Thermo Mixer for 15 min at 50 oC and 

1,000 rpm after which were centrifuged at 10,000 g for 20 min on Centrifuge 5424. The 

supernatant was removed to clean 2 mL Eppendorf tubes and named Glutelins. All extracted 

samples were stored at -20 oC. 

 

 One-Dimensional SDS-PAGE Analysis of the Total and Sequential Protein Extract 

Samples of total extraction and sequential extraction were run in the gel with the same 

procedure. Therefore, samples were thawed at room temperature, briefly heated for 8 min 

at 65 °C on a preheated Eppendorf Thermo Mixer and centrifuged for 2 min at 10,000 g on 

Centrifuge 5424. An Invitrogen by Thermo Fisher Scientific NuPAGE 10% Bis- Tris precast gel 

(1.0 mm x 15 Well) was placed in a Bolt Mini Gel Tank, then the NuPAGE MES SDS Running 

Buffer (20X) was added. Each well was loaded with 10 μL per sample from individual rice 

accession, priming treatment, and salt treatment combinations and 3.5 μL of PageRuler 

Prestained Protein Ladder. The gel was run at 200 V for about 60 min. The gel was fixed with 

12% trichloroacetic acid for 15 min, washed twice with 250 mL autoclaved distilled water on 

a gyro-rocker (SSL3, Stuart, UK) for 15 min, stained with 50 mL of PageBlue Protein Staining 

Solution for 2 h, and then de-stained overnight with autoclaved distilled water. For 

densitometric analysis of total protein extracts, samples on gels were arranged based on the 

three rice accessions ((IRGC 7546 (Gaza), IRGC 116793 (IR64), and IRGC 7547 (Chincherica)), 

three priming treatments, and two salt treatments. For densitometric analysis of sequential 

protein extraction samples were arranged based on protein type (Albumins - 

Albumins/Globulins (A/G) - Water - Cysteine Poor Prolamins (CPP) - Cysteine Rich Prolamins 
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(CRP) – Glutelins), two salt treatments within each of the two rice accession ((IRGC 7546 

(Gaza) and IRGC 116793 (IR64)). All the precast gels were run in duplicate.  

 

 Protein Identification and Densitometric Analysis 

Individual images of precast gels from total and sequential extractions were taken on the gel 

doc system at the molecular genetics laboratory. A LED Pad (Light Pad Drawing A4 Tracing 

Light Table NXENTC LED) was used for a better visualization of the precast gel and the bands. 

A square was drawn in the middle of the Led Pad for uniformity in the measurement, each 

precast gel was placed on the drawn square, inserted in the gel doc system, and photos were 

taken and stored as Jpeg images. The Jpeg images were analyzed in the Gel Analyzer 19.1 

Package. From the Jpeg images from total extractions, the single bands in the SDS-PAGE 

grain protein profile of the rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) were 

thoroughly analyzed to check if there was any difference between the lanes. From sequential 

protein extraction, the different protein types (Albumins - Albumins/Globulins (A/G) - Water 

- Cysteine Poor Prolamins (CPP) - Cysteine Rich Prolamins (CRP) – Glutelins (Gt)) were 

identified and quantified on GelAnalyzer 19.1 Package. 

In the Gel Analyzer 19.1 Package, the Jpeg images of the sequential extractions of rice 

accession IRGC 7546 (Gaza) under KNO3 priming treatment and the two salt treatments 

(0mM NaCl and 60 mM NaCl salt treatments) were analyzed following the settings: File – 

New analyzer; Dark on Light; Select a Crop Region; Add a New Lane; Band Mode; Add Band 

Manually; Rf Calibration Code; Add Rf Curve; MW Calibration Mode; and Insert Ladder MW 

(molecular weight). 
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 Statistical Data Analysis 

Three-factor (salt treatments*priming treatments*rice accessions) Analysis of Variance (p-

value < 0.05) was used in the statistical package GenStat 19th Edition, to assess the difference 

in the means of shoot dry Weight, shoot Na concentration, shoot K+/Na+ discrimination, 

grain yield, grain starch concentration, amylose concentration, and protein concentration. 

The assumptions of ANOVA (Shapiro-Wilk Test for Normality and Test of Homogeneity) were 

checked and the data were normally distributed. 
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 Results  

 Shoot Dry Weight Production  

There was no significant difference in mean shoot dry weight between the three rice 

accessions (p-value= 0.577) and three priming treatments (p-value = 0.535). There were also 

no significant interactions between salt treatments and priming treatments (p-value = 

0.545), priming treatments and rice accessions (p-value = 0.314), and salt treatments, 

priming treatments and rice accessions (p-value = 0.877). However, there was a significant 

difference in mean shoot dry weight between the two salt treatments (p-value = 0.003) and 

a significant interaction between salt treatments and rice accessions (p-value <0.001) 

(Appendix: Chapter 5). Across the three rice accessions and three priming treatments, 0 mM 

NaCl salt treatment (control) showed higher mean of shoot dry weight (19.68 g/plant) than 

60 mM NaCl salt treatment (12.2 g/plant). Overall, 60 mM NaCl salt treatment reduced mean 

shoot dry weight by 38% compared to control. Under 60 mM NaCl salt treatment, the highest 

shoot dry weight was observed in rice accession IRGC 116793 (IR64) (18.09 g/plant), 

followed by IRGC 7546 (Gaza) (10.95 g/plant); whereas, the lowest shoot dry weight was in 

rice accession IRGC 7547 (Chincherica) (4.72 g/plant) (Table 5.1). Compared to 0 mM NaCl 

salt treatment (control), under 60 mM NaCl salt treatment the rice accession IRGC 7547 

(Chincherica) showed the highest and most significant reduction in shoot dry weight (85%) 

(p-value < 0.001); the rice accession IRGC 116793 (IR64) showed an increase in shoot dry 

weight (37%), but this was not significant (p-value = 1.000) (Table 5.1). 

Across the three rice accessions and two salt treatments, KNO3 priming treatment showed 

the highest mean shoot dry weight of 17.75 g/plant, followed by Non-primed (17.49 

g/plant), whereas CaCl2 priming treatment showed the lowest mean shoot dry weight of 
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14.04 g/plant. Overall, KNO3 priming treatment increased mean shoot dry weight by 1.5%, 

whereas CaCl2 priming treatment lowered mean shoot dry weight by 18%, in relation to the 

non-primed treatment. Under 60 mM NaCl salt treatment, compared to Non-primed 

treatment (control), CaCl2 and KNO3 priming treatments decreased the mean shoot dry 

weight of the rice accessions IRGC 7546 (Gaza) (35% and 27% respectively) and IRGC 116793 

(IR64) (43% and 25% respectively); and increased the mean shoot dry weight of rice 

accession IRGC 7547 (Chincherica) (21% and 33% respectively). However, there was no 

significant difference in mean shoot dry weight within all three rice accessions and priming 

treatments (Table 5.1).  
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Table 5.1: Effect of salt treatments and priming treatments on mean shoot dry weight 
(g/plant). Three rice accessions IRGC 7546 (Gaza), IRGC 7547 (Chincherica) and IRGC 116793 
(IR64) treated with three priming treatments (non-primed, CaCl2, and KNO3) were grown 
under control (0mM NaCl) and salt treatment (60mM NaCl) in a Fitotron plant growth 
chamber (WEISS GallenKamp): day and night temperatures 29 °C and 26 °C respectively, 
relative humidity 70%, PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy. Salt 
stress was imposed from 32 d after sowing up to maturity. Data are shown as mean value 
+/- SEM of eight individual replications (n = 8).  

Salt Treatments Priming Treatments 
Shoot Dry Weight Production (g/plant) 

Mean Std.Err. 

IRGC 7546 (Gaza) 

0mM salt Non-primed 18.053 2.359 
0mM salt CaCl2 12.970 1.608 
0mM salt KNO3 24.503 4.108 
        
60mM salt Non-primed 13.840 1.806 
60mM salt CaCl2 8.980 2.671 
60mM salt KNO3 10.082 1.153 

IRGC 7547 (Chincherica) 

0mM salt Non-primed 23.820 13.426 
0mM salt CaCl2 35.722 10.823 
0mM salt KNO3 35.422 12.845 
        
60mM salt Non-primed 4.027 0.503 
60mM salt CaCl2 4.856 1.928 
60mM salt KNO3 5.343 1.941 

IRGC 116793 (IR64) 

0mM salt Non-primed 17.665 1.721 
0mM salt CaCl2 9.607 1.383 
0mM salt KNO3 12.684 1.008 
        
60mM salt Non-primed 23.462 3.917 
60mM salt CaCl2 13.468 2.566 
60mM salt KNO3 17.670 0.983 
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 Na+ Exclusion  

Significant differences in shoot Na concentration between the three rice accessions (p-value 

< 0.001), two salt treatments (p-value <0.001), and three priming treatments (p-value < 

0.001) were observed. The interactions between salt treatments and priming treatments, 

salt treatments and rice accessions, priming treatments and rice accessions, and salt 

treatments, priming treatments and rice accessions were all significant (p-value < 0.001) 

(Appendix: Chapter 5). Therefore, mean shoot Na concentration among the rice accessions 

are dependent on both salt treatments and priming treatments.  

Across the three rice accessions and three priming treatments, plants grown under 0 mM 

NaCl salt treatment (control) had a lower mean shoot Na concentration (2.442 mg Na g-1 

DW) than those grown under 60 mM NaCl salt treatment (18.675 mg Na g-1 DW). The highest 

increase in mean shoot Na concentration from control to 60mM NaCl, was observed in rice 

accessions IRGC 7547 (Chincherica) (89%)(p-value < 0.001), followed by IRGC 7546 (Gaza) 

(87%)(p-value < 0.001); whereas, the lowest increase mean shoot Na concentration was 

observed in rice accession IRGC 116793 (IR64) (83%)(p-value < 0.001) (Appendix: Chapter 

5). Variation in shoot Na concentration among rice accessions was lower under 0 mM NaCl 

salt treatment (control), but under 60 mM NaCl salt treatment large variation was observed. 

Under 60 mM NaCl salt treatment, the lowest mean shoot Na concentration was observed 

in plants whose seeds had been treated with KNO3 priming treatment for all three rice 

accessions IRGC 7546 (Gaza), IRGC 7547 (Chincherica), and IRGC 116793 (IR64) (Table 5.2). 

The lowest rates of shoot Na concentration accumulation, in relation to 0 mM NaCl salt 

treatment (control), were observed in plants whose seeds had been treated with KNO3 

priming treatment for rice accessions IRGC 7546 (Gaza) (84%) and IRGC 7547 (Chincherica) 
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(84%); and in Non-primed treatment (75%) followed by KNO3 priming treatment (76%) for 

rice accession IRGC 116793 (IR64) (Table 5.2). 

 

 K+/Na+ Discrimination 

Significant differences in shoot K+/Na+ discrimination between the three rice accessions (p-

value < 0.001), two salt treatments (p-value < 0.001), and three priming treatments (p-value 

< 0.001) were observed. Significant interactions between salt treatments and priming 

treatments, salt treatments and rice accessions, priming treatments and rice accessions, and 

salt treatments, priming treatments and rice accessions (p-value < 0.001) were also 

observed (Appendix: Chapter 5). Therefore, the means K+/Na+ ratio among the rice 

accessions are dependent on both salt treatments and priming treatments.  

Across the three rice accessions and three priming treatments, there was a decrease in shoot 

K+/Na+ discrimination under salt stress (salt treatment 60 mM NaCl K+/Na+ ratio mean = 

2.551) compared to control (salt treatment 0 mM NaCl K+/Na+ ratio mean = 10.502). The 

highest reduction in mean shoot K+/Na+ discrimination was observed in rice accessions IRGC 

7547 (Chincherica) (86% less)(p-value < 0.001), followed by IRGC 116793 (IR64) (69% less)(p-

value < 0.001); whereas the lowest reduction was observed in rice accession IRGC 7546 

(Gaza) (68% less)(p-value < 0.001) (Appendix: Chapter 5). Variation of shoot K+/Na+ ratio 

across the three rice accessions and priming treatments was observed in both 0 mM NaCl 

(control) and 60 mM NaCl salt treatments (Table 5.2).  

Under 60 mM NaCl salt treatment, KNO3 and CaCl2 priming treatments increased the shoot 

K+/Na+ discrimination of the rice accessions IRGC 7546 (Gaza) and IRGC 7547 (Chincherica); 

whereas KNO3 priming treatment increased and CaCl2 priming treatment decreased the 
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shoot K+/Na+ discrimination of the rice accession IRGC 116793 (IR64). The lowest reduction 

of shoot K+/Na+ discrimination under 60 mM NaCl salt treatment, in relation to control (0 

mM NaCl salt treatment), were observed on KNO3 priming treatment for all three rice 

accessions: IRGC 7546 (Gaza) (65% less) and IRGC 7547 (Chincherica) (77% less), and IRGC 

116793 (IR64) (60% less) (Table 5.2). 
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Table 5.2: Effects of salt treatments and priming treatments on shoot Na concentration and 
shoot K+/Na+ discrimination on three rice accessions. Three rice accessions IRGC 7546 (Gaza), 
IRGC 7547 (Chincherica) and IRGC 116793 (IR64) treated with three priming treatments 
(non-primed, CaCl2, and KNO3) were grown under control (0mM NaCl) and salt treatment 
(60mM NaCl) in a Fitotron plant growth chamber (WEISS GallenKamp): day and night 
temperatures 29 °C and 26 °C respectively, relative humidity 70%, PAR light intensity was 
300–600 µmol m–2 s–1  at crop canopy. Salt stress was imposed from 32 d after sowing up to 
maturity. Data are shown as mean value +/- SEM of three individual replications (n = 3). 
Treatments sharing the same letter are not significantly different within each column (95% 
CI).  

Salt 
Treatments 

Priming Treatments 
Shoot Na concentration 
 (mg Na g-1 DW) 

K+/Na+ 

IRGC 7546 (Gaza) 

0 mM salt Non-primed 3.83 e 5.07 e 
0 mM salt CaCl2 3.11 de 6.31 f 
0 mM salt KNO3 3.03 cde 7.09 g 
    
60 mM salt Non-primed 32.29 n 1.15 a 
60 mM salt CaCl2 23.07 l 2.24 c 
60 mM salt KNO3 19.30 j 2.46 c 

IRGC 7547 (Chincherica) 

0 mM salt Non-primed 1.79 ab 18.98 l 
0 mM salt CaCl2 2.47 bcd 9.62 i 
0 mM salt KNO3 2.60 bcd 9.91 i 
    
60 mM salt Non-primed 24.83 m 1.25 a 
60 mM salt CaCl2 22.13 k 1.80 b 
60 mM salt KNO3 16.75 i 2.32 c 

IRGC 116793 (IR64) 

0 mM salt Non-primed 2.16 abc 8.97 h 
0 mM salt CaCl2 1.72 ab 12.27 j 
0 mM salt KNO3 1.27 a 16.29 k 
    
60 mM salt Non-primed 8.67 g 3.06 d 
60 mM salt CaCl2 15.68 h 2.16 bc 
60 mM salt KNO3 5.35 f 6.54 f 

  s.e.d.= 0.2223 s.e.d.= 0.0981 
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 Grain Yield  

The rice accession IRGC 7547 (Chincherica) did not produce yield under salt stress, as the 

plants started drying at the mid vegetative stage (tillering stage), before the reproductive 

(panicle initiation, booting, heading and flowering) and ripening stages; thus it was excluded 

in the following grain analysis.  

There was significant difference in mean grain yield between the two salt treatments (p-

value < 0.001), and the three priming treatments (p-value < 0.001); and no significant 

difference between the two rice accessions which produced seeds (p-value = 0.520). There 

was no significant interactions between salt treatments and priming treatments (p-value = 

0.758) and salt treatments, priming treatments and rice accessions (p-value = 0.502). 

However, there was significant interactions between salt treatments and rice accessions (p-

value <0.001) and priming treatments and rice accessions (p-value = 0.019). Therefore, the 

means of grain yield of the rice accessions are separately influenced by salt treatments or 

priming treatments (Appendix: Chapter 5).  

0 mM NaCl salt treatment (control) showed higher mean grain yield (12.325 g/plant) than 

60 mM NaCl salt treatment (2.588 g/plant). Overall, 60 mM NaCl salt treatment significantly 

impacted grain yield in all two rice accessions (minus 79% mean grain yield). Salt treatment 

resulted in 95% (p-value < 0.001) and 55% (p-value = 0.0002) yield reductions of rice 

accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64), respectively (Table 5.3). 

Non-primed treatment showed higher mean grain yield of 10.165 g/plant compared to CaCl2 

priming treatment (5.290 g/plant) and KNO3 priming treatment (6.915 g/plant). Overall, 

compared to the non-primed treatment, CaCl2 and KNO3 priming treatments significantly 

decreased mean grain yield by 48% (p-value = 0.0009) and 32% (p-value = 0.0001) 
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respectively. However, mean grain yield varied with rice accessions. CaCl2 and KNO3 priming 

treatments did not significantly affect mean grain yield of rice accessions IRGC 7546 (Gaza) 

and decreased the mean grain yield of rice accessions IRGC 116793 (IR64) by 64 % (p-value 

= 0.00008) and 53 % (p-value = 0.0005) respectively (Table 5.3).  

Table 5.3: Effect of salt treatments and priming treatments in mean grain yield (g/plant). 
Two rice accessions (IRGC 7546 (Gaza) and IRGC 116793 (IR64)) treated with three priming 
treatments (non-primed, CaCl2, and KNO3) were grown under control (0mM NaCl) and salt 
treatment (60mM NaCl) in a Fitotron plant growth chamber (WEISS GallenKamp): day and 
night temperatures 29 °C and 26 °C respectively, relative humidity 70%, PAR light intensity 
was 300–600 µmol m–2 s–1 at crop canopy. Salt stress was imposed from 32 d after sowing 
up to maturity. Data are shown as mean value +/- SEM of eight individual replications (n = 
8).  

Salt Treatments Rice Accessions 
Yield (g/plant) 

Mean Std.Err. 

0 mM NaCl (Control) 
IRGC 7546 (Gaza) 14.771 1.055 

IRGC 116793 (IR64) 9.879 0.856 

60 mM NaCl 
IRGC 7546 (Gaza) 0.760 0.985 

IRGC 116793 (IR64) 4.417 0.907 

 

Priming Treatments Rice Accessions 
Yield (g/plant) 

Mean Std.Err. 

Non-primed 
IRGC 7546 (Gaza) 8.580 1.168 
IRGC 116793 (IR64) 11.749 1.020 

CaCl2 
IRGC 7546 (Gaza) 6.384 1.129 
IRGC 116793 (IR64) 4.196 1.093 

KNO3 
IRGC 7546 (Gaza) 8.331 1.431 
IRGC 116793 (IR64) 5.499 1.126 

 

 

 Grain Starch Concentration 

Significant differences in mean grain starch concentration (%) between the two rice 

accessions (p-value = 0.0013), two salt treatments (p-value <0.001), and three priming 

treatments (p-value < 0.001) were observed. Significant interactions between salt 

treatments and priming treatments (p-value < 0.001), salt treatments and rice accessions (p-

value < 0.001), priming treatments and rice accessions (p-value < 0.001), and salt 
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treatments, priming treatments and rice accessions (p-value = 0.009) were observed 

(Appendix: Chapter 5). Therefore, mean grain starch concentration (%) among the rice 

accessions are dependent on both salt treatments and priming treatments. 

Grain from rice plants under 0 mM NaCl (control) showed higher mean grain starch 

concentration (60.394%) than grain from rice plants under 60 mM NaCl (58.078%). Overall, 

compared to control, 60 mM NaCl salt treatment significantly decreased mean grain starch 

concentration by, on average, 2% (p-value < 0.001). However, this reduction varied with rice 

accessions. The rice accession IRGC 7546 (Gaza) showed a 7% reduction (p-value < 0.001) 

compared to a reduction of 3 % (p-value < 0.0495) for the rice accession IRGC 116793 (IR64) 

(Table 5.4). 

Grain from plants subjected to the CaCl2 priming treatment showed highest mean grain 

starch concentration (60.342 %); whereas, grain from plants subjected to the KNO3 priming 

treatment showed lowest mean grain starch concentration (57.604 %). Overall, compared 

to non-primed treatment (control), CaCl2 priming treatment increased the mean grain starch 

concentration by 0.6% (p-value = 0.051) but this was not significant; whereas, KNO3 priming 

treatment significantly lowered mean grain starch concentration by 2% (p-value = 0.0003). 

Under 60 mM NaCl salt treatment, compared to non-primed, CaCl2 and KNO3 priming 

treatments did not significantly affect the grain starch concentration (%) of both rice 

accessions IRGC 7546 Gaza and IRGC 116793 (IR64) (Table 5.4). However, the highest means 

grain starch concentrations under 60 mM NaCl and the lowest reductions of mean grain 

starch concentration (%) under 60 mM NaCl, compared to the respective 0mM NaCl 

(control), were observed with KNO3 priming treatment (3.7%) and CaCl2 priming treatment 

(5.05%) for the rice accession IRGC 7546 (Gaza); and with CaCl2 priming treatment (0.38%) 
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for IRGC 116793 (IR64). Under KNO3 priming treatment and IRGC 116793 (IR64), 60 mM NaCl 

salt treatment was associated with an increase of 5.68% (p-value = 0.0006) in mean grain 

starch concentration (%) (Table 5.4). 

Table 5.4: Effects of salt treatments and priming treatments in grain starch concentration 
(%) on two rice accessions. Two rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) 
treated with three priming treatments (non-primed, CaCl2, and KNO3) were grown under 
control (0mM NaCl) and salt treatment (60mM NaCl) in a Fitotron plant growth chamber 
(WEISS GallenKamp): day and night temperatures 29 °C and 26 °C respectively, relative 
humidity 70%, PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy. Data are shown 
as mean value +/- SEM of two individual replications (n = 2).  

Salt Treatments Priming Treatments 
Starch Concentration (%) 

Mean Std.Err. 

IRGC 7546 (Gaza)    

0mM salt Non-primed 63.833 0.485 
0mM salt CaCl2 62.347 0.485 
0mM salt KNO3 61.500 0.485 
    

60mM salt Non-primed 56.659 0.485 
60mM salt CaCl2 57.300 0.686 
60mM salt KNO3 57.800 0.686 

IRGC 116793 (IR64)      

0mM salt Non-primed 60.913 0.485 
0mM salt CaCl2 61.053 0.485 
0mM salt KNO3 52.715 0,485 
    

60mM salt Non-primed 57.636 0.485 
60mM salt CaCl2 60.669 0.485 
60mM salt KNO3 58.402 0.485 

 

 

 Grain Amylose Concentration 

The two rice accessions exhibited intermediate (20-25%) grain amylose concentration with 

overall mean of 24.456 % and 21.478 % for IRGC 7546 Gaza and IRGC 116793 (IR64), 

respectively.  

There was no significant difference in mean grain amylose concentration (%) between the 

two rice accessions (p-value = 0.116), three priming treatments (p-value = 0.519), and two 
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salt treatments (p-value = 0.381). There were also no significant interactions between salt 

treatments and priming treatments (p-value = 0.801), salt treatments and rice accessions (p-

value = 0.625), priming treatments and rice accessions (p-value = 0.907), and salt 

treatments, priming treatments and rice accessions (p-value = 0.464) (Appendix: Chapter 

5).  

Overall, 60 mM NaCl salt treatment slightly decreased grain amylose concentrations (%), 

while priming treatments slightly increased grain amylose concentrations (%). Under 60 mM 

NaCl salt  treatment,  CaCl2 and KNO3 priming treatments increased grain amylose 

concentration (%) of rice accessions IRGC 7546 Gaza and IRGC 116793 (IR64), and 

particularly increased grain amylose concentrations (%) from low (10 - 19%) to intermediate 

(20-25%) in rice accession IRGC 116793 (IR64) (Table 5.5). However, the effect of salt 

treatments and priming treatments were not significant.  
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Table 5.5: Effects of salt treatments and priming treatments in grain amylose concentration 
(%) on two rice accessions. Two rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) 
treated with three priming treatments (non-primed, CaCl2, and KNO3) were grown under 
control (0mM NaCl) and salt treatment (60mM NaCl) in a Fitotron plant growth chamber 
(WEISS GallenKamp): day and night temperatures 29 °C and 26 °C respectively, relative 
humidity 70%, PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy. Data are shown 
as mean value +/- SEM of two individual replications (n = 2).  

Salt Treatments Priming Treatments 
Amylose Concentrations (%) 

Mean Std.Err. 

IRGC 7546 (Gaza) 

0mM salt Non-primed  24.266 2.481 

0mM salt CaCl2 27.061 2.481 

0mM salt KNO3 25.673 2.481 

    
60mM salt Non-primed  21.946 2.026 

60mM salt CaCl2 22.506 3.509 

60mM salt KNO3 25.283 3.509 

IRGC 116793 (IR64)   

0mM salt Non-primed  22.037 3.509 

0mM salt CaCl2 21.035 3.509 

0mM salt KNO3 22.421 3.509 

    
60mM salt Non-primed  18.183 2.481 

60mM salt CaCl2 24.509 2.481 

60mM salt KNO3 20.682 2.481 
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 Grain Protein Concentration 

A significant difference in grain protein concentration between the two rice accessions (p-

value < 0.001), two salt treatments (p-value < 0.001) and three priming treatments (p-value 

<0.001) were observed. There were also significant interactions between salt treatments 

and priming treatments (p-value < 0.001), salt treatments and rice accessions (p-value < 

0.001); priming treatments and rice accessions (p-value < 0.001); and salt treatments, 

priming treatments and rice accessions (p-value < 0.001). Therefore, the mean grain protein 

concentration in the rice accessions are dependent on both salt treatments and priming 

treatments (Appendix: Chapter 5).  

0 mM NaCl salt treatment (control) showed lower mean grain protein concentration (9.20%) 

than 60 mM NaCl salt treatment (12.45%). Overall, 60 mM NaCl salt treatment significantly 

increased mean grain protein concentration by 3%. However, this increase varied with rice 

accessions. The rice accession IRGC 7546 (Gaza) showed higher increase of 4.414% (p-value 

< 0.001), than the rice accession IRGC 116793 (IR64), which showed an increase of 2.536% 

(p-value < 0.001) (Table 5.6). 

Across the two rice accessions and two salt treatments, grain from plants subjected to the 

CaCl2 priming treatment showed highest mean grain protein concentration (11.203%), 

followed by grain from plants subjected to the KNO3 priming treatment (10.879%) and the 

non-primed treatment (10.392%). However, compared to non-primed treatment, both CaCl2 

(p-value = 0.321) and KNO3 (p-value = 1.000) were not significantly higher. Under 60 mM 

NaCl salt treatment, compared to non-primed, CaCl2 (p-value < 0.001) and KNO3 (p-value = 

0.0012) priming treatments significantly increased grain protein concentration (%) of rice 

accession IRGC 7546 Gaza by 1.65% and 1% respectively; CaCl2 priming treatment (p-value = 
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1.000) did not have significant effect and KNO3 priming treatment (p-value < 0.001) 

significantly decreased (0.94% less) grain protein concentration (%) of rice accession IRGC 

116793 (IR64) (Table 5.6). 

Table 5.6: Effects of salt treatments and priming treatments in grain protein concentration 
(%) on two rice accessions. Two rice accessions IRGC 7546 (Gaza) and IRGC 116793 (IR64) 
treated with three priming treatments (non-primed, CaCl2, and KNO3) were grown under 
control (0mM NaCl) and salt treatment (60mM NaCl) in a Fitotron plant growth chamber 
(WEISS GallenKamp): day and night temperatures 29 °C and 26 °C respectively, relative 
humidity 70%, PAR light intensity was 300–600 µmol m–2 s–1 at crop canopy. Data are shown 
as mean value +/- SEM of three individual replications (n = 3).  

 

Salt 
Treatments 

Priming 
Treatments 

Grain Protein Concentrations (%) 

Mean Std.Err. 

IRGC 7546 (Gaza)   
0mM salt Non-primed 7.571 0.087 

0mM salt CaCl2 8.382 0.087 

0mM salt KNO3 8.658 0.087 

    
60mM salt Non-primed 11.985 0.087 

60mM salt CaCl2 13.639 0.151 

60mM salt KNO3 12.995 0.151 

IRGC 116793 (IR64)     
0mM salt Non-primed 9.737 0.087 

0mM salt CaCl2 10.310 0.087 

0mM salt KNO3 10.526 0.087 

    
60mM salt Non-primed 12.274 0.087 

60mM salt CaCl2 12.482 0.151 

60mM salt KNO3 11.338 0.087 
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  Grain Protein Profile  

Comparison of the SDS-PAGE grain protein profile of rice accessions IRGC 7546 (Gaza) and 

IRGC 116793 (IR64) under the three priming (non-primed, CaCl2, and KNO3) and two salt 

treatments (0 mM NaCl and 60 mM NaCl) (Figure 5.3) showed some differences between 

the profile of the rice accession IRGC 7546 Gaza under KNO3 priming treatment and 60 mM 

NaCl salt concentration (G2 in Figure 5.3) compared to all other treatments for that same 

rice accession (G1, G3, G4, G5 and G6). In G2 there was an increase in density in some major 

bands corresponding to protein of apparent molecular size in the range 12 kDa -38 kDa  

(green rectangle) and a decrease  in some bands corresponding to the 50 kDa-115 kDa range 

(red rectangle) (Figure 5.3). No differences in protein expression were observed among the 

different treatment for IRGC 116793 (IR64). 

 

 

 

 

 

 

 

 

 

 



Page 129 of 206 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: SDS- PAGE grain protein profile of the rice accessions IRGC 7546 Gaza and IRGC 
116793 (IR64) under two salt treatments (0mM NaCl and 60mM NaCl) and three priming 
treatments (non-primed, CaCl2, and KNO3). G1: Gaza KNO3 0mM NaCl; G2: Gaza KNO3 60mM 
NaCl; G3: Gaza non-primed 0mM NaCl; G4: Gaza non-primed 60mM NaCl; G5: Gaza CaCl2 
0mM NaCl; and G6: Gaza CaCl2 60mM NaCl. I1: IR64 KNO3 0mM NaCl; I2: IR64 KNO3 60mM 
NaCl; I3: IR64 CaCl2 0mM NaCl; I4: IR64 CaCl2 60mM NaCl; I5: IR64 non-primed 0mM NaCl; 
I6: IR64 non-primed 60mM NaCl. Assignment of specific protein bands to protein solubility 
classes (on the right of the gel) was done on the basis of results from Figure 5.4.  

 

Flour from G2 (Gaza KNO3 60 mM NaCl) was selected on the basis of its distinctive protein 

profile and subjected, together with the respective control flour G1 (Gaza KNO3 0 mM NaCl), 

to sequential extraction and SDS-PAGE densitometry analysis, in order to identify and 

quantify grain storage proteins types differentially accumulated in the salt two treatments 

(Figure 5.4). 
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Figure 5.4: Sequential Protein Extract of the rice accessions IRGC 7546 Gaza under two 
treatments of salinity (0mM NaCl and 60mM NaCl) and KNO3 priming treatment. Gaza KNO3 
0mM NaCl Albumins (A1); Gaza KNO3 60mM NaCl Albumins (A2); Gaza KNO3 0mM NaCl 
Albumins/Globulins (A/G) (A/Gb1); Gaza KNO3 60mM NaCl Albumins/Globulins (A/G) 
(A/Gb2); Gaza KNO3 0mM NaCl Water (W1); Gaza KNO3 60mM NaCl Water (W2); Gaza KNO3 
0mM NaCl Cysteine Poor Prolamins (CPP) (CPP1); Gaza KNO3 60mM NaCl Cysteine Poor 
Prolamins (CPP) (CPP2); Gaza KNO3 0mM NaCl Cysteine Rich Prolamins (CRP) (CRP1); Gaza 
KNO3 60mM NaCl Cysteine Rich Prolamins (CRP) (CRP2); Gaza KNO3 0mM NaCl Glutelins 
(Gt1); Gaza KNO3 60mM NaCl Glutelins (Gt2). 

 

The bands in the lanes were selected and the apparent molecular weight (MW) and raw 

volume (refers to density of each band) were detected and associated with the protein type 

in the sequential extraction (Figure 5.5). 
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Figure 5.5. A Densitometry analysis of a Jpeg image of SDS-PAGE gel separating protein fractions 
obtained from sequential extraction of flour from two treatments (Gaza KNO3 0 mM NaCl – G1, and 
Gaza KNO3 60 mM NaCl – G2). Across different lanes bands were selected (framed) and quantified 
Lane 2 and 3 correspond to water extracts (Albumins - A); lane 4 and 5 correspond to salt extracts 
(Albumins/Globulins - A/G), lane 6 and 7 correspond to water extracts (Water - W), lane 8 and 9 
correspond to alcohol extracts (Cysteine Poor Prolamins - CPP), lane 10 and 11 correspond to alcohol 
extracts (Cysteine Rich Prolamins - CRP), lane 12 and 13 correspond to SDS-extracted residue 
(Glutelins - Gt) all from G1 and G2, respectively. B) & C) indicating the selection and quantification 
of SDS extracted protein in the lanes 12 and 13 in A). 
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The analysis of variance of the densitometry analysis data from the sequential extractions 

of rice accession IRGC 7546 (Gaza) under KNO3 priming treatment and the two salt 

treatments (0mM NaCl and 60 mM NaCl salt treatments): G1 and G2 showed that there were 

significant differences in mean protein raw volume (band density)  between two salt 

treatments (p-value = 0.012), five protein types (p-value < 0.001) and between the 

interaction protein types and salt treatments (p-value = 0.0021) (Appendix: Chapter 5). 

Overall, 60 mM NaCl salt treatment decreased mean grain protein raw volume (band 

density) by 26%. Across the two salt treatments under the KNO3 priming treatment, the salt 

soluble fraction of protein (Albumins/Globulins (A/G) - mainly globulins) showed the highest 

raw volume (mean = 4473.125) followed by the water soluble fraction type (mainly 

albumins, mean = 2506.250); the alcohol soluble prolamins (mean = 1095.500) and the SDS-

extracted residue, consisting of glutelins (mean = 1048.250) showed the lower raw volume 

(band density). The band density of globulin fraction (A/G) was significantly higher than the 

albumin (p-value < 0.001), prolamins (p-value < 0.001) and glutelins (p-value < 0.001) 

enriched fractions. 

Therefore, salt treatment applied to KNO3-primed rice resulted in lower relative band density 

of albumins, globulins, and glutelins, and in higher band density of prolamins, but this 

change was only significant for albumins (p-value = 0.0079), which showed 59.13% of mean 

protein raw volume reduction (Figure 5.6). 
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Figure 5.6: Densitometry graphic from sequential protein extract of the rice accession IRGC 7546 
Gaza under two treatments of salinity (0mM NaCl and 60mM NaCl) and KNO3 priming treatment, 
indicating the relative band density of storage protein (Albumins, Albumins/Globulins (A/G), 
Prolamins, and Glutelins). Data are shown as mean value +/- SEM of two individual replications (n=2). 
The bars with * are significantly different (p- value < 0.05). The error bars represent SEM. 

 

 

 Correlations between Grain Yield and Shoot Dry Weight, Shoot Na Concentration, 

Shoot K+/Na+ Discrimination, Starch Concentration, Amylose Concentration and Protein 

Concentration on Two Rice Accessions (IRGC 7546 (Gaza) and IRGC 116793 (IR64)) 

Under the two salt treatments and the three priming treatments, for the rice accession IRGC 

7546 Gaza there was a significant and positive correlation between grain yield and shoot dry 

weight (r = 0.8245), grain yield and shoot K+/Na+ discrimination (r = 0.9248), grain yield and 

grain starch concentration (%)  (r = 0.9344); not significant and positive correlation between 

grain yield and grain amylose concentration (r=0.5919); and significant and negative 

correlation between grain yield and shoot Na concentration (r = -0.9023), and grain yield 

and grain protein concentration (%) (r=-0.9692) (Table 5.7). For the rice accession IRGC 
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116793 (IR64), there was no significant correlation between grain yield and all other 

variables: shoot dry weight (r = 0.2804), shoot Na concentration (r = -0.6432), K+/Na+ 

discrimination (r = 0.3733), grain starch concentration (%)  (r=-0.0493), grain amylose 

concentration (%) (r=-0.3953); grain protein concentration (%) (r=-0.6508) (Table 5.7).  

 

Table 5.7 Correlation (r) between shoot dry weight (g/plant), shoot Na concentration (mg 
Na g-1 DW), shoot K+/Na+ discrimination, starch concentration (%), amylose concentration 
(%) and protein concentration (%) and grain yield (g/plant) variables of the two rice 
accessions (IRGC 7546 (Gaza) and IRGC 116793 (IR64)), under two salt treatments (0mM 
NaCl and 60mM NaCl), and three priming treatments (non-primed, CaCl2, and KNO3), (p < 
0.05, n=6). 

Variable 
SDW 

(g/plant) 
Na+  K+/Na+ 

Starch 

 (%) 

Amylose 

(%) 

Protein 

 (%) 

IRGC 7546 (Gaza) 

Yield (g/plant) 0.8245* -0.9023* 0.9248* 0.9344* 0.5919 -0.9692* 

IRGC 116793 (IR64) 

Yield (g/plant) 0.2804 -0.6432 0.3733 -0.0493 -0.3953 -0.6508 

* Significant 

 

 

 Correlations between Grain Starch Concentration (%) and Grain Protein 

Concentration (%) on Two Rice Accessions (IRGC 7546 (Gaza) and IRGC 116793 (IR64)) 

Under the two salt treatments and the three priming treatments, the rice accession IRGC 

7546 Gaza showed a significant and negative correlation between grain starch 

concentrations (%) and grain protein concentrations (%) (r = - 0.951), and the rice accession 

IRGC 116793 (IR64) did not show a significant correlation between grain starch 

concentrations (%) and grain protein concentrations (%) (r = - 0.002). Therefore, the increase 

of grain protein concentrations is associated with the decreased of grain starch 

concentrations only for the rice accession IRGC 7546 Gaza (Table 5.8). 
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Table 5.8: Correlation (r) between grain starch concentrations (%) and grain protein 
concentrations (%) variables of the two rice accessions (IRGC 7546 (Gaza) and IRGC 116793 
(IR64)), under two salt treatments (0mM NaCl and 60mM NaCl), and three priming 
treatments (non-primed, CaCl2, and KNO3), (p < 0.05, n=6). 

Salt  

Treatments 

Priming  

Treatments 

Grain Starch  

Concentrations (%) 

Grain Protein 

 Concentrations (%) 

IRGC 7546 (Gaza)    

0 mM NaCl Non-primed 63.833 7.571 

60 mM NaCl Non-primed 56.659 11.985 

0 mM NaCl CaCl2 62.347 8.382 

60 mM NaCl CaCl2 57.300 13.639 

0 mM NaCl KNO3 61.500 8.658 

60 mM NaCl KNO3 57.800 12.995 

Means   59.907 10.538 

Std.Dev.  3.023 2.636 

r (p < 0.05 n=6 ) - 0.951* 

IRGC 116793 (IR64) 

0 mM NaCl Non-primed 60.913 9.737 

60 mM NaCl Non-primed 57.636 12.274 

0 mM NaCl CaCl2 61.053 10.310 

60 mM NaCl CaCl2 60.669 12.482 

0 mM NaCl KNO3 52.715 10.526 

60 mM NaCl KNO3 58.402 11.338 

Means   58.565 11.111 

Std.Dev.  3.201 1.109 

r (p < 0.05 n=6 ) -0.002 

* significant 
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 Discussion 

  Salt Stress on Shoot Dry Weight, Shoot Na Concentration, Shoot K+/Na+ 

Discrimination, and Grain Yield 

As hypothesized, overall salt treatment reduced shoot dry weight production and this was 

more prominent on relatively sensitive rice accession IRGC 7547 Chincherica (Table 5.1). This 

is similar to what reported by Gerona et al. (2019), who observed that under salt stress there 

was an overall reduction of shoot dry weight, and that the magnitude of salt stress was 

higher on sensitive genotypes. In our first salt stress screening study, with a shorter 

experiment duration and higher salt concentrations (100 mM NaCl), rice accession IRGC 

7547 Chincherica showed lower salt tolerance (salt tolerance = 61%) than rice accessions 

IRGC 7546 Gaza (salt tolerance = 64%) and IRGC 116793 (IR64) (salt tolerance = 68%) 

(Chapter 2: Figure 2.4). These differences in salt tolerance may not appear to be large, but 

at lower salt concentrations (60 mM NaCl) and in a prolonged experiment, the difference in 

salt sensitivity may have increased.  

In this study as expected, the addition of 60 mM NaCl salt concentration to the hydroponic 

solution, overall increased shoot Na concentrations, and decreased shoot K+/Na+ ratios. This 

increase of shoot Na concentrations and decrease of shoot K+/Na+ ratios was more 

prominent in the relatively sensitive rice accession IRGC 7547 Chincherica, followed by the 

rice accession IRGC 7546 Gaza; and lower in relatively tolerant rice accession IRGC 116793 

(IR64) (Appendix: Chapter 5). This is in concordance with literature which reports that 

tolerant varieties maintain lower shoot Na concentrations and higher shoot K+/Na+ ratios 

than sensitive varieties (Flowers and Yeo, 1981, Haq et al., 2009, Haq et al., 2014). 
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In this experiment, under 60mM NaCl salt treatment, the rice accession IRGC 7547 

Chincherica did not reach the reproductive stage. Furthermore, the stress of 60mM NaCl salt 

concentrations dramatically reduced the grain yield of the two rice accessions IRGC 7546 

Gaza and IRGC 116793 (IR64), with yield losses of 95% and 55% respectively (Table 5.3). Salt 

concentrations of about 60 mM NaCl were reported in literature to reduce the grain yield of 

rice by 50 % (Maas and Hoffman, 1977), but  lower salt concentrations of 20 mM NaCl or 40 

mM NaCl can already cause yield reductions of 33 % and 50 %, respectively (Lutts et al., 

1995, Abdullah et al., 2001, Grattan et al., 2002, Baxter et al., 2011). The yield reductions we 

observed in our study are therefore higher than the expected under 60 mM NaCl from (Maas 

and Hoffman, 1977). This difference from  Maas and Hoffman (1977) and our study may be 

explained by the fact that the 50% grain yield reduction value was predicted based on a 

traditional model that simulates crops yield response under saline conditions, which was 

created based on the literature. This model is intended to provide a general guide for crop 

management under salt stress and it may not be always accurate. 

The response to salinity varies based on stage of growth and development, severity, and 

duration of stress (Zeng et al., 2001, Ismail and Horie, 2017). In this study, salinity was 

applied from 32 d after sowing, up to physiological maturity (from mid vegetative phase, 

through grain filling, to harvest ready), plants had therefore prolonged exposure to salinity 

stress. It is probable that an earlier or a shorter duration of the application of salinity stress 

would have had a lower impact on yield. Moreover, the sensitivity to salinity varies among 

genotypes (Lee et al., 2003, Kurotani et al., 2015). From previous study (Chapter 2: Figure 

2.4) these three rice accessions IRGC 7547 Chincherica, IRGC 7546 Gaza, and IRGC 116793 

(IR64) are among the sensitive genotypes and within them different degree of salt sensitivity 

was displayed. In this study, these accessions also showed different degrees of tolerance to 
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60 mM NaCl salt stress, and it was lower in IRGC 7547 Chincherica, followed by IRGC 7546 

Gaza and IRGC 116793 (IR64) (Table 5.3). 

 

 The Influence of Priming Treatments on Shoot Dry Weight, Shoot Na Concentration, 

Shoot K+/Na+ Discrimination, and Grain Yield 

Our hypothesis that priming treatments (CaCl2, and KNO3) would ameliorate the negative 

effects of salt stress (60 mM NaCl salt concentrations) did not proved right: priming 

treatment with 200mM CaCl2 decreased shoot dry weight of rice accessions IRGC 7546 Gaza, 

and IRGC 116793 (IR64), both on 0 mM NaCl and 60 mM NaCl salt stress, therefore displaying 

lower salt tolerance with respect to non-primed samples, and although increased shoot dry 

weight of rice accession IRGC 7547 Chincherica, these changes were not significant (Table 

5.1).  Findings from our study are in agreement with Theerakulpisut et al. (2017): although 

an higher level of salinity stress (150 mM NaCl ) was applied in that study compared to ours, 

they noticed that 200 mM CaCl2  priming treatment did not have significant effect on shoot 

dry weight. They underlined that the insignificant effect of CaCl2 priming treatment, which 

was different from previous studies, was possibly due to the rice genotype and priming 

concentration applied in that study. 

In this study, priming treatment with 297 mM KNO3 decreased shoot dry weight of the rice 

accessions IRGC 7546 Gaza and IRGC 116793 (IR64), while increased shoot dry weight of the 

rice accession IRGC 7547 Chincherica, but these changes were not significant (Table 5.1). In 

contrast, Theerakulpisut et al. (2017), noticed that under 150 mM NaCl salinity stress, KNO3 

priming treatment significantly increased shoot dry weight by 25% to 31.15%. 

(Theerakulpisut et al., 2017). It has been reported that seed priming with inorganic salts 
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ameliorates the negative effect of salinity through improvement of growth parameters 

(roots, leaves, stems) as a result of induction and de novo synthesis of hydrolases (amylases, 

lipases, proteases), antioxidants (catalases, superoxide dismutase, and peroxidases) and 

osmolytes (proline content) (Farooq et al., 2006a, Farooq et al., 2009, Guo et al., 2022). 

However, also due to the significant changes of shoot Na concentrations and shoot K+/Na+ 

ratios, which enable better osmotic adjustment (Cayuela et al., 1996, Iqbal and Ashraf, 2007, 

Afzal et al., 2008). As hypothesized, 200 mM CaCl2 and 297 mM KNO3 priming treatments 

decreased mean shoot Na-concentrations and increased mean shoot K+/Na+ ratios of rice 

accessions IRGC 7547 (Chincherica), IRGC 7546 (Gaza), and IRGC 66970 (IR64). Under 60 mM 

NaCl salt treatment, KNO3 followed by CaCl2 priming treatments showed lowest shoot Na 

concentration and highest shoot K+/Na+ discrimination (Table 5.2). Similarly, Afzal et al. 

(2012) reported that under moderate salinity stress of 40 and 80 mM NaCl, halopriming with 

200 mM CaCl2 salt solutions of Ψs= -1.25 MPa osmotic potential decreased Na-ions and 

increased K-ions concentrations in the leaves, resulting in improved tolerance of both salt 

tolerant and sensitive fine (i.e. long or medium grain – indica rice) aromatic rice cultivars. 

Moreover, Theerakulpisut et al. (2017) observed that under 150 mM NaCl salt treatment, 

KNO3 priming treatment alleviated the negative impact of salinity on growth of young rice 

seedlings and the ratios Na+/K+ were relatively low compared to the non-primed control. In 

this study, the 200 mM CaCl2 and 297 mM KNO3 priming treatments may have been crucial 

in lowering mean shoot Na-concentrations and in increasing mean shoot K+/Na+ ratios, and 

this may have slightly benefited the sensitive rice accession IRGC 7547 Chincherica, which 

showed an increase of shoot dry weight under both priming treatments (Table 5.2). 

Different to what initially hypothesized in this study, independent to salt treatment, priming 

treatment with 200 mM CaCl2 and 297 mM KNO3 decreased mean grain yield of the rice 



Page 140 of 206 
 

accessions IRGC 7546 Gaza and IRGC 116793 (IR64). These changes were significant for the 

rice accession IRGC 116793 (IR64), hence priming with 200 mM CaCl2 and 297 mM KNO3 

negatively affected the growth and development of this accession independent of the 

concentrations of salt treatment (no effect of salinity stress was observed) (Table 5.3). This 

findings are different from that reported by Farooq et al. (2006a),Farooq et al. (2006e) and 

Rehman et al. (2011), who observed increased grain yield of direct seeded rice under normal 

conditions in farmer fields following the application of 200 mM CaCl2 salt solutions of Ψs= -

1.25 MPa osmotic potential. The increased of grain yield is reported with osmopriming 

followed by re-drying, or osmohardening (soaking the seeds for 24 h in 200 mM CaCl2 salt 

solutions of Ψs= -1.25 MPa osmotic potential, re-drying to initial moisture content, and 

repeating the cycle once), while our study evaluated the effectiveness of 200 mM CaCl2 salt 

solutions for 36 h, re-drying to initial moisture content followed by sowing. Dhillon et al. 

(2021) observed that the application of KNO3 priming treatment increased grain yield in 

about 8 to 10% of direct seeded rice under normal conditions in a field experiment. 

However, unlike our study, this experiment was carried out with lower priming 

concentration (198 mM KNO3), shorter priming duration (12 h and 14 h) and it was in a field 

experiment. 

 

 The Effect of Salt Stress on Starch, Amylose, and Protein Concentrations 

Starch. As by our hypothesis, compared to control (0mM NaCl salt treatment), 60 mM NaCl 

salt treatment decreased grain starch concentration of the two rice accessions IRGC 7546 

(Gaza) and IRGC 66970 (IR64). However, the specific effect varied with rice accession. The 

rice accession IRGC 7546 Gaza showed a higher reduction in grain starch concentration 
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under 60 mM NaCl compared to control plants (Table 5.4). This partly is in concordance with 

Siscar-Lee et al. (1990) who reported that under EC = 50-60 mM NaCl, compared to the 

control (normal soil), there was a reduction of starch concentration in four rice varieties with 

different degrees of salt tolerance, however, this reduction was not associated to the degree 

of salt tolerance. Rao et al. (2013), on the other hand observed that under EC = 40 and 80 

mM NaCl salinity stress, compared to the control, there was a reduction in grain starch 

concentration, in nineteen genotypes categorized as tolerant, semi-tolerant and sensitive, 

and this was more prominent in the salt sensitive varieties.  

Amylose. In this study, on the other hand, the 60mM NaCl salt treatment did not significantly 

affect the amylose concentration, compared to control (0mM NaCl salt treatment). Grain of 

the two rice accessions remained within the intermediate class of amylose concentration 

(20 - 25%) (Kumar and Khush, 1986), also in the case of grain produced under 60mM NaCl 

salt treatment (Table 5.5). Therefore, they would be expected to have gelatinization 

temperature of 70 oC to 74 oC, soft gel consistency (length of gel > 61 mm), cook moist and 

tender and not harden when cool, which represent preferred cooking and eating quality 

parameters (Chapter 1: Table 1.2). Similarly, Thitisaksakul et al. (2015) observed that when 

rice plants were grown, in greenhouse conditions, in pots with soil mixture flooded with salt 

solution of EC = 40 mM NaCl and EC = 20 mM NaCl, applied respectively from seedling stage 

(four weeks after transplant) or after the anther appearance up to physiological maturity, 

compared to the control, did not result in significant change in amylose concentration in the 

grain flour as well as in single grain of the rice cultivar Nipponbare. On the other hand, Rao 

et al. (2013) observed that when rice plants of nineteen genotypes categorized as tolerant, 

semi-tolerant and sensitive were grown up to physiological maturity, in the lysimeters filled 

with saline soils of EC = 40 mM NaCl and EC=80 mM NaCl, compared to the control (normal 



Page 142 of 206 
 

soil), there was a reduction in grain amylose concentration. The difference in rice genotypes, 

salt concentration is in the same range, may explain the different effect of amylose 

concentration from our study. 

Protein. As hypothesized, in this study, under 60mM NaCl salt treatment, compared to 

control (0mM NaCl salt treatment), there was an overall increase in grain protein 

concentration. This increase was higher in the rice accession IRGC 7546 Gaza than in 

accession IRGC 116793 (IR64) (Table 5.6). Moreover, the increased grain protein 

concentration (%) is associated with the decrease of grain starch concentration (%) for the 

rice accession IRGC 7546 Gaza and not for the rice accession IRGC 116793 (IR64) (Table 5.8). 

Similarly, Siscar-Lee et al. (1990) noticed that under EC = 50-60 mM NaCl, compared to the 

control (normal soil), there was an increase of brown rice protein concentration in four rice 

varieties with different degrees of salt tolerance. Thitisaksakul et al. (2015) observed that 

under EC = 40 mM NaCl salinity stress imposed at anthesis stage, compared to the control 

in greenhouse conditions, the grain protein concentration increased by 20.1 %, which was a 

result of the increase of the glutelin followed by prolamin.  

 

 The Influence of Priming Treatments on Starch, Amylose, and Protein 

Concentrations  

In this study, under 60 mM NaCl salt treatment, priming with 200mM CaCl2 and 297mM 

KNO3 did not significantly affect grain starch (Table 5.4) and grain amylose concentrations 

(Table 5.5) but significantly increased grain protein concentration (Table 5.6) of the rice 

accession IRGC 7546 Gaza. It is documented that the grain of rice consists of four types of 

protein which are water soluble albumins, salt soluble globulins, alkaline soluble glutelins, 
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and alcohol soluble prolamins (Chen et al., 2012). The alkaline soluble glutelins (80%) and 

alcohol soluble prolamins (20%) are the most predominant (Yamagata et al., 1982, Chen et 

al., 2012). Densitometry analysis of the grain protein profiles (Figure 5.6) suggests that salt 

treatment under KNO3 priming treatment lowered the band density of albumins, globulins, 

and glutelins, and increased the prolamins. Therefore, the increase in grain protein 

concentration in the rice accession IRGC 7546 Gaza (Table 5.6 & Figure 5.6) is associated 

with a higher content of prolamins. However, the exact concentrations of the protein type’s 

fractions that would support this assumption were not measured. Priming with 200mM 

CaCl2 and 297mM KNO3 did not significantly affect grain starch (Table 5.4) and grain amylose 

(Table 5.5) concentrations, priming with 200mM CaCl2 did not affect grain protein 

concentration, and priming with 297mM KNO3 decreased protein concentration (Table 5.6) 

of the rice accession IRGC 116793 (IR64). Farooq et al. (2006a) observed that priming rice 

seed with 200mM CaCl2 salt solutions of Ψs= -1.25 MPa osmotic potential decreased the 

amylose concentration and increased the percentage of crude protein of direct seeded rice 

grain under non-saline conditions. Moreover, Rehman et al. (2011) also noticed that priming 

rice seed with 200mM CaCl2 salt solution of Ψs= -1.25 MPa osmotic potential increased grain 

translucence of direct seeded rice, under normal conditions in farmer fields. It is reported 

that increased translucency of rice grain is associated with increased amount of amylose 

(Rani and Bhattacharya, 1989, Lisle et al., 2000, Singh et al., 2003).  

Limited information is available on the impact of KNO3 seed priming on rice grain quality 

under direct seeded conditions; and to our knowledge our study is the first one to evaluate 

the change on rice grain composition under salt conditions following KNO3 priming 

treatment. 
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For the rice accessions IRGC 7546 (Gaza) there was strong positive association between 

shoot dry weight, shoot K+/Na+ discrimination, starch concentration, amylose concentration 

and grain yield; and strong negative association between shoot Na concentration, protein 

concentration and grain yield (Table 5.7). Although priming treatments had the reverse 

effect of salinity stress in shoot Na concentration and shoot K+/Na+ discrimination, they did 

not affect the shoot dry weight and starch concentration. Priming treatments increased 

grain protein concentrations. However, grain protein concentrations showed a negative 

correlation with grain starch concentrations for the rice accession IRGC 7546 (Gaza) (Table 

5.8). Therefore, these may be the reasons why there was not significant effect of priming 

treatments in the grain yield of the rice accessions IRGC 7546 (Gaza).  

For the rice accession IRGC 116793 (IR64), there was no significant association between the 

measured variables (shoot dry weight, shoot Na concentration, shoot K+/Na+ discrimination, 

starch concentration, amylose concentration, protein concentration) and the grain yield, 

neither between grain starch concentrations and grain protein concentrations (Table 5.7 & 

5.8). However, despite of being the least affected by salinity stress, this accession was 

negatively affected by priming treatments. This suggests that perhaps priming treatments 

may have negatively influenced other physiological variables not included in this study (e.g. 

hydrolases, antioxidants, and osmolytes), which may have negatively affected the growth 

and development of the rice accession IRGC 116793 (IR64), resulting in a significant decrease 

in yield. 

 



Page 145 of 206 
 

 Conclusions 

Salt treatment (60 mM NaCl) decreased shoot dry weight, increased shoot Na-

concentrations, and decreased shoot K+/Na+ ratios of rice accessions IRGC 7547 

(Chincherica), IRGC 7546 (Gaza), and IRGC 66970 (IR64). These changes were more 

prominent in the rice accession IRGC 7547 (Chincherica), followed by the rice accession IRGC 

7546 (Gaza). 

Salt treatment (60 mM NaCl) resulted in 100% sterility in rice accession IRGC 7547 

(Chincherica) and decreased grain yield of rice accessions IRGC 7546 (Gaza) and IRGC 66970 

(IR64). These reduction was higher in the rice accession IRGC 7546 (Gaza) than in IRGC 66970 

(IR64). 

Salt treatment decreased grain starch concentration, did not affect grain amylose 

concentration and increased grain protein concentration of the rice accessions IRGC 7546 

(Gaza), and IRGC 66970 (IR64). These changes were more prominent in the rice accession 

IRGC 7546 (Gaza) than in IRGC 66970 (IR64).  

Under 60 mM NaCl salt treatment, CaCl2 and KNO3 priming treatments did not benefit shoot 

dry weight or grain yield of the three rice accessions from this study. Moreover, priming had 

a negative effect on grain yield of the rice accession IRGC 116793 (IR64). Except for IRGC 

66970 (IR64) under CaCl2 priming treatment, CaCl2 and KNO3 priming treatments decreased 

shoot Na concentration, and increased shoot K+/Na+ discrimination in all three rice 

accessions, and this was more prominent in the sensitive rice accession IRGC 7547 

(Chincherica), followed by the rice accession IRGC 7546 (Gaza). CaCl2 and KNO3 priming 

treatments did not impact grain starch concentration or the amylose concentration of the 

rice accessions IRGC 7546 (Gaza) and IRGC 66970 (IR64). However, CaCl2 and KNO3 priming 
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treatments increased grain protein concentration in IRGC 7546 (Gaza) and decreased in 

KNO3 primed IRGC 116793 (IR64). 
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 General Discussion  

This research aimed to determine salt tolerance of rice accessions grown in Mozambique; 

to quantify the impact of salt stress on development, grain yield and grain composition; to 

establish the mechanisms that could be at the basis of a greater tolerance to salt; to evaluate 

which seed priming approaches could be effective in increasing salt tolerance of rice 

accessions from Mozambique and improve their yield and grain composition. 

 

 Salinity Tolerance of Rice Accessions from Mozambique (Chapter 2) 

The first specific objective of this research was to determine the salinity tolerance of rice 

accessions representative to those cultivated in Mozambique. The twelve rice accessions 

showed large variation in the response to salt stress. This study showed that indica 

Mozambique landraces rice accessions are moderately tolerant, while the indica IRRI lines 

rice accessions are tolerant to high salinity stress during the seedling stage. Therefore, this 

finding suggests adoption of indica IRRI lines rice accessions for a better rice production in 

saline soils of Mozambique. However, from an agronomical point of view, it should be noted 

that, while indica IRRI lines, which are genetically improved accessions, may better cope with 

the stress of salinity, in general, compared to the indica Mozambique landraces, they are 

less adapted to the Mozambican environment or climate and more demanding in terms of 

agricultural inputs (machinery, irrigation system and water, good seeds, fertilizers, 

pesticides, etc.). Furthermore, they are currently the least preferred by the farmers and rice 

consumers in Mozambique, in terms of grain quality (storage, milling and marketing 

properties, physical appearance of the caryopsis, cooking and eating quality, and nutritional 

value). Consequently, studies that aim to improve the productivity of indica Mozambique 
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landraces, with the purpose of providing farmers desired alternatives of rice accessions with 

better performance under salt stress, are relevant. 

 

 Salt Tolerance of Rice Accessions and Seed Priming (Chapter 3) 

Seed priming treatments were evaluated in terms of their ability to alleviate the negative 

effects of salt stress in rice accessions from Mozambique, and ion analysis was carried out 

to establish if differences in response were correlated with different accumulation of Na and 

K ions, which have been reported to promote osmotic adjustments in the cells, hence 

conferring higher salt tolerance. 

Priming treatments showed that there is scope for better rice production in salt affected 

soils in Mozambique. However, the positive effects are observable with an accurate 

combination of rice accessions and the inorganic priming salt used for seed hydration or 

seed preparation before sowing. Therefore, before moving towards the adoption of priming 

treatments, pilot studies should be carried out to identify the combination of rice accessions 

and the inorganic priming salt that provides best results. CaCl2 and KNO3 seed priming 

treatment would be recommended for Indica Mozambique (landraces). 

This study also showed that the increase of salt tolerance conferred by the priming 

treatments is not exclusively based in the physiological changes caused by Na and K 

concentrations in the shoots, there are additional physiological mechanisms provided by 

each inorganic salt applied for priming. For instance, CaCl2 priming treatment appears to 

have benefited rice plants by providing Ca2+ on the membranes, which would promote 

integrity of plant membrane structures and functions (Shannon and Francois, 1977, Rengel, 

1992, George et al., 2012), while KNO3 priming treatment benefited rice plants by providing 
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nitric oxide (NO), which is known to be involved in defense strategies against abiotic stresses, 

such as the production of osmolytes (e.g. proline and glycine betaine) in plants (Fancy et al., 

2017, Adamu et al., 2018, Ahmad et al., 2017). Therefore, future related studies may also 

consider including parameters such as the measurement of Ca2+ on the membranes for CaCl2 

priming treatment, and the concentrations of nitric oxide (NO) or the content of osmolytes 

(e.g. proline and glycine betaine) for KNO3 priming treatment, for better understanding of 

how each inorganic salt protects plants from salt stress. These complementary data may 

facilitate the establishment or identification of mechanisms that confer higher salt tolerance 

of rice accessions in Mozambique. 

 

 Salt Stress and Seed Priming on Germination of Rice Accessions (Chapter 4) 

The impact of salt stress and different priming treatments on germination, plant growth and 

development was quantified. 80 mM NaCl salt treatment did not affect percent germination 

and seminal root length, and decreased shoot growth of the three rice accessions. Salt 

treatment did not affect rice seed vigor, but the reduction of shoot length may lead to low 

leaf area and poor crop establishment. Poor crop establishment may prevent rice plants 

from competing with weeds for solar radiation, soil water and nutrients, decreasing the rate 

of photosynthesis, causing poor plant performance and ultimately a low yield. 

Our results suggest positive CaCl2 priming effects on shoot length of rice accessions IRGC 

7547 (Chincherica) and IRGC 116793 (IR64) (Figure 4.5), and positive KNO3 priming effects 

on root and shoot lengths of rice accession IRGC 116793 (IR64) (Figure 4.4 & 4.5), and that 

these effects may have become significant if the measurement was done after a longer time 

of incubation in germination conditions (12-14 days, rather than 8 days), lower salt 
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concentrations, and, possibly, lower priming salt concentrations (Theerakulpisut et al., 2017, 

Ali et al., 2020, Dhillon et al., 2021). Therefore, our results suggest that the adoption of seed 

priming, whilst not impacting on germination per se, may still alleviate the negative effects 

of salinity in the early stages of rice crop development. However, further studies are 

required to disclose the best priming salt concentrations and duration that provide 

satisfactory results at each growth conditions (salt concentrations) and rice accession. 

 

 Salt Stress and Seed Priming on Growth, Physiological Traits, Grain Yield and Grain 

Composition of Rice Accessions (Chapter 5) 

The beneficial effects of priming treatments (CaCl2 and KNO3) observed in the earlier 

vegetative stages, in the mitigation of the effect of salinity stress on rice accessions from 

Mozambique, were evaluated to determine whether these also benefit rice accessions in 

terms of mature plant biomass, grain yield and grain composition (grain nutritional quality). 

Priming treatments (CaCl2 and KNO3), under salinity stress, did not affect shoot dry weight; 

decreased mean grain yield of tested rice accessions, being significant for IRGC 66970 (IR64); 

did not affect grain starch concentration and grain amylose concentration; and increased 

grain protein concentration. Therefore, priming treatments (CaCl2 and KNO3), did not benefit 

the tested rice accessions, under salinity stress. These results reinforce that there is a need 

for further studies to optimize the combination of rice accessions and inorganic priming salt 

treatment (concentrations and duration) that could be effective at mitigating different levels 

of salinity stress. Additionally, our results indicate that priming treatments possibly have 

negatively interfered in other physiological parameters such as the content of hydrolases, 

antioxidants, and osmolytes of rice accession IRGC 66970 (IR64). Therefore, future studies 
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should also include these parameters. Thereafter, favorable priming approaches may be 

disseminated to smallholder farmers to increase rice grain yield and quality, thereby 

improve the food and nutritional security in Mozambique. 
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 Appendices 

 

Chapter 2 

Analysis of Variance  

Variate: Shoot Dry Weight (g/plant) 

Effects of salt stress on shoot dry weight of twelve rice accessions 

Sequentially adding terms to fixed model     

       

Fixed term Wald statistic n.d.f. 
F 
statistic 

d.d.f. F pr 

Salt.treatments 27.2 1 27.2 118 <0.001 

Rice accessions 71.06 11 6.46 118 <0.001 

Salt.treatments.Rice Accessions 32.37 11 2.94 118 0.002 

 

 

Shoot Dry Weight means differences (Bonferroni test at P<0.05) 

 
Cell 
No. 

Bonferroni test; variable Shoot Dry Weight  Probabilities for Post Hoc Tests Error: Between 

MS = .04361, df = 120.00 

!Salinit
y level 

 

! Rice 
accessions 

 

{1} 
-

.402
8 

 

{2} 
.011
66 

 

{3} 
-

.211
1 

 

{4} 
-

.535
5 

 

{5} 
-

.300
5 

 

{6} 
-

.423
4 

 

{7} 
-

.351
8 

 

{8} 
-

.301
0 

 

{9} 
-

.271
9 

 

{10} 
-

.529
0 

 

{11} 
-

.381
2 

 

{12} 
-

.500
5 

 

1 
 

Salt Gaza  0.22
2838 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

2 
 

Salt Chincherica 
0.22
2838 

 1.00
0000 

0.00
3741 

1.00
0000 

0.12
4327 

0.86
8085 

1.00
0000 

1.00
0000 

0.00
4652 

0.40
2764 

0.01
1830 

3 
 

Salt Chibica 
1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

4 
 

Salt 
IRGC 12048 

(Moroberekan) 
1.00
0000 

0.00
3741 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

5 
 

Salt 
IRGC 32695 

(IR46) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

6 
 

Salt CO39 
1.00
0000 

0.12
4327 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

7 
 

Salt 
IRGC 53435 

(IR54) 
1.00
0000 

0.86
8085 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

8 
 

Salt 
IRGC 55969 

(IR54) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

9 
 

Salt 
IRGC 66970 

(IR64) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

10 
 

Salt 
IRGC 101363 

(Moroberekan) 
1.00
0000 

0.00
4652 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

11 
 

Salt 
IRGC 116793 

(IR64) 
1.00
0000 

0.40
2764 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

12 
 

Salt 
IRGC 126 505 

(IR52) 
1.00
0000 

0.01
1830 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 
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13 
 

Control Gaza 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

14 
 

Control Chincherica 
0.00
0196 

1.00
0000 

0.10
9434 

0.00
0001 

0.00
6871 

0.00
0092 

0.00
1213 

0.00
6748 

0.01
7287 

0.00
0002 

0.00
0429 

0.00
0005 

15 
 

Control Chibica 
0.02
7561 

1.00
0000 

1.00
0000 

0.00
0316 

0.52
2382 

0.01
4416 

0.12
6972 

0.51
4830 

1.00
0000 

0.00
0399 

0.05
3415 

0.00
1096 

16 
 

Control 
IRGC 12048 

(Moroberekan) 
0.07
3588 

1.00
0000 

1.00
0000 

0.00
0998 

1.00
0000 

0.03
9610 

0.31
4614 

1.00
0000 

1.00
0000 

0.00
1253 

0.13
8260 

0.00
3326 

17 
 

Control 
IRGC 32695 

(IR46) 
1.00
0000 

0.58
2159 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

18 
 

Control CO39 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

19 
 

Control 
IRGC 53435 

(IR54) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

20 
 

Control 
IRGC 55969 

(IR54) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

21 
 

Control 
IRGC 66970 

(IR64) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

22 
 

Control 
IRGC 101363 

(Moroberekan) 
0.36
3182 

1.00
0000 

1.00
0000 

0.00
6755 

1.00
0000 

0.20
6140 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
8362 

0.64
4388 

0.02
0832 

23 
 

Control 
IRGC 116793 

(IR64) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

24 
 

Control 
IRGC 126 505 

(IR52) 
1.00
0000 

0.11
8714 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 

 

Analysis of Variance  

Variate: Shoot Na Concentrations (mg Na g-1 DW) 

Effects of salt stress on Shoot Na Concentrations of twelve rice accessions 

Fixed term Wald statistic n.d.f. F statistic d.d.f. F pr 

Salt treatments 1721.89 1 1721.89 46 <0.001 

Rice accessions 46.62 11 4.24 46 <0.001 

Salt treatments. Rice accessions 43.58 11 3.96 46 <0.001 

 

 

Shoot Na Concentrations means differences (Bonferroni test at P<0.05) 

 
Cell 
No. 

Bonferroni test; variable Shoot Na Concentrations  Probabilities for Post Hoc Tests Error: 

Between MS = .03464, df = 48.000 

!Salinit
y level 

 

! Rice 
accessions 

 

{1} 
1.54
82 

 

{2} 
1.45
72 

 

{3} 
1.50
25 

 

{4} 
1.83
18 

 

{5} 
1.44
17 

 

{6} 
1.65
33 

 

{7} 
.868
20 

 

{8} 
1.42
29 

 

{9} 
1.18
08 

 

{10} 
1.80
76 

 

{11} 
1.39
78 

 

{12} 
1.64
19 

 

2 
 

Salt Chincherica 
1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.08
8928 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

3 
 

Salt Chibica 
1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

1.00
0000 

0.03
4515 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 
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4 
 

Salt 
IRGC 12048 

(Moroberekan) 
1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

1.00
0000 

0.00
0021 

1.00
0000 

0.02
4227 

1.00
0000 

1.00
0000 

1.00
0000 

5 
 

Salt 
IRGC 32695 (IR 

46) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

0.12
2037 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

6 
 

Salt CO 39 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 0.00
1261 

1.00
0000 

0.87
0470 

1.00
0000 

1.00
0000 

1.00
0000 

7 
 

Salt 
IRGC 53435 (IR 

54) 
0.01
2975 

0.08
8928 

0.03
4515 

0.00
0021 

0.12
2037 

0.00
1261 

 0.17
8257 

1.00
0000 

0.00
0037 

0.29
2859 

0.00
1628 

8 
 

Salt 
IRGC 55969 (IR 

54) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.17
8257 

 1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

9 
 

Salt 
IRGC 66970 (IR 

64) 
1.00
0000 

1.00
0000 

1.00
0000 

0.02
4227 

1.00
0000 

0.87
0470 

1.00
0000 

1.00
0000 

 0.04
0528 

1.00
0000 

1.00
0000 

10 
 

Salt 
IRGC 101363 

(Moroberekan) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
0037 

1.00
0000 

0.04
0528 

 1.00
0000 

1.00
0000 

11 
 

Salt 
IRGC 116793 

(IR 64) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.29
2859 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

12 
 

Salt 
IRGC 126505 

(IR 52) 
1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
1628 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

 

13 
 

Control Gaza 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

14 
 

Control Chincherica 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

15 
 

Control Chibica 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

16 
 

Control 
IRGC 12048 

(Moroberekan) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

17 
 

Control 
IRGC 32695 (IR 

46) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0007 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

18 
 

Control CO 39 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0012 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

19 
 

Control 
IRGC 53435 (IR 

54) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0001 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

20 
 

Control 
IRGC 55969 (IR 

54) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

21 
 

Control 
IRGC 66970 (IR 

64) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

22 
 

Control 
IRGC 101363 

(Moroberekan) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

23 
 

Control 
IRGC 116793 

(IR 64) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0002 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

24 
 

Control 
IRGC 126505 

(IR 52) 
0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 

0.00
0000 
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Analysis of Variance  

Variate: Shoot K Concentrations (mg K g-1 DW) 

Effects of salt stress on Shoot K Concentrations of twelve rice accessions 

Fixed term Wald statistic n.d.f. F statistic d.d.f. F pr 

Salt.treatments 338.62 1 338.62 46 <0.001 

Rice accessions 92.14 11 8.38 46 <0.001 

Salt treatments. Rice accessions 59.98 11 5.45 46 <0.001 
 

 

Shoot K Concentrations means differences (Bonferroni test at P<0.05) 

 
Cell 
No. 

Bonferroni test; variable Shoot K Concentrations Probabilities for Post Hoc Tests Error: 

Between MS = .00147, df = 48.000 

!Salinit
y level 

 

! Rice 
accessions 

 

{1} 
1.65
01 

 

{2} 
1.61
58 

 

{3} 
1.55
94 

 

{4} 
1.44
07 

 

{5} 
1.57
74 

 

{6} 
1.66
77 

 

{7} 
1.69
28 

 

{8} 
1.64
23 

 

{9} 
1.56
86 

 

{10} 
1.45
51 

 

{11} 
1.52
94 

 

{12} 
1.59
16 

 

1 
 

Salt Gaza  1.00
0000 

1.00
0000 

0.00
0006 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
0030 

0.09
3058 

1.00
0000 

2 
 

Salt Chincherica 
1.00
0000 

 1.00
0000 

0.00
0283 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
1383 

1.00
0000 

1.00
0000 

3 
 

Salt Chibica 
1.00
0000 

1.00
0000 

 0.11
3761 

1.00
0000 

0.31
3458 

0.02
5659 

1.00
0000 

1.00
0000 

0.45
2549 

1.00
0000 

1.00
0000 

4 
 

Salt 
IRGC 12048 

(Moroberekan) 
0.00
0006 

0.00
0283 

0.11
3761 

 0.01
8158 

0.00
0001 

0.00
0000 

0.00
0014 

0.04
5277 

1.00
0000 

1.00
0000 

0.00
4045 

5 
 

Salt 
IRGC 32695 (IR 

46) 
1.00
0000 

1.00
0000 

1.00
0000 

0.01
8158 

 1.00
0000 

0.15
7686 

1.00
0000 

1.00
0000 

0.07
9129 

1.00
0000 

1.00
0000 

6 
 

Salt CO 39 
1.00
0000 

1.00
0000 

0.31
3458 

0.00
0001 

1.00
0000 

 1.00
0000 

1.00
0000 

0.73
4019 

0.00
0004 

0.01
5349 

1.00
0000 

7 
 

Salt 
IRGC 53435 (IR 

54) 
1.00
0000 

1.00
0000 

0.02
5659 

0.00
0000 

0.15
7686 

1.00
0000 

 1.00
0000 

0.06
5530 

0.00
0000 

0.00
1022 

0.60
2011 

8 
 

Salt 
IRGC 55969 (IR 

54) 
1.00
0000 

1.00
0000 

1.00
0000 

0.00
0014 

1.00
0000 

1.00
0000 

1.00
0000 

 1.00
0000 

0.00
0072 

0.20
0928 

1.00
0000 

9 
 

Salt 
IRGC 66970 (IR 

64) 
1.00
0000 

1.00
0000 

1.00
0000 

0.04
5277 

1.00
0000 

0.73
4019 

0.06
5530 

1.00
0000 

 0.18
9272 

1.00
0000 

1.00
0000 

10 
 

Salt 
IRGC 101363 

(Moroberekan) 
0.00
0030 

0.00
1383 

0.45
2549 

1.00
0000 

0.07
9129 

0.00
0004 

0.00
0000 

0.00
0072 

0.18
9272 

 1.00
0000 

0.01
8608 

11 
 

Salt 
IRGC 116793 

(IR 64) 
0.09
3058 

1.00
0000 

1.00
0000 

1.00
0000 

1.00
0000 

0.01
5349 

0.00
1022 

0.20
0928 

1.00
0000 

1.00
0000 

 1.00
0000 

12 
 

Salt 
IRGC 126505 

(IR 52) 
1.00
0000 

1.00
0000 

1.00
0000 

0.00
4045 

1.00
0000 

1.00
0000 

0.60
2011 

1.00
0000 

1.00
0000 

0.01
8608 

1.00
0000 

 

13 
 

Control Gaza 
0.05
3238 

0.00
1393 

0.00
0003 

0.00
0000 

0.00
0019 

0.30
0600 

1.00
0000 

0.02
3803 

0.00
0007 

0.00
0000 

0.00
0000 

0.00
0094 

14 
 

Control Chincherica 
0.65
1117 

0.02
2259 

0.00
0047 

0.00
0000 

0.00
0351 

1.00
0000 

1.00
0000 

0.31
3848 

0.00
0131 

0.00
0000 

0.00
0002 

0.00
1669 

15 
 

Control Chibica 
1.00
0000 

0.42
9490 

0.00
1300 

0.00
0000 

0.00
9104 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
3529 

0.00
0000 

0.00
0046 

0.03
9791 

16 
 

Control 
IRGC 12048 

(Moroberekan) 
0.25
9423 

0.00
7899 

0.00
0015 

0.00
0000 

0.00
0117 

1.00
0000 

1.00
0000 

0.12
1104 

0.00
0043 

0.00
0000 

0.00
0001 

0.00
0565 
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17 
 

Control 
IRGC 32695 (IR 

46) 
0.74
1268 

0.02
5808 

0.00
0055 

0.00
0000 

0.00
0411 

1.00
0000 

1.00
0000 

0.35
9093 

0.00
0153 

0.00
0000 

0.00
0002 

0.00
1950 

18 
 

Control CO 39 
0.07
4076 

0.00
1992 

0.00
0004 

0.00
0000 

0.00
0028 

0.40
9255 

1.00
0000 

0.03
3382 

0.00
0010 

0.00
0000 

0.00
0000 

0.00
0136 

19 
 

Control 
IRGC 53435 (IR 

54) 
0.36
2872 

0.01
1495 

0.00
0023 

0.00
0000 

0.00
0174 

1.00
0000 

1.00
0000 

0.17
1272 

0.00
0065 

0.00
0000 

0.00
0001 

0.00
0836 

20 
 

Control 
IRGC 55969 (IR 

54) 
0.16
5609 

0.00
4804 

0.00
0009 

0.00
0000 

0.00
0069 

0.86
2829 

1.00
0000 

0.07
6262 

0.00
0026 

0.00
0000 

0.00
0000 

0.00
0338 

21 
 

Control 
IRGC 66970 (IR 

64) 
1.00
0000 

0.73
3830 

0.00
2455 

0.00
0000 

0.01
6818 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
6595 

0.00
0000 

0.00
0088 

0.07
1812 

22 
 

Control 
IRGC 101363 

(Moroberekan) 
1.00
0000 

0.06
8920 

0.00
0161 

0.00
0000 

0.00
1189 

1.00
0000 

1.00
0000 

0.87
0004 

0.00
0448 

0.00
0000 

0.00
0005 

0.00
5516 

23 
 

Control 
IRGC 116793 

(IR 64) 
1.00
0000 

0.31
4184 

0.00
0903 

0.00
0000 

0.00
6390 

1.00
0000 

1.00
0000 

1.00
0000 

0.00
2462 

0.00
0000 

0.00
0031 

0.02
8271 

24 
 

Control 
IRGC 126505 

(IR 52) 
1.00
0000 

0.07
7943 

0.00
0185 

0.00
0000 

0.00
1360 

1.00
0000 

1.00
0000 

0.97
0815 

0.00
0513 

0.00
0000 

0.00
0006 

0.00
6289 
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CHAPTER 3 
 

Analysis of Variance  

  
Variate: Shoot Dry Weight (g/plant) 
 

 

Effects of salt stress and priming treatments on shoot dry weight of six rice accessions 

Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 

Salt_treatments 1   183.861 183.861 119.32 <.001 

Priming_treatments 4   39.342 9.835 6.38 <.001 

Rice_accessions 5   242.74 48.548 31.51 <.001 

Salt_treatments.Priming_treatments 4   39.445 9.861 6.4 <.001 

Salt_treatments.Rice_accessions 5   150.18 30.036 19.49 <.001 

Priming_treatments.Rice_accessions 20   57.036 2.852 1.85 0.019 

Salt_treatments.Priming_treatments.Rice_accessions 20   76.998 3.85 2.5 <.001 

Residual 177 -3 272.737 1.541     

Total 236 -3 1056.783       

 

Means of shoot dry weight on six rice accessions under two salt treatments 

Salt Treatments 
 

Rice Accessions 

 Chibica Chincherica Gaza  IR46 
 IRGC 116793 
(IR64) 

 IRGC 12048 
(Moroberekan) 

80mM salt 1.83 2.02 3.09 2.07 2.77 2.37 

Control (0mM salt) 2.66 4.75 6.45 2.00 2.69 6.11 

s.e.d.= 0.393       
 

 

Overall means of shoot dry weight under five priming treatments 

Priming Treatments 

 CaCl2 KCl  KNO3  Non-primed Water   
  2.65 3.61 3.54 2.85 3.53   
s.e.d.= 0.253        
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CHAPTER 4 
 

 Germination Test 
 
Analysis of variance      
       
Variate: Seedling Percent Germination (%) 
Effects of salt stress and priming treatments on seedling percent germination of three 
rice accessions  

      

Source of variation d.f. s.s. m.s. v.r. F pr. 

Salt_treatments 1 0.06 0.06 0 0.947 

Priming_treatments 2 293.44 146.72 11.72 <.001 

Rice_accessions 2 523.86 261.93 20.92 <.001 

Salt_treatments.Priming_treatments 2 8.11 4.06 0.32 0.725 

Salt_treatments.Rice_accessions 2 3.36 1.68 0.13 0.875 

Priming_treatments.Rice_accessions 4 112.39 28.1 2.24 0.076 

Salt_treatments.Priming_treatments.Rice_accessions 4 15.22 3.81 0.3 0.874 

Residual 54 676 12.52     

Total 71 1632.44       

 
 

 Root Length 
 

Analysis of variance 
  
Variate: Root Length (cm) 

 
Effects of salt stress and priming treatments on Root Length of three rice accessions 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Salt_treatments 1 0.001 0.001 0 0.977 

Priming_treatments 2 3.987 1.994 1.61 0.21 

Rice_accessions 2 4.762 2.381 1.92 0.157 

Salt_treatments.Priming_treatments 2 0.24 0.12 0.1 0.908 

Salt_treatments.Rice_accessions 2 2.96 1.48 1.19 0.311 

Priming_treatments.Rice_accessions 4 22.646 5.662 4.56 0.003 

Salt_treatments.Priming_treatments.Rice_accessions 4 3.193 0.798 0.64 0.634 

Residual 54 67.016 1.241     

Total 71 104.806       
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 Shoot Length 
 
Analysis of variance 
  
Variate: Shoot Length (cm) 

 
Effects of salt stress and priming treatments on Shoot Length of three rice accessions 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Salt_treatments 1 29.9493 29.9493 174.23 <.001 

Priming_treatments 2 0.3559 0.1779 1.04 0.362 

Rice_accessions 2 6.9708 3.4854 20.28 <.001 

Salt_treatments.Priming_treatments 2 0.1704 0.0852 0.5 0.612 

Salt_treatments.Rice_accessions 2 0.1346 0.0673 0.39 0.678 

Priming_treatments.Rice_accessions 4 2.0239 0.506 2.94 0.028 

Salt_treatments.Priming_treatments.Rice_accessions 4 0.046 0.0115 0.07 0.992 

Residual 54 9.2825 0.1719     

Total 71 48.9334       
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CHAPTER 5 

 Shoot Dry Weight 

Analysis of Variance 

Variate: Shoot Dry Weight (g/plant) 

Effects of salt stress and priming treatments on shoot dry weight of three rice accessions 

 
Effect 

Univariate Tests of Significance for DW/plant Sigma-restricted 
parameterization Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

25163.29 1 25163.29 157.3749 0.000000 

! Salt treatments 
 

2320.20 1 2320.20 14.5109 0.000258 

! Priming treatments 
 

201.52 2 100.76 0.6302 0.534889 

! Rice accessions 
 

176.96 2 88.48 0.5534 0.576995 

! Salt treatments*! Priming 
treatments 

 

195.53 2 97.76 0.6114 0.544867 

! Salt treatments*! Rice 
accessions 

 

4047.51 2 2023.76 12.6569 0.000015 

! Priming treatments*! Rice 
accessions 

 

770.95 4 192.74 1.2054 0.314260 

! Salt treatments*! Priming 
treatments*! Rice accessions 

 

191.67 4 47.92 0.2997 0.877425 

Error 
 

14070.67 88 159.89   
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 Na+ Exclusion:  

Analysis of variance 
      

Variate: Shoot Na Concentrations (mg Na g-1 DW) 

Effects of salt stress and priming treatments on Shoot Na Concentrations of three rice 

accessions 

Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 

Salt_treatments 1   3557.639 3557.639 47999.29 <.001 

Priming_treatments 2   176.9698 88.48492 1193.83 <.001 

Rice_accessions 2   658.4464 329.2232 4441.85 <.001 

Salt_treatments.Priming_treatments 2   156.3086 78.1543 1054.45 <.001 

Salt_treatments.Rice_accessions 2   452.6233 226.3117 3053.37 <.001 

Priming_treatments.Rice_accessions 4   105.7443 26.43608 356.67 <.001 

Salt_treatments.Priming_treatments.Rice_accessions 4   101.1458 25.28644 341.16 <.001 

Residual 34 -2 2.52003 0.07412     

Total 51 -2 4788.229       

 

 

 Rice Accessions * Salt Treatments  

Salt Treatments 
Rice Accessions 

Chincherica Gaza  IRGC 116793 (IR64) 

0mM salt 2.285 3.323 1.717 

60mM salt 21.239 24.886 9.901 
    

s.e.d.= 0.1283    
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 K+/Na+ Discrimination 

Analysis of variance 

Variate: Shoot K+/Na+ Ratios 
      

Effects of salt stress and priming treatments on Shoot K+/Na+ Ratios of three rice accessions 
  
Source of variation d.f. (m.v.) s.s. m.s. v.r. F pr. 

Salt_treatments 1   853.5642 853.5642 59085.29 <.001 

Priming_treatments 2   26.33834 13.16917 911.59 <.001 

Rice_accessions 2   172.4269 86.21344 5967.85 <.001 

Salt_treatments.Priming_treatments 2   10.39106 5.19553 359.64 <.001 

Salt_treatments.Rice_accessions 2   107.9402 53.97009 3735.91 <.001 

Priming_treatments.Rice_accessions 4   150.0547 37.51368 2596.77 <.001 

Salt_treatments.Priming_treatments.Rice_accessions 4   106.9393 26.73483 1850.63 <.001 

Residual 34 -2 0.49117 0.01445     

Total 51 -2 1370.269       

 

 

 Rice Accessions * Salt Treatments  

Salt Treatments 
Rice Accessions  

Chincherica  Gaza  IRGC 116793 (IR64) 

0 mM salt 12.837 6.16 12.51 

60 mM salt 1.788 1.947 3.917 

    

 s.e.d.= 0.0567    
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 Grain Yield  

Analysis of variance 

Variate: Grain Yield (g/plant) 

Effects of salt stress and priming treatments on Grain Yield of three rice accessions 
 

 
Effect 

Univariate Tests of Significance for Yield/plant Sigma-restricted 
parameterization Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

4004.002 1 4004.002 244.4882 0.000000 

! Salt treatments 
 

1706.591 1 1706.591 104.2061 0.000000 

! Priming treatments 
 

329.770 2 164.885 10.0680 0.000153 

! Rice accessions 
 

6.856 1 6.856 0.4187 0.519851 

! Salt treatments*! Priming 
treatments 

 

9.105 2 4.553 0.2780 0.758192 

! Salt treatments*! Rice accessions 
 

329.022 1 329.022 20.0904 0.000030 

! Priming treatments*! Rice 
accessions 

 

137.163 2 68.582 4.1877 0.019400 

! Salt treatments*! Priming 
treatments*! Rice accessions 

 

22.804 2 11.402 0.6962 0.502096 

Error 
 

1080.887 66 16.377   

    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Page 164 of 206 
 

  

 Grain Starch Concentration 

Analysis of variance 

Variate: Grain Starch Concentration (%) 

Effects of salt stress and priming treatments on Grain Starch Concentration of three rice 
accessions 
  

 
Effect 

Univariate Tests of Significance for Starch Concentration (%) Sigma-restricted 
parameterization Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

72182.24 1 72182.24 153347.5 0.000000 

!Rice accessions 
 

9.26 1 9.26 19.7 0.001264 

!Priming treatments 
 

27.04 2 13.52 28.7 0.000072 

!Salt Treatments 
 

27.58 1 27.58 58.6 0.000017 

!Rice accessions*!Priming 
treatments 

 

21.43 2 10.71 22.8 0.000190 

!Rice accessions*!Salt 
Treatments 

 

46.00 1 46.00 97.7 0.000002 

!Priming treatments*!Salt 
Treatments 

 

34.45 2 17.22 36.6 0.000025 

!Rice accessions*!Priming 
treatments*!Salt Treatments 

 

7.47 2 3.74 7.9 0.008621 

Error 
 

4.71 10 0.47   
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 Grain Amylose Concentration 

Analysis of variance 

Variate: Grain Amylose Concentration (%) 

Effects of salt stress and priming treatments on Grain Amylose Concentration of three 

rice accessions 

 
Effect 

Univariate Tests of Significance for Amylose Concentration (%) Sigma-
restricted parameterization Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

9114.731 1 9114.731 740.4373 0.000000 

!Rice accessions 
 

38.314 1 38.314 3.1125 0.115701 

!Priming treatments 
 

17.525 2 8.762 0.7118 0.519383 

!Salt Treatments 
 

10.568 1 10.568 0.8585 0.381253 

!Rice accessions*!Priming 
treatments 

 

2.445 2 1.223 0.0993 0.906549 

!Rice accessions*!Salt 
Treatments 

 

3.177 1 3.177 0.2581 0.625121 

!Priming treatments*!Salt 
Treatments 

 

5.629 2 2.815 0.2287 0.800629 

!Rice accessions*!Priming 
treatments*!Salt Treatments 

 

20.853 2 10.427 0.8470 0.463817 

Error 
 

98.479 8 12.310   
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 Grain Protein Concentration 

Analysis of variance 

Variate: Grain Protein Concentration (%) 

Effects of salt stress and priming treatments on Grain Protein Concentration of three rice 

accessions 

 
Effect 

Univariate Tests of Significance for Protein (%) Whole Sigma-restricted 
parameterization Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

2812.206 1 2812.206 122756.5 0.000000 

!Rice accession 
 

1.968 1 1.968 85.9 0.000000 

!Priming treatments 
 

2.894 2 1.447 63.2 0.000000 

!Salt Level 
 

63.567 1 63.567 2774.8 0.000000 

!Rice accession*!Priming 
treatments 

 

1.689 2 0.845 36.9 0.000000 

!Rice accession*!Salt Level 
 

12.008 1 12.008 524.2 0.000000 

!Priming treatments*!Salt 
Level 

 

1.388 2 0.694 30.3 0.000002 

!Rice accession*!Priming 
treatments*!Salt Level 

 

0.901 2 0.451 19.7 0.000030 

Error 
 

0.412 18 0.023   

 

 

 Grain Protein Profile 

Analysis of variance 

Variate: Grain Protein Raw Volume (%) 

Effects of salt stress on Grain Protein Raw Volume on rice accession IRGC 7546 (Gaza) 

 
Effect 

Univariate Tests of Significance for Raw Volume Sigma-restricted parameterization 
Effective hypothesis decomposition 

SS 
 

Degr. of 
Freedom 

 

MS 
 

F 
 

p 
 

Intercept 
 

166462820 1 166462820 339.1817 0.000000 

!Protein Type 
 

62249858 3 20749953 42.2797 0.000000 

!Salt Treatment 
 

3665955 1 3665955 7.4697 0.011591 

!Protein Type*!Salt 
Treatment 

 

9737157 3 3245719 6.6134 0.002052 

Error 
 

11778666 24 490778   
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