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ABSTRACT 

Background 

More than half of the world’s population consumes rice (Oryza sativa) as a staple 

food and considers it as an important agricultural crop with various benefits. In the current 

context of the rapid increase of world population and impacts of climate change, the rice 

demand has increased in both productivity and quality. Therefore, the target of rice breeders 

is breeding and developing new cultivars which have not only high yield and good quality 

but also possess wide adaptability to severe environmental conditions. 

Among climate change impacts, salinity is one of the most problematic hazards to rice 

cultivation, which adversely affects rice yield and quality. By various damages of ion 

toxification, nutritional disorders, osmotic imbalance, oxidative stresses, membrane 

disorganization, reduction of cell division and expansion, and genotoxicity, salinity intrusion 

significantly reduces rice growth as well as partial sterility, which ultimately results in the 

reduction of rice yield. Besides, different levels of salt stress can lead to the changes of quality 

in rice, such as amylose content, protein content, amino acid, and micro and macro mineral 

nutrients. Although slight salinity induces the increase of some minerals, salt conditions 

almost have a negative effect to the rice production. Therefore, the breeding of salt-tolerant 

rice cultivars is an important task to ensure food security and sustainable agriculture.   

Tremendous strategies have been conducted to enhance salinity tolerance in rice. 

Mutation breeding is a potential technique that creates a new rice and selects the elite line 

through many generations. N-Methyl-N-nitrosourea (MNU) mutation is a chemical induced 

mutation and widely used for breeding cereal crops. MNU frequently leads to the point 

mutation. It is possible to alter the DNA structure of plants and cause the biological effects. 
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MNU-induced mutants are considered as the high frequency mutation which is a valuable 

material for plant breeding. 

In a breeding, molecular marker or DNA marker is used to identify the genotype of 

plant population. The molecular marker is a prominent innovation of biotechnology that helps 

breeders to select the target plants quickly and simply by detecting a particular gene or trait. 

DNA marker has been discovered for genetic analysis since 1980s and still applied for rice 

breeding. Among developed DNA markers, simple sequence repeat marker (SSR) is one of 

the powerful techniques to identify the mutant genotypes. This marker is co-dominance and 

useful for the detection of genetic inheritance in progeny. By the advantage compared to other 

markers, SSR has been achieved some achievements in mutation breeding including 

classification of important mutant genotypes. 

Earlier studies substantiated the important functions of mineral elements in human, 

animal, and especially plant nutrition. Plants use minerals as structural components in 

carbohydrates, proteins, and organic molecules. Magnesium (Mg) is a macronutrient 

participated in various metabolic processes as photosynthesis, enzyme activators, and 

osmotic balance of plants. In the last decades, several studies reflected a correlation between 

magnesium and plant growth in a number of higher plants. However, the role of magnesium 

in reducing salt-induced damages in rice has not been comprehensively studied.  

Objectives 

Considering all above mentions, to develop the tolerant rice and improve its resistance 

to salinity stress, this study is conducted to (1) identify the salinity tolerance of rice mutants 

by phenotypic measurements and SSR markers, (2) determine the inheritance pattern of 
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salinity tolerance and beneficial phytochemicals of rice mutants, (3) shorten breeding time by 

the possible maternal inheritance, and (4) improve salinity tolerance of rice by application of 

magnesium.  

Structure of dissertation 

Chapter 1: General introduction 

Chapter 2: Identification of salinity tolerance in rice mutants by phenotypic and simple 

sequence repeat analyses 

Chapter 3: Maternal inheritance of salinity tolerance and beneficial phytochemicals in rice 

Chapter 4: Improvement of salinity tolerance in rice by exogenous magnesium application 

Chapter 5: General discussion 

Materials, methods, and results 

In this study, rice mutants were created by soaking rice seeds in 150 mM MNU for 3 

hours, drying, and keeping in the dark for 3 months in a hermetic condition before being 

stored at 4 °C. The rice mutants and parents were then cultivated in Higashi-Hiroshima from 

2016 to 2019 to assess their phenotypes. After that, salinity tolerance of rice samples was 

screened. A mutant population with prominent characteristics (TBR1/KD18) also was 

selected to detect their salt tolerance. From the screening, the strong tolerant and susceptible 

rice were chosen for experiment with exogenous magnesium. 

In chapter 2, salinity tolerance of ten rice cultivars/mutant lines was identified by the 

combination of phenotypic measurement and genetic analysis. The phenotypic assessments 

were conducted followed the protocol from International Rice Research Institute. In genetic 

analysis, forty-two SSR markers linked to Saltol quantitative trait locus (QTL) (salinity 
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tolerant) were used to identify the genotype of rice samples. The results showed that BC15 

and BC15/SKLo have strong tolerance to salinity. They are valuable sources for the breeding 

of salinity tolerant rice. Additionally, six SSR polymorphic markers RM 237, RM 518, RM 

493, RM 10748, RM 562, and RM 20224 were found to be polymorphic. These markers can 

be used useful for classification of salt tolerance of rice, both cultivars and mutants.  The 

results of phenotypic measurement and genetic analysis are correlated.  

Chapter 3 determines the salinity tolerance and inheritance pattern of the elite mutant 

rice TBR1/KD18. The F1 generation of the cross TBR1 (female cultivar) × KD18 (male 

cultivar) was treated with MNU to induce the first mutant generation M1. M1 was then self-

pollinated to obtain M2 and M3 populations. Control populations were F1 and F2. Phenotypic, 

chemical, and genetic analyses were conducted in the M2, M3, F1, F2, TBR1, and KD18. A 

total of fifty SSR markers involved in growth parameters, yield, pest resistance, and the Saltol 

QTLs were used for genetic analysis. The results showed that the salinity tolerant Saltol QTLs, 

growth parameters, yield, pest resistance are maternally inherited from the female parent 

TBR1 in the M2 generation and stabilized in the M3 generation. Besides, antioxidant activities 

and contents of momilactones A and B might be maternally inherited. In contrast with the 

literatures, this is the first study to reveal that salinity tolerance of rice can be maternally 

inherited (normally paternally inherited). The MNU-induced maternal inheritance provides a 

simple protocol to finish progeny segregation in 2-3 generations (instead of 8-10 cycles in 

conventional breeding) and shorten breeding time for salt tolerant rice. 

Chapter 4 focuses on the promising effects of magnesium on developing salt tolerance 

rice. From chapter 2, BC15 (salinity tolerant) and DT84DB (salinity susceptible) were 

selected and used as rice materials in chapter 4. The salinization was conducted in 7 days-old 
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seedlings with the supplement of MgSO4 (0.5 mM). After treatment, physiological, 

antioxidant activities, and chemical properties of rice samples were investigated. The 

phytochemicals of rice materials including phenolic compounds as well as momilactones A 

and B were identified and quantified by High Performance Liquid Chromatography (HPLC) 

and Ultra Performance Liquid Chromatography Electrospray Ionisation Mass Spectrometry 

(UPLC-ESI-MS), respectively. The results showed that exogenous application of Mg 

partially recovers the inhibited growth and improves the antioxidant activities as well as 

phenolic profiles of rice seedlings under salt stress. Momilactone A was only detected in 

salinity tolerant cultivar BC15 under control condition (a very low concentration that could 

not be measured, hence will be interpreted as undetectable). However, momilactone B were 

found in both tolerant and susceptible rice lines, in which, the amount of momilactone B of 

tolerant rice were higher than that of the susceptible one. It was also indicated that the amount 

of potential bioactive compound momilactone B was enhanced with Mg supplement in salt 

stressed rice at seedling stage. The results suggested that MgSO4 is useful develop fertilizer 

for rice growing in saline soil.  Additionally, ρ-coumaric acid, salicylic acid, ferulic acid, and 

momilactone B are involved in the tolerant ability of rice again salt stress. They can be used 

as promising agents to reduce salinity damages on rice production. 

Key findings of the dissertation 

The literatures showed that salinity tolerance of rice is nucleus inheritance (inherited 

from father). This study is the first to reveal a maternal inheritance in the salinity tolerance 

of rice. On the other hand, breeding program for salt-tolerant rice requires 8-10 years due to 

the complicated segregation in progenies. F1 normally is crossed with father (backcross) and 

repeat in many generations to finish that segregation. The maternal inheritance induced by 
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MNU treatment in this study helps to finish the segregation in M2 and M3 generations, which 

can shorten breeding time from 8-10 cycles to 2-3 generations. However, the mutated rice 

should be sequenced and compared to parental genotypes to detect their genetical changes. 

The mechanism of the novel maternal inheritance should be clearly identified. Besides, 

magnesium is effective to reduce salinity-induced damages in rice seedlings by enhancing its 

inhibited growth, antioxidant activities, phenolic acids, and momilactone B. The results 

suggest that the salinity tolerance of rice can be improved by developing fertilizer with a 

supplementary MgSO4. However, this application needs to be further investigated in rice field. 
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CHAPTER I.  

GENERAL INTRODUCTION 

1.1. Background 

1.1.1. Rice production 

Rice is one of the most important agricultural crops cultivated in at least 114 countries, 

in which, more than 50 countries have an annual rice production exceed 100,000 tons (FAO, 

2020). People in most of Asia countries consider rice as their main food while some countries 

in Africa and South America consume rice with other cereals such as wheat and corn. Notably, 

rice plays a crucial role in human nutrition and calories intake, providing 20% of energy and 

15% of protein consumed daily by humans (IRRI, 2020). Besides providing a huge amount 

of carbohydrate, rice is considered as high protein quality resource among cereals. Moreover, 

rice also provides minerals, vitamins, and fiber (IRRI, 2020).  

Rice has been cultivated in diverse ecosystems: upland, irrigated, rainfed lowland, 

and flood prone throughout five continents (IRRI, 2020). According to FAO, in 2019, total 

rice-harvested area was 162 million hectares, and the global rice productivity was 504 million 

tons. Asia contributes to 90% rice production and consumption worldwide with about 80 % 

of the global rice growing area is located in eight Asian countries: China, India, Indonesia, 

Bangladesh, the Philippines, Vietnam, Thailand, and Myanmar (FAO, 2019). 
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Table 1.1. Top ten rice producing countries in 2019. 

World rank Countries 
Rice production 

(Million tons) 

1 China 140.65 

2 India 117.51 

3 Indonesia 37.95 

4 Bangladesh 36.35 

5 Viet Nam 29.18 

6 Thailand 20.25 

7 Myanmar 17.96 

8 Philippines 12.63 

9 Brazil 7.40 

10 Pakistan 7.31 

(FAO, 2020) 

1.1.2. Challenges of current rice production 

 Being principal food for more than 3 billion people globally, rice contributes to the 

sustainable agricultural production and economy of many countries. However, rice 

cultivation today is facing some challenges. The current world’s population was over 7.6 

billion in 2020 and estimated to reach 8.3 billion in 2030 (FAO, 2020), especially, around 

815 million people are affected by malnutrition (Richardson et al., 2018). The global 

population is supposed to grow continuously to about 9 billion in 2050 and food requirements 

is expected to raise by about 85% (FAO, 2020). To date, rice production needs to be improved 

to satisfy the human demand.  
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In the 2020s, climate change and its consequences has continuously affected to all 

living organisms such as plants, animals, and humans. Under undesirable climate variations, 

plants have suffered numerous stresses like waterlogging, drought, heat, cold, and salinity. 

According to IPCC (http://www.ipcc.ch/), the Earth’s average temperature is expected to 

increase up to 4 °C at the end of the 21st century. The global warming is the main cause of 

extreme weather events which is expected to happen more frequently in the current decade. 

Drought, flood, temperature, and salinity stresses are key stresses affecting crop cultivations 

and threatening food productions. Particularly, the production of major crops has been 

dramatically reduced around the world (Ito et al., 2018). This reduction of crops productivity 

leads to higher risk of food security, especially in the rapid increase of the world’s population. 

1.1.3. Impact of salinity stress on rice production 

Adversely effects of the climate change such as global warming and sea level rise are 

main causes of salt intrusion and salinity stress, which threaten food production. More than 

80 million ha of land globally are affected by salinization, which accounts for approximately 

6% of the global land area in over 100 countries (Figure 1.1). The productivity of main cereal 

crops such as wheat, maize, rice, barley can be reduced by 70% and the total cost loss is 

estimated to reach US $12 billion per year globally due to salinity stress (Jaiswal et al., 2019). 

In which, rice is one of the most affected crops because it is highly sensitive to salt conditions. 

Extremely high salt concentrations can lead to plant death through the combined effects of 

osmotic homeostasis, ionic homeostasis, and oxidative stress (Shannon, 1985). At high-

moderate concentration, salinity may cause leaf burn and growth inhibitions or even lead to 

stomatal closure and reducing leaf size at the level of moderate to low salinities (Shannon, 

http://www.ipcc.ch/
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1985; Tester and Davenport, 2003). The influenced physiological processes affect to all 

growth parameters, as a sequence, salt stress reduces rice productivity and quality. 

 

Figure 1.1. World map representing countries with salinity problems. 

 (https://www.nsw.edu.au) 

1.1.4. Rice breeding for salt tolerance 

Since the first salt-tolerant rice variety Pokkali was introduced in 1939, a series of 

salt-tolerant rice were bred such as Kala Rata 1-24, Nona Bokra, Bhura Rata, SR 

26B, Chin.13, and 349 Jhona (India and the Philippines); BRI, BR203-26-2, Sail 

(Bangladesh); FL530 (Thailand); Mantaro rice, Kanto 51, Hama Minoru, Chikushiqing, 

and  Lansheng (Japan); American Rice (USA); Dongjinbyeo,  Ganchukbyeo,  Gyehwabyeo,  

Ilpumbyeo,  Seomjimbyeo, and Nonganbyeo (South Korea); VNIIR8207 and Fontan (Russia) 

(Bernstein et al., 1958; Ghose et al., 1959; Akbar et al., 1972; Fageria, 1985; Yeo et al., 1986; 

Heenan et al., 1988; Sun et al., 2017; Wang et al., 2019). More than 127,000 rice accessions 
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were collected worldwide by IRRI, providing a rich source for breeding rice salinity tolerance. 

From them, more than 100 varieties were identified as moderately to highly salt tolerance 

(Platten et al., 2013; Rahman et al., 2016).  

During recent decades, tremendous efforts have been conducted to develop rice crops 

with higher salt tolerance include conventional breeding, and molecular breeding. In a 

conventional breeding, heterosis can be useful to generate progenies with greater traits 

compared to their parents. However, on the other hand, the heterosis in breeding is depressed. 

The great values of heterosis are performed in the first generation and gradually reduce over 

next generations. In rice, although the heterosis has been applied to improve crop yield, it is 

not easy to achieve the definite goal by conventional breeding because of the undesirable 

linkage drag in the progenies, which affects yield and grain quality of rice cultivars (Jeung et 

al., 2005).   

Molecular breeding has developed to resolve the problems for the conventional 

breeding. Since DNA markers have been found as linked to Saltol QTLs, elite genes of salt 

tolerance enable to transfer in rice without the linkage drag (Mackill, 2007). Therefore, future 

rice cultivars possessing salt-tolerant can be created by molecular-assisted selection (MAS). 

Basically, MAS is developed based on transferring the target allele from donor line to 

recipient line and selecting against remaining donor introgressions. This process requires 

normally 8-10 years. Furthermore, despite MAS is considered as a modern method with the 

application of biotechnologies, it has some limitations. Firstly, MAS focuses on few major 

genes, while other unknown meaningful traits/DNA sections may less be studied (Lammerts 

van Bueren et al., 2010). Besides, molecular markers for complex traits are expensive to 
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develop, and breeding process needs personal knowledge and techniques in molecular science, 

statistics, and molecular lab facilities (Lammerts van Bueren et al., 2010). Additionally, the 

interaction between genotype and environment causes a variation in all agronomical traits, 

therefore, the success of MAS can be ensured under similar conditions with donor line. The 

obtained traits might lose in progenies because of unfavourable growing conditions.  

Application of other biotechnologies are promised to maximize the success of 

breeding program. As a component of new discipline ‘molecular breeding’, transgenes can 

simplify the genetic architecture for desirable traits. Some target rice with abiotic stresses 

tolerance such as salinity tolerance were developed by transgenic previously. However, 

transgenic approach requires some specific conditions. The material should be genetically 

stable, the effect of new gene in organism chromosome and the unexpected genes transformed 

should be considered. The adaptation of foreign gene with the target organism is also 

complicated and needed to carefully be examined. Additionally, similar to MAS, the high 

requirement of molecular lab instruments as well as personal knowledge and techniques 

retard its further application. 

To accelerate the above situations, mutation has drawn growing attention from rice 

breeders. The first advantage of mutation is shortening breeding time. The homozygosity of 

progenies can be taken after two or three generations, which cannot be obtained by the 

classical breeding and MAS. Mutation is also widely used in a variation of crops because it 

is cost-effective and straightforward. According to FAO/IAEA (2020), more than 3000 

mutant varieties have been developed by mutagenesis, including 853 rice cultivars. The 

achievements of mutated application in rice are high yield, good quality, disease resistances, 
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and stress tolerances (FAO/IAEA 2020). Both physical and chemical-induced mutations have 

been applied for rice breeding. Among the most using mutation agents, N-methyl-N-

nitrosourea (MNU) is widely used in cereal crops. This chemical factor has been achieved 

high frequency and extensively applied to breeding purpose (Suzuki et al., 2008).  

 

Figure 1.2. MNU’s chemical structure (Tsubura et al., 2011) 

1.1.5. Advances of molecular marker for breeding salt tolerant rice 

Salinity tolerance of rice is controlled by polygenes (Mishra et al. 1998). Since 

quantitative trait loci (QTL) was detected, thousands of QTLs associated with desirable traits 

rice have been mapped. They distribute along 12 chromosomes.  Among them, almost QTLs 

contributing to salinity tolerance in rice are located on chromosome 1. By using molecular 

markers, valuable QTL alleles can be tagged and introduced into elite cultivars by MAS. On 

the other hand, DNA markers contribute to the selection process by a quick and simple 

choosing target plants based on their genotypes. Simple sequence repeats (SSRs) are broadly 

applied to breeding process due to their effectiveness compared to other markers. SSRs 

randomly repeat a short nucleotide sequence. They are polymorphic and distributed 

throughout the genomes of plants and animals. Another important attribute of SSR loci is 
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their high level of allelic variation. The advantages of SSRs have been demonstrated during 

the last twenty years for the improvement of rice crops with elite important yield and quality 

attributing traits, as well as resistance to diseases and environmental stresses. 

1.1.6. Segregation and maternal inheritance 

Breeding program includes parental crossing, progeny testing, and pure line selection. 

Basically, SSRs are used as probers to distinguish the polymorphism in parental lines and 

analyse the genotype of progenies because they are co-dominant in inheritance. The mode of 

inheritance in progenies is very important (Verlues et al., 2006). Thanks to its specific 

characters, the breeders enable to transfer both expected genes from parents into the target 

cultivar.  

With normal rice crossings, two alleles of parents present in the progeny (follow the 

Mendelian theory), and progenies receive genetic materials from both female and male 

parents. However, in some cases, non-Mendelian inheritance patterns were recorded (Brooker, 

2009b). Non-Mendelian can be caused by many factors from genetic, physiological, and 

environmental aspects (Alheit et al., 2011; Reflinur et al., 2014). The non-Mendelian 

inheritance is called uniparental inheritance, maternal or paternal inheritances (Sato and Sato, 

2013), of which, maternal inheritance occurs when an inherited trait is determined by its 

mother genotype without effects of paternal genotype (Russel 2010b). Maternal effects 

contribute to the phenotype of its offspring because they increase survival ability and 

facilitate range development of offspring in different novel environment (Duckworth, 2009; 

Räsänen and Kruuk, 2007). 
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Maternal inheritance usually happens in chloroplast genes (Russell, 2010b). In rice, 

the genes inherited follow chloroplast (from mother) mostly are low quality related traits 

while salinity tolerant genes are inherited from fathers. Maternal effect has observed in 

crossing between wild rice and domestic rice, O. meridionalis and O. sativa (Yu et al., 2018), 

O. rufipogon and O. sativa (Charlesworth, 2017). The maternal inheritance normally occurs 

in rice progenies which are generated from parents with far genetic distance.  

1.1.7. Application of exogenous phytoprotectants  

Along with developing tolerant cultivar by breeding and genetic engineering, 

detoxification of reactive oxygen species (ROS), maintenance nutrient homeostasis, and 

reduction of salt uptake accelerate some tolerant mechanisms of plant under salt stress 

condition (Wu et al., 2012). Using exogenous phytoprotectants for improving salt stress 

tolerance by osmoregulation, ROS, and ion homeostasis is one of the prominent strategies for 

improving salt stress tolerance in crop plants. 

The role of osmoprotectants to confer salt stress tolerance in rice seedlings was found 

in several studies. Supplementation of Proline (Pro) increased photosynthetic pigments, 

antioxidants, as well as growth parameters of rice cultivars growing under salinity stress 

(Nounjan et al., 2012; Teh et al., 2015; Bhusan et al., 2016). Exogenous plant hormones such 

as abscisic acid (ABA), auxin, cytokinins (CK) are applied for enhancing rice tolerances to 

various kinds of abiotic stresses including salinity. ABA pre-treatment conferred salt 

tolerance in rice seedlings by supplying abundant energy and reducing Na+ and Cl− 

concentrations (Li et al., 2010; Gurmani et al., 2011). The plant growth regulator auxin 

(indole-3-acetic acid IAA) plays an important role in improving germination percentage of 
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seeds and grain quality of rice under salt stress condition (Kim et al., 2006; Javid et al., 2011). 

Another phytohormone cytokinin (kinetin) improves grain yield and quality of rice developed 

in salt conditions by improving sucrose and glucose content in rice grain (Javed et al., 2011). 

Signaling molecules such as nitric oxide (NO) and H2O2 inhibit injuries from oxidative stress 

(Uchida et al., 2002; Habid et al., 2016) while polyamines interacting with other biomolecules 

(hormones/signaling molecule/amino acids) plays pivotal roles during plant developmental 

and stress adaptation process (Rahman et al., 2017).  

The effect of trace elements in prohibiting the negative impacts of abiotic stresses in 

plants has attracted more attention from researchers. Studies in the past showed that the 

application of micronutrients improved rice growth, dry matter, leaf area index, 

photosynthetic contents, and yield attributed traits under saline condition (Memood et al., 

2009; Zayed et al., 2011; Farood et al., 2015). Several medium nutrients also have been used 

to enhance such as silicon and calcium (Zayed et al., 2011; Farood et al., 2015; Rahman et 

al., 2016). However, the research about other important medium nutrient magnesium for 

improving salinity tolerant rice have still limited. Moreover, the mechanism of signal and 

defence pathways of these supplements is still unclear, and the responses of rice are 

dependent on dose (Hasanuzzaman et al., 2014). Therefore, it is needed to study more about 

exogenous protections to carry out the alternative supply as well as their roles in reducing 

damages of salt stress. 

1.2. Dissertation structure 

Considering all above mentions, to develop the salinity tolerance of rice, and to cope 

with the unexpected climate change, the study was conducted to (1) identify the salinity 
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tolerance of rice mutants by phenotypic measurements and SSR markers, (2) determine the 

inheritance pattern of salinity tolerance and beneficial phytochemicals of rice mutants, (3) 

shorten breeding time by the possible maternal inheritance, and (4) improve salinity tolerance 

of rice by application of magnesium.  

The dissertation is designed in five chapters as below: 

Chapter 1 presents general introduction of the study, research objectives, and thesis 

organization. 

Chapter 2 identifies salinity tolerance in rice mutants by phenotypic evaluation and 

simple sequence repeat markers. 

Chapter 3 investigates the segregation of mutant population and the possibility of 

maternal inheritance of salinity tolerance and beneficial phytochemicals in rice. 

Chapter 4 assesses the application of exogenous magnesium to improve salinity 

tolerance in rice.  

Chapter 5 gives general discussions with the recent advances and challenges in 

developing rice tolerance to salinity stress. Research achievements, findings, as well as 

recommendations toward the improvement of salinity tolerant rice are also provided. 
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CHAPTER II.  

IDENTIFICATION OF SALINITY TOLERANCE IN RICE MUTANTS BY 

PHENOTYPIC AND SIMPLE SEQUENCE REPEAT ANALYSES 

2.1. Introduction 

Rice is one of the most important crops grown and consumed globally. It ranks the 

third in agricultural production and provides daily meals for more than half of the world’s 

population. However, ongoing climate change adversely threatens rice production. Both 

biotic and abiotic stresses cause a significant yield loss in large rice-growing areas, including 

high salinity, drought, heat, and cold. Among them, salinity stress is the main hazardous 

factor of rice productivity (Zeng et al., 2000). 

Rice is highly sensitive to salty conditions, especially at the seedling stage. The 

inhibition in seedling is the initial step that leads to other consequences. The high 

concentration of toxic ions Na+, induced by salinity, is the main cause of various 

physiological damages and inhibitory processes of plants. On the other hand, in a 

physiological view, it disturbs the uptake of potassium, which plays an important role in 

preserving membrane potential, enzyme activities, and cell turgor. A high Na+/K+ ratio 

increases the osmotic gradient that causes cellular dehydration. Na+ also affects the activity 

of enzymes or proteins after entering the cytosol (Zeng et al., 2000). Besides this, high levels 

of salt stress are inversely correlated with photosynthesis and photoinhibition, as inducing 

abscisic acid synthesis leads to stomatal closure and reducing leaf size. All of the factors 

mentioned above directly influence rice seedling growth, leaf formation, and panicle 

emergence (Tester et al., 2003). Accordingly, salinity reduces rice productivity by a decline 
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in panicle length, number of spikelets per panicle, and number of grains (James et al., 2016). 

Additionally, caloric and nutritional values are also changed (Oladosu et al., 2016). 

Tremendous efforts have been conducted to improve salinity tolerance and to ensure 

a sustainable rice production. In which the study on rice mutants as new elite materials is an 

impressive approach, since the high efficiency of mutagenesis has been widely documented 

and reflected in the enhancement of more than 3000 mutant varieties, including 828 rice 

cultivars, according to Food and Agriculture Organization/International Atomic Energy 

Agency Mutant Varieties Database (FAO/IAEA, 2020). Basically, mutation can be created 

by spontaneous mutagenesis or induced mutagenesis (chemical mutagenesis, UV radiation 

mutagenesis, and ionizing radiation) (Sikora et al., 2011). Induced mutagenesis has been 

extensively used for the genetic improvement of all organisms, including microbes, animals, 

and plants. It is reported that mutation induction is useful for generating potent rice lines. 

Furthermore, it performs cost- and time-effective strategies in the enhancement of expected 

characteristics of crops (Moradi et al., 2003; Hanyong et al., 2004). Along with physical 

mutagens, the chemical mutagens, such as ethyl-nitroso urea (MNU), have been utilized 

frequently for breeding purposes. MNU is an alkylating agent, which can covalently attach 

an alkyl group to a biomolecule under physiological conditions (aqueous solution, 37 °C, pH 

7.4) (Maria et al., 2016). In rice, it is demonstrated to obtain high-frequency mutation and is 

effective for genetic approach (Zhang et al., 1995). 

To accelerate the development of rice cultivation, enormous DNA markers related to 

Saltol quantitative trait loci (QTL) have been developed. Among them, simple sequence 

repeat (SSR) markers are broadly applied because of their dominances compared to other 
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markers. With 1 to 10 nucleotides, SSRs (or microsatellites) have used for genotyping plants 

over the past 20 years. They are abundant, distributed throughout the genome, and highly 

polymorphic. As multi-allele genetic markers, SSRs can also be replicated and transferred 

among relative species (Gregorio et al., 1997). SSR markers are valuable in breeding new 

rice cultivars to obtain elite important yields and quality attributing traits, as well as resistance 

to disease and environmental stresses (Ali et al., 2000). In previous studies, SSR markers 

performed as a useful indicator to identify salinity tolerance of rice (Zhang et al., 1995; 

Gregorio et al., 1997 ; Ali et al., 2000 ; Flowers et al., 2000; Prasad et al., 2000; Koyama et 

al., 2001; Lang et al., 2001; Bonilla et al., 2002; Lin et al., 2004; Niones, 2004; Ren et al., 

2005; Walia et al., 2005; Sabouri et al., 2009; Thomson et al., 2010; Muhamad et al., 2011; 

Linh et al., 2012; Islam et al., 2012; Neelam et al., 2013; Babu et al., 2014; Mardani et al., 

2014; Chowdhury et al., 2016; Ganie et al., 2016, Camilla et al., 2017; and Anh et al., 2019). 

In recent decades, many advanced techniques have been made to enhance tolerant rice 

varieties which can adapt to environmental stresses such as submergence, drought, chill, high 

temperature, low pH, salinity, etc. Nevertheless, it is not easy to overcome the challenges of 

rice salt-tolerant enhancement, because of its complex mechanism. Although phenotype is 

the eventual expression of molecular compositions, it is adversely influenced by 

environmental impacts through various physiological and biological processes. Therefore, a 

combination of genetic and phenotypic investigation was a prior technique for the selection 

of the most promising genotype. 

To date, the screening of salinity tolerance of rice mutants using both morphological 

analysis and SSR markers is only carried out sporadically, as mentioned above. This study 



  

15 
 

was therefore conducted to evaluate salinity-tolerant abilities of mutant rice lines, and search 

for potent SSR markers for breeding rice cultivars tolerant to salinity. Although SSR markers 

have been applied in many earlier research, especially in marker-assisted selection, in this 

study, we conducted the genetic analysis in new rice mutants, which were created by 

“respiratory mutation”. It is the first time that their salt tolerances were assessed. Additionally, 

our previous research pointed out that rice mutants expressed better panicle and grain 

characters than their parents, such as panicle number per plant, full grain per plant, grain 

weight, and grain yield per ha (Anh et al., 2019). Additionally, greater performances of 

protein, amylose, and lipid contents were also found in these mutants when compared with 

those of parents (Anh et al., 2019). Therefore, findings of this study are useful for the 

development of target rice varieties, which are not only of high yield and quality, but also 

resistant to abiotic stresses, to cope with climate change. 

2.2. Materials and Methods 

2.2.1. Plant Materials 

Rice samples were provided by Khai Xuan International Co. Ltd. and Agricultural 

Genetics Institute (Hanoi, Vietnam). Mutant rice was created by chemical mutation using N-

Nitroso-N-methylurea (MNU) (Anh et al., 2018). Rice seeds of origin cultivars were soaked 

in 150 mM MNU for 3 h before drying, and kept in hermetic conditions before storage at 

4 °C. The first mutated generation (M1) was self-pollinated to obtain the second (M2) 

generation. M2 was used for further works.  
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In this research, ten rice materials, including mutant lines and parental generations, 

were used to evaluate their salinity tolerance. Their origins and information are provided in 

Table 2.1. 

Table 2.1. The origins and classifications of rice cultivars and mutant lines 

Samples Origins Classifications 

B1 Bao thai Cultivar 

B2 DT84 Cultivar 

B3 Bao thai/DT84 Mutant 

B4 DT84DB Mutant 

B5 SKLo Cultivar 

B6 SKLo/BC15 Mutant 

B7 BC15 Cultivar 

B8 Khang dan/Wild rice Mutant 

B9 Bao thai DB Mutant 

B10 BC15/TBR1 Mutant 

 Initially, rice seeds were soaked in 0.1% NaOCl for 30 min. After washing several 

times in distilled water, the seeds were immersed in water at 30 °C for 3 days for germination. 

The germinated seeds then were grown in a floating tray (2 seeds per hole) in plant growth 

chamber (28 °C day; 25 °C night; 12 h light; 12 h dark). Culture solution was supplied with 

Yoshida’s nutrient (Gregorio, 1997). The solution was salinized at the seedling stage (10 days 

after sowing) by NaCl powder at four levels of electrical conductivity (EC): 0 dS m−1, 4 dS 

m−1, 8 dS m−1, and 12 dS m−1, which describe the levels of salinity that damage crop growth 

(0–4 dS m−1: slight salinity, 4–8 dS m−1: moderate salinity, 8–12 dS m−1: severe salinity 
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(United State Department of Agriculture). The time for saline treatment was 21 days, a 

sufficient period to reveal differences in growth and physiological traits. Trays without NaCl 

were considered as control (0 dS m−1). During treatment, EC and pH (5.5) of the culture 

solution were checked daily by EC and pH meters. The salinity level (EC level) was 

maintained at 4 dS m−1, 8 dS m−1, and 12 dS m−1 by dissolving NaCl powder in the solution. 

The culture solution was renewed weekly. The treatment was carried out in 21 days, and the 

experiment was tri-replicated. 

2.2.2. Phenotypic Evaluation 

After 21 days of treatment, salinity tolerance of 10 rice materials was scored by 

standard evaluation score (SES) (Flowers et al., 2000), as shown in Table 2.2. Survivability 

was determined by the percentage of survived plants after treatment. Root lengths and plant 

heights of rice samples were measured in millimeters with the longest root and leaf (sample 

size =10). Phenotypic measurements were replicated 3 times. After drying in a hot air oven 

for 5 days at 40 °C, each individual plant was weighed and expressed in grams. Reductions 

in root length, plant height, and dry weight caused by salinity stress were calculated by the 

following formula: 

% reduction = (Psample − Pcontrol)/Psample × 100 

where Psample is the value of the sample growing in salt concentration (average data of 

levels 4 dS m−1, 8 dS m−1, and 12 dS m−1) and Pcontrol is the value of the sample in non-salinity. 
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Table 2.2. Modified standard evaluation score (SES) of injury at seedling stage. 

Score Observation Tolerance 

1 Normal growth, no leaf symptoms Highly tolerant 

3 
Nearly normal growth, but leaf tips or a few 

leaves whitish and rolled 
Tolerant 

5 
Growth severely retarded most leaves rolled, 

only a few are elongating 

Moderately 

tolerant 

7 
Complete cessation of growth, most leaves dried, 

some plants are dying 
Susceptible 

9 Almost all plants dead or dying Highly susceptible 

2.2.3. Genotypic Analysis 

The total DNA of rice was extracted by the cetyl trimethylammonium bromide 

(CTAB) method (Anh et al., 2018). Before applying for polymerase chain reaction (PCR), 

0.8% agarose gel electrophoresis was used to check the quality of DNA. Forty-two SSR 

markers linked to Saltol were collected from the Gramene database and previous studies 

(Zhang et al., 1995; Gregorio et al., 1997 ; Ali et al., 2000 ; Flowers et al., 2000; Prasad et al., 

2000; Koyama et al., 2001; Lang et al., 2001; Bonilla et al., 2002; Lin et al., 2004; Niones, 

2004; Ren et al., 2005; Walia et al., 2005; Sabouri et al., 2009; Thomson et al., 2010; 

Muhamad et al., 2011; Linh et al., 2012; Islam et al., 2012; Neelam et al., 2013; Babu et al., 

2014; Mardani et al., 2014; Chowdhury et al., 2016; Ganie et al., 2016, Camilla et al., 2017; 

and Anh et al., 2019). DNA was amplified using a Thermal Cycler Gen Atlas S machine. 

Each reaction contained 0.75 µL genomic DNA (100 ng), 1.5 µL PCR buffer (10 X), 1.2 µL 
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MgCl2 (25 mM), 0.15 µL dideoxynucleotides (dNTPs) (1 mM), 0.75 µL each of forward and 

reverse SSR primers (5 µM), and 0.05 µL Taq DNA polymerase (5 U). The volume was 

increased up to 15 µL by nuclease free water. PCR conditions included initial denaturation at 

94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 1 min, annealing at 55–

62 °C for 1 min (based on each primer annealing temperature), extension at 72 °C for 2 min, 

and finished by a final extension at 72 °C for 7 min. The amplification products were resolved 

on 3 % agarose gel in TBE buffer (0.5 X) and 2.5 µL of safe view under room temperature, 

at a constant voltage of 50 volts for 75 min. After running, the gel was visualized by AMZ 

System Science limited STAGE system ECX-F15M (Vilber Lourmat, Eberhardzell, 

Germany). 

2.2.4. Data Analysis 

Thirty plants from the three replications were selected in a completely randomized 

design to evaluate the phenotypic measurements. Phenotypic data were analyzed by one-way 

analysis of variance (ANOVA), analysis of variance for salt-tolerance parameters was 

conducted by two-way ANOVA, Minitab software version 16. Tolerant and susceptible lines 

were evaluated for genotypic identification by SSR markers. Genetic banding patterns were 

scored based on the presence and absence of a particular band. Heterozygosity (He) and 

polymorphic information content (PIC) values were calculated with a PIC calculator (The 

University of Liverpool). 
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2.3. Results 

2.3.1. Phenotypic Performance 

 

Figure 2.1. Salt injury scores of rice samples at different levels of salinity. Values represent 

mean of scores, Different letters in a salinity level indicate significant difference (P<0.05) 

by Tukey’s test. 

Reactions of rice plants to salinized solution showed prominent differences at the 

seedling stage (Figure 2.1). All the rice materials grew healthily in non-salinized conditions 

(0 dS m−1). In salinized culture solutions, there was a classification of salt tolerance among 

10 examined rice cultivars and lines. Results of measurements show that B7 had the lowest 

injury score in all three levels of salt stress (4 dS m−1, 8 dS m−1, and 12 dS m−1) (3.00, 5.33, 

and 7.17, respectively); followed by B6 with 3.67, 5.67, and 7.50, respectively. In contrast, 

the high scores were recorded in B3 (5.67, 7.00, 9.00) and B4 (5.50, 7.50, 9.50) at 4 dS m−1, 

8 dS m−1, and 12 dS m−1, respectively. Based on these results, B7 and B6 were determined as 

tolerant genotypes with lower scores than other samples, while B3 and B4 were susceptible. 
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Table 2.3. Survivability of samples under different levels of salinity stress. 

Samples/ 

Salinity levels 

Survivability (%) 

0 (dS/m) 4 (dS/m) 8 (dS/m) 12 (dS/m) 

B1 100 100 90.00 ± 0.00ab 50.00 ± 0.00bc 

B2 100 100 86.67 ± 3.33abc 46.67 ± 3.33c 

B3 100 100 73.33 ± 3.33c 16.67 ± 3.33de 

B4 100 100 86.67 ± 3.33abc 3.33 ± 3.33e 

B5 100 100 86.67 ± 3.33abc 56.67 ± 3.33abc 

B6 100 100 93.33 ± 3.33ab 63.33 ± 3.33ab 

B7 100 100 96.67 ± 3.33a 66.67 ± 3.33a 

B8 100 100 83.33 ± 3.33abc 46.67 ± 3.33c 

B9 100 100 80.00 ± 0.00bc 43.33 ± 3.33c 

B10 100 100 83.33 ± 3.33abc 26.67 ± 3.33d 

Values represent mean ± Standard error (SE). Different letters in a column indicate 

significant difference (P<0.05) by Tukey’s Test. 

Table 2.3 shows an extreme decrease in survivability of 10 genotypes after treatment. 

At all three levels of NaCl 4 dS m−1, 8 dS m−1, and 12 dS m−1, survivability of B7 was the 

greatest (100%, 96.67%, and 66.6%, respectively); followed by B6 (100%, 93.33%, and 

63.33%, respectively). B4 was found as the most salt-sensitive genotype, with only 3.33% 

plants survived at 12 dS m−1. B3 was also susceptible to salinity condition, with 16.67% 

survived plants observed at the same salt level of 12 dS m−1. 
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Table 2.4. Reductions of samples root length, plant height, and dry weight. 

 
Samples 

 

Reduction (%) 

Root length Plant height Dry weight 

B1 -5.88 ± 1.04cd  11.15 ± 2.17ab 29.66 ± 6.01ab 

B2 -2.21 ± 0.92c 13.69 ± 3.68ab 24.85 ± 4.18ab 

B3  2.90 ± 0.93ab 20.34 ± 3.80a  40.70 ± 4.90a 

B4 3.17 ± 0.67a  16.31 ± 1.82ab 29.76 ± 2.78ab 

B5 -5.51 ± 1.19cd 10.83 ± 1.76ab 17.07 ± 4.34b 

B6  -7.91 ± 1.19d 8.57 ± 1.33b 15.93 ± 3.56b 

B7 -7.92 ± 1.57d 5.65 ± 0.78b 14.42 ± 3.19b 

B8  -3.49 ± 0.88cd 13.77 ± 1.95ab 28.44 ± 5.34ab 

B9 -4.57 ± 1.42cd 15.35 ± 1.41ab  23.64 ± 3.64ab 

B10 -1.83 ± 0.39bc 15.79 ± 2.97ab 21.42 ± 2.80ab 

Values represent mean ± Standard error (SE). Different letters in a column indicate 

significant difference (P<0.05) by Tukey’s Test. 

Salt stress significantly impacts root length, plant height, and dry weight of examined 

rice (Table 2.4). In detail, the root length of B3 and B4 decreased, while root length of 

remaining rice increased. The largest root length reduction was recorded in B4 with 3.17%, 

followed by B3 with 2.9%. Conversely, roots of B7 and B6 developed by 7.92% and 7.91%, 

respectively. An extreme reduction was observed in plant height of rice materials under 

salinity stress (Table 2.4). The minimum decline was found in B7, followed by B6 (5.65% 
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and 8.57%, respectively). Plant height reduction of B3 was largest, with a percent of 20.34%, 

remarkably high compared to B4 (16.31%), as well as remaining samples. Similar phenomena 

were observed in dry weight decrease. Particularly, B3 and B4 presented noteworthy 

reductions in dry weight with 40.70% and 29.76%, respectively. On the contrary, B6 and B7 

performed much lower percentages, in which B7 had the lowest value, at 14.42%. 

Table 2.5. Analysis of variance for salt-tolerance parameters of rice. 

Source of 

variation 
Df 

SIS SUR RLR PHR DWR 

Sum of squares 

Samples 9 91.93* 5298.90* 1255.35* 1447.31* 5155.20* 

Salinity levels 2 128.67* 47426.00* 334.36* 2103.27* 10942.60* 

Interaction 18 7.92 4902.20 87.12* 608.56* 1047.80 

Error 60 5.16 2074.10 402.64 1254.22 723.30 

Total 89 233.68 59701.20 2079.48 5413.36 17868.80 

SIS: Salt injury score; SUR: Survivability; RLR: Root length reduction; PHR: Plant height 

reduction; DW: Dry weight reduction. 

Under salt stress, variation of all parameters was highly significant in different 

samples at different salinity levels (Table 2.5). Results of analysis also show that salinity level 

is the most influential factor in the disparity of salt injury score, survivability, plant height, 

and dry weight reduction. Root length reduction was most affected by samples factor. 

Noticeably, there was a remarkable discrepancy observed in root length and plant height 

reductions of rice plants caused by the interaction of samples and salinity levels. No disparity 
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decrement was recorded in salt injury score, survivability, and dry weight reduction of 

examined rice, because of this combination. 

Results of correlation analysis among five parameters are presented in Table 2.6. 

There are noticeable negative correlations between survivability and remaining parameters in 

which the maximum value was observed between survivability and root length reduction 

(−0.95). Additionally, the tolerant score was significantly positively correlated with root 

length, plant height, and dry weight reductions. The analysis also recorded the positive 

correlations between plant height and root length reductions, dry weight, and root length 

reductions, and dry weight and plant height reductions. 

Table 2.6. Correlation matrix among tolerant parameters. 

Parameters 
Parameters 

TS SUR (%) RLR (%) PHR (%) DWR (%) 

TS 1     

SUR (%) -0.93** 1    

RLR (%) 0.90** -0.95** 1   

PHR (%) 0.94** -0.87** 0.89** 1  

DWR (%) 0.79** -0.70* 0.78** 0.82** 1 

2.3.2. Genotypic Analysis 

A set of 42 SSR markers were used to identify the differences between tolerant and 

sensitive genotypes. Among them, twenty-two markers showed clear DNA bands, and six 

markers were found to be polymorphic with amplified SSR loci, including RM 237, RM 518, 
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RM 493, RM 10748, RM 562, and RM 20224. All these markers could determine the 

difference between tolerant groups (B6 and B7) and susceptible groups (B3 and B4), as 

shown in Figure 2.2. SSR markers, location, number of alleles, heterozygosity (He), and 

polymorphism information content (PIC) are presented in Table 2.7. 

Table 2.7. Polymorphic markers information. 

SSR 

markers 
Chromosome Sequences* 

Number 

of alleles 
He PIC 

RM 237 1 
CAAATCCCGACTGCTGTCC 

TGGGAAGAGAGCACTACAGC 
3 0.65 0.58 

RM 518 4 
CTCTTCACTCACTCACCATGG 

ATCCATCTGGAGCAAGCAAC 
2 0.49 0.37 

RM 493 1 
TAGCTCCAACAGGATCGACC 

GTACGTAAACGCGGAAGGTG 
2 0.41 0.33 

RM 

10748 
1 

CATCGGTGACCACCTTCTCC 

CCTGTCATCTATCTCCCTCAAGC 
3 0.65 0.58 

RM 562 1 
CACAACCCACAAACAGCAAG 

CTTCCCCCAAAGTTTTAGCC 
2 0.41 0.33 

RM 

20224 
2 

AGTATGAAAGTCGGTGACGATGG 

GAGATGTCACGTCTTCACTTAGGG 
3 0.65 0.58 
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Figure 2.2. PCR products of SSR markers RM 237, RM 518, RM 493, RM 10748, RM 562 

and RM 20224 (L: Ladder 100 bp). 

2.4. Discussion 

Salinity stress caused variations in survivability, plant height, root length, and dry 

weight of ten examined parameters. However, observed responses to salinity were different 

in different samples. Based on phenotypic performance, ten rice cultivars/lines can be 

classified into three groups: tolerant (B6 and B7), moderate-tolerant (B1, B2, B5, B8, B9, 

B10), and susceptible (B3 and B4) genotypes. The classification was carried out based on 

their performances in all measurements, including root length, plant height, and dry weight 

surveys, in which salt injury score and survivability are conclusive parameters. Notably, root 

length reductions of examined rice variably fluctuated. Negative values in root length 

reduction indicate that roots of these variety/mutant lines were elongated under saline 

treatment. This phenomenon maybe occurs because of their tolerant mechanisms adapting to 

salt concentrations. Previous researchers indicated that each rice variety has one or two salt 
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tolerance mechanisms, not all, and the response of plants to salt tolerance is a complex 

combination of individual factors (Yeo and Flowers 1984). Although Na+ and K+ contents in 

shoots and roots are different between tolerant varieties and sensitive varieties, these traits 

are mainly controlled by additive genes (Yeo and Flowers 1984). Therefore, the heritability 

of these traits is very low (Teng et al., 1994). On the other hand, the Saltol QTLs located on 

chromosome 1, which are tightly correlated with chlorophyll content and Na+ and K+ 

concentrations, as well as Na+/K+ ratios in rice shoots and roots (Thomson et al., 2010), were 

used for the genetic analysis. The results showed a clear distinction between tolerant genotype 

and susceptible genotype. Since phenotype represents the consequence of genotype–

environment interactions (P = G × E) in all living organisms, phenotype is the physical 

representation that positively correlates with genotype (under the same controlled 

environment). In this case, genes with specialized functions play a key role in a series of 

transcriptions and translations. Therefore, tolerant plants are able to protect themselves from 

saline damages by various physiological processes. Correlation analysis reflects that all 

morphological assessments contributed to salt injury score. Explanation of high correlation 

may be attributed to pleiotropic or linked genes (Makihara et al., 1999). Pleiotropism occurs 

when the expressions of more than one character are influenced by the same gene. In case of 

genes linkage, several genes located in the same chromosome are inherited together. This 

information is effective in rice breeding, due to the simultaneous selection of various expected 

characters based on the individual. 

Although rice yield is adversely affected by salinity, rice has been considered as a 

suitable crop for reclamation of saline and sodic soil (Singh and Flowers, 2010), therefore, 

developing salinity tolerance in rice is a crucial key to ensure sustainable rice production. 
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Studies on rice tolerance mostly focus on seedling stage, because of its significant interaction 

with productivity (Yeo and Flowers 1984; Moradi et al., 2003; Singh and Flowers, 2010). 

Salt-tolerant rice at the seedling stage has a lower sodium concentration in maturity, 

compared to sensitive genotypes (Singh and Flowers, 2010); the desirable plants can be easily 

and quickly selected. On the other hand, rice salt-tolerant investigation in this stage is 

considered as a rapid method based on simple principles (Ali et al., 2014). 

Salinity tolerance is a complex physiological trait, it is related to other traits (Walia et 

al., 2005) and controlled by different mechanisms (Moradi et al., 2003). Therefore, it is 

essential to evaluate rice genotypes. Application of molecular markers helps the breeders to 

select target plants in early stages by classifying genotypes based on the presence or absence 

of a particular marker locus and determine whether significant differences exist between them 

(Manikanda, 2013). Among these markers, SSR is considerable in accelerating rice breeding 

time (Collard et al., 2008). Therefore, SSR is the most widely used marker in major cereals 

(Garland et al., 1999; Gupta et al., 1999; Gupta and Varshney, 2000). Former research used 

SSR markers linked to the Saltol gene in chromosomes 1, 2, and 4, to identify tolerant as well 

as sensitive genotypes. In this study, genetic analysis was conducted by application of 42 

Saltol-linked SSRs, distributed along 12 chromosomes. Among them, six markers, RM 493, 

RM 562, RM 10748, RM 20224, RM 237, and RM 518 are polymorphic, as they can classify 

tolerant and susceptible genotypes (others were not shown). Therefore, these markers are 

useful for classification of salt tolerance of rice. Similar results were observed in earlier 

research (Walia et al., 2005; Mohamadi et al., 2008); Muhamad et al., 2011; Linh et al., 2012; 

Islam et al., 2012; Neelam et al., 2013; Babu et al., 2014; Mardani et al., 2014; Chowdhury 

et al., 2016. The low polymorphic ratio may be because of the high genetic similarity between 
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examined rice. Analysis pointed out that these SSR markers expressed moderate polymorphic 

values. In particular, we found that they distinguish tolerant and sensitive rice in both mutant 

lines and cultivars. Although SSRs are co-dominant, they were scored as presence or absence 

markers, because examined cultivars (homozygous genotypes) are the result of breeding 

programs through various generations. On the other hand, homozygosity can be also obtained 

in rice mutants when they complete segregation. 

It is significant to note that the mutant line originating from SKLo and BC15TB had 

higher yield than their parents (Anh et al., 2019). Also confirmed were their widely adapted 

abilities, as well as better characteristics, compared to parental performances (Anh et al., 

2019). Furthermore, this mutant line was originated from elite cultivated parents in Northern 

Vietnam which are indicated to have good quality, high yield, and abiotic resistance 

(Successful Study: Bright Leaf Tolerant Variety BC15). Haplotypes developed from them 

are promised as valuable inheritances for crop improvement. However, the cross 

SKLo/BC15TB needs to be compared its characteristics with BC15TB, especially the 

production under saline stress. The further goal is to breed a new cultivar generation with 

higher quality, productivity, and wider adaptation to feasible conditions. 

2.5. Conclusions 

In this study, rice mutants were classified into three groups of salinity tolerance, 

including tolerant (SKLo/BC15TB, BC15TB), moderately tolerant (Bao Thai, DT84, SKLo, 

Khang dan/Wild rice, Bao Thai DB, BC15TB/TBR1), and susceptible groups (Bao 

Thai/DT84, DT84 DB). The markers RM 493, RM 562, RM 10748, RM 518, RM 237, and 

RM 20224 are the most polymorphic in salinity tolerance. Of them, RM 237, RM 10748, and 
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RM 224 show the highest polymorphism information (PIC = 0.58). The results suggest that 

BC15TB and its progeny BC15TB/SKLo are valuable sources for breeding rice tolerant to 

salinity. Findings of this study may help to simplify the breeding of salinity-tolerant rice to 

adapt to climate change. 
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CHAPTER III.  

MATERNAL INHERITANCE OF SALINITY TOLERANCE AND  

BENEFICIAL PHYTOCHEMICALS IN RICE 

3.1. Introduction 

Salt is one of the main causes of land degradation worldwide with approximately 2000 

million ha affected land being recorded every year, according to a study by Economics of 

Salt-Induced Land Degradation and Restoration (unu.edu/media-relations/releases). Salinity 

stress can reduce 70% yield loss of wheat, maize, rice and barley and the total cost of such 

loss in crop productivity can reach US $12 billion per year globally (Jaiswal et al.,2019). Half 

of the world population consumes rice (Oryza sativa and Oryza glaberrima) as a staple food 

(Menguer et al., 2017). By 2030, rice production needs to increase by 25% to feed the global 

population, however, rice growth and productivity is threatened by abiotic stresses including 

cold, drought, heat, flood, and salt (Menguer et al., 2017). Rice is one of the most salt sensitive 

crops with a threshhod of 3 dSm−1 for most currently cultivated varieties (Linh et al., 2016). 

At EC (electrical conductivity of its saturation extract) of 7.2 dSm−1, 50% rice yield loss was 

recorded (Shrivastava and Kumar, 2015). Besides the effects from climate change, the dam 

construction on the main stream of important rivers such as the Mekong River in Southeast 

Asia has caused severe drought in the lower basin which induces the intrusion of sea water 

into the coastal deltas, resulting in serious reduction of rice yield (Yoshida et al., 2020). 

Therefore, the breeding of rice cultivars tolerant to salinity is required. 

The salinity tolerance of rice has not been the priority in the breeding program until 

recent decades, where climate change including salinity stress is causing severe damage to 
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rice cultivation. Different from important agronomic traits such as growth, yield, quality, and 

pest tolerance, few genes/QTLs (quantitative trait locus) responsible for salinity tolerance 

have been discovered so far (Negrao et al., 2010). By conventional breeding, at least 10 years 

and huge cost (US $50–900 million) are required to develop salinity tolerant varieties (Jaiswal 

et al., 2019). Marker assisted selection (MAS) can reduce the breeding time to 3–6 years, 

however, it is difficult to identify all genetic markers relevant to QTLs/genes tolerant to 

salinity in rice. Among them, the Saltol QTL has been discovered as a principal QTL 

responsible for salinity tolerance in rice (Chowdhury et al., 2010; Thomson et al., 2010; Javed 

et al., 2011; Mardani et al., 2014). The introduction of the Saltol QTL to target rice cultivars 

have been extensively conducted (Babu et al., 2017), however, it causes great secessions from 

the F2 generation, which requires many cropping seasons (8–10 years), including both cross 

and backcross to stabilize the salinity tolerant trait (Babu et al., 2017; Xuan et al., 2019). The 

key genes involved in salinity tolerance are OsCPK17, OsRMC, OsNHX1, OsHKT1;5, and 

SalT (Negrao et al., 2012), in which OsCPK17 increases a transient in cytosolic Ca2+ under 

salinity stress (Negrao et al., 2012); this gene also occurs with four QTLs linked to ion 

homeostasis (Negrao et al., 2011). OsRMS is a jasmonic acid-induced DUF26 protein and is 

upregulated at the transcript level by high salinity (Rabbani et al., 2003). The two other 

principal genes, OsHKT1;5 and OSNHX1, are involved in ion homeostasis to adjust osmotic 

pressure by keeping Na+ away from the cytosol (Zhang et al., 2001). OsHKT1;5 is responsible 

for retreiving Na+ from the xylem sap to reduce Na+ load in shoots and can balance low 

Na+/K+ shoot ratios in rice plants in salinity stress (Mian et al., 2011; Negrao et al., 2011). 

OsNHX1 encodes a vacuolar (Na+, K+) H+ antiporter placed in the tonoplast to allow efficient 

compartment of Na+ in the vacuole (Fukuda et al., 2004). In addition, SalT in the Saltol QTL, 
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which is localized in chromosome 1, is the first isolated and characterized key gene from the 

roots of salinity tolerant rice (Thomson et al., 2010). This gene is regulated by abscisic acid 

(ABA)-dependent and ABA-independent pathways, and it controls the expression with the 

production of osmoprotectants such as trehalose and proline (Negrao et al., 2012). 

By cDNA microarray and RNA gel-blot analyses, 57 stress-inducible genes were 

found in rice; among them, 36, 62, and 43 genes were induced by cold, drought and ABA, 

respectively (Rabbani et al., 2003). Except for the five key genes OsCPK17, OsRMC, 

OsNHX1, OsHKT1;5, and SalT, many candidate genes might be also involved in salinity as 

well as other environmental stresses, although their functions still remain unknown. To date, 

all QTLs/genes determining important agronomic traits such as yield, quality, growth, pest 

and environmental tolerance are localized in the nucleus, while a few traits inherited from the 

reccurent parent (female cultivar) exhibited cytoplasmic effects in rice, including low 

temperature (Ratho and Pradhan, 1992), a low yield and width of the flag leaf (Tao et al., 

2004), a low grain weight (Chandraratna and Sakai, 1960), a low protein content (Chang et 

al., 1974; Shi et al., 1996), chalkiness (Shu and Shen, 1988), a low cooking quality (Shi and 

Zhu, 1994), and low nutrient levels (Anh et al., 2018). The genetic variation in the 

cytoplasmic effects was only 2.41%–20.80%, whilst the maternal influence on the lysine 

content was greater than that on the protein content and index (Shi and Zhu, 1994). 

In rice as well as other cereals, the environmental stress tolerant traits do not 

commonly associate with important agronomic traits, including yield and quality (Xuan et al. 

2019). Therefore, conventional breeding results in great recombination and recessions of 

phenotypes and genotypes; laborious work and huge expenditure are required to select rice 
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lines which have acceptable yield and quality but are tolerant to pest and environmental 

stresses (Anh et al., 2018; Xuan et al., 2019). For instance, FL478 is a salt tolerant 

recombinant inbred line of IR66946-3R-178-11 developed from Pokkali (salinity tolerant) 

and IR29 (salinity susceptible), and it shows low quality parameters as compared with 

common commercial rice (Babu et al., 2017). Our laboratory observed that >97% kernel color 

of the FL478 was similar to that of Pokkali. In addition, the use of DNA molecular markers 

such as RFLP, RAPD, AFLP, ISSR, SSR, SNP, DarT and Retrotransposons are useful to 

reduce the time for selection, but they can not exhibit all QTLs/genes interactions involved 

in the selected traits (Anh et al., 2018; Xuan et al., 2019). 

Our group has developed a protocol using N-methyl-N-nitrosourea (MNU) to treat 

rice seeds at low concentrations for three months prior to germination (Anh et al., 2018; Xuan 

et al., 2019). The MNU application induced uniparental inheritance of the yield attributing 

traits, including plant height, semi-dwarfism, amylose content, protein content, gel 

consistency, grain yield, and spikelet fertility (Anh et al., 2018; Xuan et al., 2019). In this 

study, we continuously examine whether the salinity tolerant Saltol QTL can also be 

uniparentally inherited by MNU treatment. The influence of the uniparental inheritance on 

induction of beneficial phytochemicals including total phenols and flavonoids, antioxidant 

activities, and momilactones A and B in the offspring lines were also evaluated. 

3.2. Materials and Methods 

3.2.1. Rice Materials and Salinity Treatment 

TBR1 and KD18 are commercial rice in Vietnam. Both are Indica subtypes, where 

TBR1 performs a higher yield, protein content and lipid content compared to KD18. TBR1 
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is resistant and KD18 is susceptible to pests and diseases. In this study, TBR1 was used as 

the recurrent (female) cultivar, whilst KD18 was the male variety. They were provided by the 

Agricultural Genetics Institute, Hanoi, Vietnam. The field experiment was conducted near 

Hiroshima University, Higashi–Hiroshima, Hiroshima, Japan (270–280 m elevation; 

33/25 °C day/night; humidity: 60%–65%; precipitation average: 1485 mm). The fertilizers, 

weeding, watering, and pesticides were provided by conventional methods in Japan. The 

original F1 rice seeds (total 300 seeds) were obtained by crossing TBR1 (female) and KD18 

(male) cultivars. Subsequently, the F1 seeds were treated with the MNU as described 

previously (Anh et al., 2018; Xuan et al., 2019) to induce the first mutated generation M1 

(200 seeds). The M1 seeds were kept in the dark for 3 months in a hermetic condition and 

stored at 4 °C before self-pollinating in a paddy field to obtain the second generation (M2) 

seeds. The M2 population (200 seeds) was continuously self-pollinated in rice fields to 

provide the third generation (M3). After gemination, TBR1, KD18, F1, F2 (self-pollinated 

from F1), M2, and M3 seeds were grown in a 0.5% agarose media supplied by Yoshida nutrient 

and placed in a plant growth chamber (28 °C day: 25 °C night; 12 h light: 12 h dark). Salinity 

was applied after five days of transplanting with a concentration of 12 dSm−1 NaCl to evaluate 

the salinity tolerant of the parental cultivars and progenies. The treatment without NaCl was 

considered as control (0 dSm−1). During treatment, EC and pH (5.5) were checked and 

maintained daily. 

3.2.2. Physiological Analysis of Salt Tolerance 

After 21 days of treatment, salinity tolerant rice materials were scored by a standard 

evaluation score (SES) (Gregorio et al., 1997). Fifty plants from the five replications were 
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randomly selected to evaluate the phenotypic characteristics. Survivability was determined 

by percentage of survived plants. Root length and plant height of rice samples were measured 

with the highest one. Rice plants were weighed twice. Fresh weight was measured right after 

treatment and dry weight was determined after drying in hot air oven for 5 days at 40 °C. 

3.2.3. Total Phenols, Total Flavonoids, and Antioxidant Activities 

The roots, stems, and shoots of rice seedlings were harvested and transferred directly 

to laboratory. They were cleaned by tap water and rinsed many times with distilled water. 

After drying for 5 days at 40 °C, the mixture of roots, stems, and shoots of rice samples were 

ground into powder. This powder was then extracted by methanol after 3 days using a 

magnetic stirrer. After that, the extract was separated by hexane and finally dried by 

evaporator at 50 °C. The obtained powder was kept in methanol at 4 °C in the dark for further 

measurements. Total phenolic content (TPC) and ABTS•+ decolorization measurement were 

conducted following a method described by Quan et al., 2019a. Total flavonoid content (TFC) 

was estimated as detailed in Xuan et al., 2016. 2,2-diphenyl-1-picryl-hydrazyl-hydrate 

(DPPH) and nitric oxide (NO) scavenging assays were evaluated by a method described in 

Govindarajan et al., 2003. The antioxidant activity was calculated by the following formula: 

Antioxidant activity (%) = (1 − Asample/Acontrol) × 100% 

where Asample is the absorbance of reaction with sample and Acontrol is the absorbance 

of reaction with pure methanol. IC50 value is determined as the essential concentration to 

obtain 50% radical reduction. 
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3.2.4. Identification and Quantification of Momilactones A and B 

Momilactone A (MA) and momilactone B (MB) were identified and quantified by 

UPLC-ESI-MS following a protocol described in Quan et al., 2019 using MA and MB 

purified from rice husk as the standards. The quantification of each momilactone was 

measured using a linear model through peak areas and retention times. Detection and 

quantitation limits of MA and MB were 0.68 and 2.05 ng/mL and 0.27 and 0.83 ng/mL, 

respectively. 

3.2.5. Genetic Analysis 

The total DNA in rice samples was extracted by cetyl-trimethyl ammonium bromide 

(CTAB) method (Xuan at al., 2019). Before applying for polymerase chain reaction (PCR), 

0.8% agarose gel electrophoresis was used to check the quality of DNA. The DNA was 

amplified using a Thermal Cycler Gen Atlas S machine (Xuan et al., 2019). The amplification 

products were resolved in 3% agarose gel in tris borate EDTA (TBE) buffer (0.5 X) and 2.5 

µl of safe view under room temperature at a constant voltage of 50 volts for 75 min. After 

running, the gel was visualized by AMZ System Science limited STAGE system ECX-F15M 

(Vilber Lourmat, Eberhardzell, Germany). 

A total of fifty SSR markers which were reported previously to be involved in growth 

parameters, yield, pest resistance, and the Saltol QTL (salinity tolerant) (Wu et al., 2004; 

Fuentes et al., 2008; Nejad et al., 2008; Chowdhury et al., 2010; Thomson et al., 2010; Javed 

et al., 2010; Ashkani et al., 2011; Islam et al., 2012; Linh et al., 2012; Aliyu et al., 2013; 

Neelam et al., 2013; Mardani et al., 2014; Kioko et al., 2015; Nachimuthu et al., 2015; Singh 
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et al., 2015; Ganie et al., 2016; Boranayaka et al., 2018; Zhu et al., 2018; Wattoo et al., 2019; 

Xuan et al., 2019) were selected to evaluate the differences among genotypes of the recurrent 

TBR1 and male KD18 cultivars. These markers are distributed throughout 12 chromosomes 

of the rice genome (Supplementary Table S1). Twenty-one markers including RM 493, RM 

518, RM 562, RM 1233, RM 10694, RM 10720, RM 10793, RM 10852, RM 13197, RM 149, 

RM 201, RM 202, RM 206, RM 207, RM 213, RM 219, RM 229, RM 432, RM 508, RM 

587, and RM 589 are polymorphic (Supplementary Table S2), of which, RM 493, RM 562, 

RM 10694, RM 10720, RM 10793, RM 10852 are closely associated with the Saltol QTL 

located on chromosome 1. This QTL is identified for shoot Na+ concentration, shoot and root 

K+ concentrations, and shoot and root Na-K ratio (Thomson et al., 2010). The marker RM 

13197 is located on chromosome 2, which is influenced by seedling plant height, seedling 

survival, leaf chlorophyll content, and root K+ concentration (Thomson et al., 2010). Markers 

RM 508, RM 587, and RM 589, which are associated with leaf diameter and root length, are 

located on chromosome 6 (Singh et al., 2015). Besides these, markers relevant to other Saltol 

QTLs, such as plumule (shoot) fresh weight and root Na–K ratio, are RM 149 (chromosome 

8) and RM 201 (chromosome 9), respectively (Chowdhury et al., 2011; Javed et al., 2011). 

Other polymorphic markers were identified relating to growth parameter, grain yield and 

quality, and pest resistance, as well as water and nitrogen use efficiency (Ashkani et al., 2011; 

Aliyu et al., 2013; Boranayaka et al., 2018; Xuan et al., 2019). These polymorphic markers 

therefore were used to identify F2, M2 and M3 genotypes. 
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3.2.6. Data Analysis 

Chemical assessments were tr-replicated. Data were statistically analysed by analysis 

of variance (ANOVA). A linear model was used to calculate correlation between parental and 

progeny data. Reduction proportions of agronomical and chemical data were calculated by 

following formula: 

% reduction = (Psample − Pcontrol)/Psample × 100% 

where Psample is value of sample growing in salt concentration 12 dS m−1 and Pcontrol is 

the value of sample in non-salinity. 

3.3. Results 

3.3.1. Salt Tolerance, Agronomical, and Phytochemical Performances of Rice Population 

The results in Table 3.1 show that phenotypic performances among F1 and F2, and 

M2 and M3 are not remarkably different. In control conditions, no significant difference was 

observed in injury score, survivability, and growth parameters among TBR1, KD18, F1, F2, 

M2 and M3. In salinity stress condition, the injury score and survivability of the M2 and 

M3 were not significantly different from the recurrent parent TBR1. On the contrary, those of 

the F1 and F2 were between the values of the parents. The other growth parameters of the 

M2 and M3 including root length, shoot length, fresh weight, and dry weight were neither 

markedly different from TBR1 nor less affected from salinity than KD18 (Table 3.1), as they 

showed greater performances than those of the parents. In the control population (F1 and F2), 

these values were between the values of parental cultivars. Findings of table 1 indicate that 

the TBR1 cultivar was salinity tolerant whilst KD18 was salinity susceptible. The response 
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of M2 and M3 against salinity was as tolerant as that of the recurrent parent TBR1, thus, it 

was concluded that the M2 and M3 are also salinity tolerant. Therefore, the salinity tolerant 

characteristic of M2 is uniparentally inherited from TBR1. To date, all reports in literature, 

such as Mishra et al., 1998 and Mohammadi et al., 2013, reported that the salinity tolerance 

trait in rice is polygenic, principally inherited from father cultivar following the Mendelian 

rules. However, in contrast, findings in table 1 show that the treatment of MNU can 

uniparentally control the salinity tolerant Saltol QTL in rice, conversely different from all 

research in literature. 

Table 3.2 shows the changes of chemical components including TPC, TFC, and 

contents of MA and MB, and antioxidant activities (DPPH, ABTS, and NO levels). In the 

untreated conditions, the phytochemical contents and antioxidant activities vary among TBR1, 

KD18, F1, F2, M2 and M3, whilst no trace of MB was detected. Similar with phenotypic 

responses, no significant disparity was recorded in chemical compositions between F1 and F2, 

and M2 and M3. However, in the salinity stress condition, antioxidant activities of TBR1, F1, 

F2, M2 and M3 were both significantly stronger than that of KD18, of which F1 and F2 show 

weaker antioxidant properties than TBR1.
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Table 3.1. Phenotypic responses of examined rice in salinity stress. 

NC Samples Injury score 
SUR 

(%) 

RL 

(mm) 

SL 

(mm) 

FW 

(mg) 

DW 

(mg) 

Control TBR1 1.0±0.0d 100.0±0.0a 58.4±1.5ab 188.7±4.0a 83.0±3.0ab 25.0±1.0ab 

KD18 1.0±0.0d 100.0±0.0a 61.1±2.7ab 180.7±1.8ab 85.0±5.0ab 25.0±1.0ab 

F1 1.0±0.0d 100.0±0.0a 61.1±1.8ab 181.5±2.5ab 86.0±3.0ab 25.0±1.0ab 

F2 1.0±0.0d 100.0±0.0a 60.9±2.3ab 184.2±1.5ab 82.0±1.0ab 25.0±0.0ab 

M2 1.0±0.0d 100.0±0.0a 60.9±1.0ab 187.6±4.6a 97.0±4.0a 27.0±1.0a 

M3 1.0±0.0d 100.0±0.0a 62.7±1.5ab 185.6±2.3ab 92.0±3.0a 25.0±1.0ab 

Stress TBR1 5.9±0.2b 67.0±1.5b 63.1±3.0ab 160.0±4.4b 74.0±2.0bc 21.0±1.0bc 

KD18 7.2±0.1a 32.0±2.5c 52.7±2.4b 136.8±4.7d 60.0±5.0c 19.0±1.0c 

F1 6.5±0.2ab 47.5±2.1bc 60.7±1.7ab 151.9±4.2c 68.2±4.0bc 20.0±1.0bc 

F2 6.8±0.3a 50.8±1.5bc 60.5±4.5ab 155.6±4.5c 70.7±4.0bc 19.0±2.0c 

M2 6.0±0.2b 59.0±1.0b 68.0±1.4a 165.7±4.0b 86.0±4.0bc 24.0±1.0ab 

M3 6.0±0.5b 61.5±2.3b 65.1±3.5a 167.5±5.2b 88.6±3.0b 24.0±0.0ab 

Values are means ± SE (standard errors); NC: Nutrition condition, SUR: survivability, RL: Root length, SL: Shoot length, FW: Fresh 

weight, DW: Dry weight; Mean with same letters in a column is not significantly different (p < 0.05).
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Table 3.2. Changes in phytochemical properties of examined rice in salt stress. 

NC Samples TPC 

(mg GAE  

g-1 DW) 

TFC 

(mg RE 

g-1 DW) 

DPPH 

(IC50  

mg/mL) 

ABTS 

(IC50 

 mg/mL) 

NO 

(IC50 

mg/mL) 

MA 

(ng/g) 

MB 

(ng/g) 

Control TBR1 1.6±0.1b 0.3±0.0d 1.5±0.1c 1.8±0.0b 0.9±0.0cd 59.9±1.3c nd 

KD18 0.8±0.2c 0.4±0.0cd 2.4±0.1a 2.1±0.0a 1.8±0.1a 76.5±2.1b nd 

F1 1.6±0.2b 0.3±0.1d 1.9±0.0bc 1.9±0.2ab 1.5±0.1b 61.3±2.5c nd 

F2 1.5±0.1b 0.3±0.0d 1.9±0.1bc 1.9±0.1ab 1.5±0.1b 72.3±1.5bc nd 

M2 0.9±0.1bc 1.4±0.1b 2.0±0.0b 1.7±0.0b 1.1±0.1c 65.1±0.1c nd 

M3 0.7±0.2c 1.3±0.1b 1.9±0.0bc 1.7±0.1b 1.0±0.2c 67.8±0.5c nd 

Stress TBR1 2.1±0.0a 0.6±0.0c 1.1±0.0d 1.0±0.0d 0.5±0.0d 21.4±2.7d 46.3±0.6a 

KD18 0.9±0.1bc 0.6±0.0c 2.3±0.1a 1.5±0.0c 1.5±0.1b 13.9±0.4d nd 

F1 1.5±0.0b 0.9±0.1bc 1.8±0.2bc 1.9±0.2ab 1.3±0.0bc 25.7±1.4d nd 

F2 1.5±0.2b 0.8±0.2bc 1.8±0.0bc 1.9±0.1ab 1.2±0.1bc 20.6±3.0d nd 

M2 1.5±0.1b 2.5±0.1a 1.1±0.1d 1.0±0.0d 0.7±0.0cd 104.7±3.1a 34.9±1.8b 

M3 1.0±0.1bc 1.6±0.0ab 1.5±0.0c 1.2±0.1cd 0.5±0.2d 102.5±2.5a 20.5±1.5c 
Values are means ± SE (standard errors); nd: not detected. TPC: total phenol content; TFC: total flavonoid content; DPPH: 2,2-

diphenyl-1-picryl-hydrazyl-hydrate; ABTS: 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid; NO: nitric oxide; MA: 

momilactone A; MB: momilactone B. Mean with same letters in a column is not significantly different (P < 0.05).



  

43 
 

No remarkable difference in antioxidant capacities between TBR1 and M2 was 

observed (Table 3.2). The TPC and TFC values of the M2, M3, F1, and F2 individuals were 

either significantly higher or lower than that of its parent KD18 and recurrent parent TBR1 

(Table 3.2). Subsequently, the content of MA in TBR1 was higher than KD18, but M2 and 

M3 show much greater content of MA than their parental cultivars do (104.7 and 102.5 ng/g, 

respectively). Interestingly, no trace of MB was found in KD18, but the salinity stress induced 

MB in TBR1 (46.3 ng/g), M2 (34.9 ng/g), and M3 (20.5 ng/g) (Table 2). Findings of Table 

3.2 indicate that the MNU treatment also caused the uniparental inheritance of beneficial 

phytochemicals, including antioxidant activity and MA and MB from TBR1 to F2 generation. 

3.3.2. Correlation of Physiological Parameters between Progeny and Parental Lines 

The distributions of examined traits of the M2 population are shown in Figure 3.1. A 

high correlation of 0.81 (R2 = 0.6494) was observed between M2 and TBR1, while in contrary 

a much lower correlation of 0.45 (R2 = 0.2059) was found between M2 and KD18. The 

evidence indicates that agronomical and chemical properties of progenies are uniparentally 

inherited from the female cultivars. 
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Figure 3.1. Distributions of phenotypic and chemical parameters between M2 and TBR1 

(R2=0.6494); and M2 and KD18 (R2=0.2059). 

3.3.3. Genetic Segregation of F2, M2 and M3 Populations 

A total of 228 rice plants were used to analyze the segregations in the F2, M2 and M3 

generations (Figure 3.2 and Figure 3.3). The results show that in the amplification of all the 

polymorphic SSR markers, the F2 population possess both the male parent allele KD18 and 

the female parent allele TBR1 (following the Mendelian theory). However, both M2 and M3 

generations are completely inherited (100%) from the recurrent parent TBR1 cultivar (Figure 

3.3 a,b). It was observed that the preliminary treatment of MNU on the original seeds from 

the cross TBR1 × KD18 induced the salinity tolerance in the M2 and M3 genotypes, which 

are completely inherited from the recurrent parent TBR1 cultivar. The uniparental inheritance 

of salinity tolerance in the M2 generation was completely stabilized in M3 generation, with 

no segregation observed (Figure 3.3 b). 
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Figure 3.2. PCR products of F2 generation by simple sequence repeat (SSR) markers RM206, 

RM229, RM297, RM307, RM414, RM508, RM587, and RM6329 (L: DNA ladder, T: TBR1, 

K: KD18, F2: F2 progenies). 



  

46 
 

 

Figure 3.3. PCR products of M2 population by SSR markers RM562, RM1233, RM13197, 

RM493, RM518, RM10694, RM587, RM10720, RM10793, RM10852, RM149, RM201, 

RM202, RM589, RM206, RM207, RM213, RM219, RM229, RM432, and RM508 (L: DNA 

ladder, T: TBR1, K: KD18, M2: M2 progenies). 
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Figure 3.4. PCR products of M3 population by SSR markers RM562, RM1233, RM13197, 

RM493, RM518, RM10694, RM587, RM10720, RM10793, RM10852, RM149, RM201, 

RM202, RM589, RM206, RM207, RM213, RM219, RM229, RM432, and RM508 (L: DNA 

ladder, T: TBR1, K: KD18, M3: M3 progenies). 
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3.4. Discussion 

The preliminary treatment of MNU on the original seeds from the cross TBR1 × KD18 

induces the uniparental inheritance of salinity tolerant Saltol QTL from TBR1 to the M2 and 

M3 generations in both phenotypes (Table 1 and Table 3.2) and genotypes (Figure 3.2 and 

Figure 3.3). The genotype of the M3 was completely similar to M2 (Figure 3). Following the 

salinity tolerance, antioxidant activities and contents of MA and MB were also uniparentally 

inherited (Table 3.2), although the associated genetic markers with QTLs/genes determining 

antioxidant activities and biosynthesis of MA and MB were not examined in this study. 

In this study, the F1 seeds are the progenies of the cross between TBR1 (female variety) 

× KD18 (male variety), and the M1 generation was induced by treating F1 with MNU 

treatment. The M1 was self-pollinated to obtain M2, and M3 was induced by the M2 self-

pollination. The purpose of this was to check the stability of uniparental inheritance of the 

salinity tolerant Saltol QTL from the mother variety. In conventional breeding, the salinity 

tolerant cultivar should be the father cultivar. Because the salinity tolerant characteristics are 

determined by multiple genes/QTLs, they follow the Mendel rules with complicated 

segregation from the F2 generation. Therefore, to stabilize the salinity tolerance, F2 seeds are 

commonly crossed with the father variety (backcross) and repeated in many generations 

which requires huge amounts of fieldwork, time, and money (Pandit et al., 2010; Tiwari et 

al., 2016; Babu et al., 2017; Leon et al., 2017; Kumar et al., 2018; Singh et al., 2018; Xuan et 

al., 2019). All previous work used the donor (male) cultivars having the Saltol QTL in the 

breeding to introduce the salinity tolerance to the target cultivars. For instance, Babu et al., 

2017 developed a rice line Pusa1734-8-3-3 having good salinity tolerance in the seedling 

stage compared with the FL478 donor (father cultivar). The salinity tolerance of Pusa1734-
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8-3-3 was the BC3F4+ (>7 generations) from the cross Pusa Basmati 1121 (female cultivar) 

and FL478 (male cultivar). Similarly, Leon et al., 2017 developed different salinity tolerant 

introgression lines (Ils) from the BC4F4 (eight generations), but the salinity tolerance 

characteristic has not yet been stabilized. The treatment of MNU in this study induced the 

uniparental inheritance for the Saltol QTL, providing a simple protocol to develop rice lines 

tolerant to salinity. 

To date, almost all known QTLs involved in salt-tolerance are located on chromosome 

1 (Thomson et al., 2010). In this study, the selected nine SSR markers relevant to salinity 

tolerant are polymorphic and stationed on chromosomes 1, 2, 3, 4, 5, 7, 8, 10 and 11, in which 

the major SSR markers are located on the chromosome 1 (Supplementary Table S1). In this 

study, we did not carry out a vast screening on many SSR markers but selected only fifty 

known SSR markers related to important agronomic, pest resistant and salinity tolerant Saltol 

QTL, which have been already reported in previous research (Supplementary Table S1). 

These markers were used to distinguish the difference in parental genotypes associated with 

the phenotypes observed in Table 3.1. Subsequently, twenty-one SSR markers were found to 

be polymorphic and involved in salinity tolerant and elite agronomic traits (amylose content, 

plant height, spikelet fertility, brown plant hopper resistance, blast disease resistance) 

(Supplementary Table S1). Therefore, they were used to examine the F2, M2, and M3 

individuals. However, only nine SSR markers involved in Saltol QTL are polymorphic, 

including seven SSR markers locate on chromosome 1 (RM493, RM562, RM10694, 

RM10720, RM10793, RM10852, and RM13197), and two markers RM201 and RM149 

located on chromosome 8 and 9, respectively (Chowdhury et al., 2010; Javed et al., 2011; 

Mardani et al., 2014) (Figure 3.2; Supplementary Table S2). Other polymorphic markers were 
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identified relating to plant height (RM202, RM206, RM219, RM229) (Xuan et al., 2019), leaf 

diameter (RM508) (Aliyu et al., 2013), spikelet fertility (RM202, RM206) (Xuan et al., 2019) 

spikelet number (RM229) (Xuan et al., 2019), grain yield (RM219, RM432) (Xuan et al., 

2019), amylose content (RM219, RM432, RM508, RM587, RM589), gel consistency 

(RM589) (Xuan et al., 2019), blast resistance (RM1233, RM206, RM207, RM213) (Aliyu et 

al., 2013;Xuan et al., 2019), brown planthopper resistance (RM206) (Xuan et al., 2019), and 

water and nitrogen use efficiency (RM518) (Boranayaka et al., 2018) (Supplementary Table 

S2). Other SSRs relevant to the Saltol QTL are not polymorphic and they could not be used 

to identify uniparentally controlled by MNU treatment. Further treatments of MNU should 

be applied to enable the uniparental inheritance of more salinity tolerant genes/QTLs, such 

as OsCPK17, OsRMC, OsNHX1, OsHKT1;5 genes (Negrao et al., 2012), except the SalT 

gene derived from the Saltol QTL. 

It is proposed that only these nine SSR markers relevant to the Saltol QTL are 

responsible for the salinity tolerance of the TBR1 × KD18 cross, and momilactones MA and 

MB are determined by five known biosynthesis genes (AK103462: dehydrogenase gene and 

CYP99A2 and CYP99A3: P-450 genes form a chitin oligosaccharide elicitor, together with 

OsKS4 and OsCyc1, the diterpene cyclase genes) clustered in chromosomes 2 and 4 (Shimura 

et al., 2007). Following the Mendelian genetic rules, because all these genes are located on 

chromosomes in the rice nucleus, the segregation ratios should be theoretically 1/1024 (5 

genes) × 1/262,444 (9 genes) = 1/268,435,456 recombinants. Therefore, this study helps to 

reduce the huge laborious work, cost, and long breeding time that conventional breeding 

requires (Anh et al., 2018; Xuan et al., 2019). 



  

51 
 

In our previous study, a total of 28 polymorphic SSR markers were selected from 200 

markers relevant to plant height, semi-dwarfism, amylose content, protein content, gel 

consistency, grain yield, and spikelet fertility were genotyped on the second generation of 

similar cross TBR1 (mother) × KD18 (father) (Xuan et al., 2019). These markers are 

distributed on chromosomes 1–7, 9, and 11. All phenotypes and genotypes of the 

abovementioned growth and quality characteristics were uniparentally inherited in the second 

generation (Xuan et al., 2019). In addition, PCR results showed identical results of this study, 

indicating that all the 28 SSR markers were completely inherited from the recurrent TBR1 

cultivar, and no segregation was observed (Xuan et al., 2019). Combining the results obtained 

from this research, it can be concluded that by the prior treatment of MNU on F1 seeds, 

important growth, quality traits, and the salinity tolerant Saltol QTL of the TBR1 cultivar can 

be uniparentally inherited to the F2 and F3 generations. Study on the ability of this promising 

rice source on other abiotic stresses is suggested. However, the subsequent generations should 

be strictly examined to ensure the stability of the uniparental inheritance. The mechanism of 

inducing this novel uniparental inheritance for salinity tolerance by MNU application needs 

to be further analyzed. 

This study also shows that in salinity stress, rice plants promote the levels of 

antioxidant activities as well as content of MA and MB (Table 3.2). In a non-treated control, 

no trace of MB was observed, but in the salinity treated condition, TBR1, M2, and M3 induced 

MB as well as promoted MA content (Table 3.2). Although it is observed that phenotypically, 

antioxidant activities and induction of MA and MB in rice plants are also uniparentally 

inherited, polymorphic SSR markers related to antioxidant potentials and biosynthesis of MA 

and MB should be screened to evaluate whether their genotypes can be also uniparentally 
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inherited or not. However, this study highlights that the preliminary treatment of MNU can 

also induce levels of antioxidant activities and important phytochemicals including MA and 

MB in rice, and the induction of antioxidant activities and MA and MB is also uniparentally 

inhibited to the second generation (Table 3.2). 

MA and MB were first isolated and identified by Kato et al., 1973 who reported that 

these two compounds are the growth inhibitors (allelochemicals) and phytoalexins 

(Cartwright et al., 1981; Toyomasu et al., 2008) in rice. For more than 40 years since 1973, 

scientists worldwide have acknowledged that MA and MB are allelochemicals and conducted 

various experiments on examining quantities of MA and MB in different rice cultivars, as 

well as in rice organs and the release from roots (Fukuta et al., 2007; Kato-Noguchi et al., 

2010). However, the application of allelochemicals including MA and MB is questionable as 

the released amounts from the root leaches and plant parts are too low to inhibit growth of 

weeds, although they showed promising reduction on weed growth in laboratory experiments 

(Xuan et al., 2016). For MA and MB, we recently found that the two compounds are involved 

in drought and salinity tolerance in rice rather than allelochemicals (Xuan et al., 2016). In 

addition, MA and MB have the potential to control diabetes (Quan et al., 2019b), cancers 

(Chung et al., 2005; Kim et al., 2007; Joung et al., 2008), and skin diseases (Quan et al., 

2019c). In this study, MB was not found in the control condition, however the salinity stress 

induced MB in the recurrent parent (TBR1), M2, M3, and MA in all tested samples (Table 

3.2). Therefore, it is concluded that treatment of MNU induced uniparental inheritance for 

both the salinity tolerant Saltol QTL, as well as beneficial phytochemicals, including 

antioxidants and MA and MB in rice. 
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3.5. Conclusions 

Findings of this study reveal that the principal salinity tolerant Saltol QTL trait in rice 

can be uniparentally controlled, along with beneficial phytochemical antioxidants and MA 

and MB in rice. The treatment of MNU aids to speed up and simplify the breeding of new 

rice cultivars, having both elite agronomic traits and tolerance to environment stresses. The 

question of whether QTLs/genes other than the Saltol QTLs such as OsCPK17, OsRMC, 

OsNHX1, OsHKT1; 5 genes can also be uniparentally inherited by MNU treatment should be 

further examined. 
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CHAPTER IV.  

IMPROVEMENT OF SALINITY TOLERANCE IN RICE BY  

EXOGENOUS MAGNESIUM APPLICATION 

4.1. Introduction 

In the upcoming years, climate change is predicted to continuously affect a large area 

of agricultural cultivation. Among the adverse consequences of climate change, sea level rise 

is the main cause of salt intrusion and salinity stress, which have threatened food production. 

Rice is one of the most vulnerable crops because it is highly sensitive to salt conditions. 

Extremely high salt concentrations may lead to plant death through the combined effects of 

osmotic homeostasis, ionic homeostasis, and oxidative stress (Shannon 1985). At high-

moderate concentration, salinity causes leaf burn and growth inhibition or even leads stomatal 

closure and reduces leaf size at the levels from low to moderate salinities (Shannon, 1985; 

Tester and Davenport, 2003). These influenced physiological processes affect all growth 

parameters, as a consequence, salt stress reduces rice productivity. 

Plant growth and development are adversely inhibited by toxic effects induced by 

salinity stress. Salt stress increases the formation of reactive oxygen species (ROS), which 

disrupts the antioxidant defense system and consequently causes oxidative stress. Developing 

ionic and osmotic balances as well as detoxifying ROS are some salt-stress tolerances of 

plants (Wu et al., 2012; Hasanuzzaman et al., 2013; Mishra et al., 2013). Plants have an 

antioxidant defense system to detoxify the overproduce of ROS. Besides, plants can produce 

the endogenous compounds to sustain osmotic balance by maintaining the water status and 

stabilizing protein and enzyme complexes (Iqbal et al., 2015).  
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Phenolics are secondary metabolites that are involved in stress protection of plants. 

The structure of phenolic compounds commonly is presented by one or more hydroxyl 

substituents attached directly to one or more benzene rings. According to the structures, 

phenolicscan be grouped into phenolic acids, flavonoids, stilbenoids, and lignans. Phenolic 

acids are considered as powerful antioxidants that can scavenge the damage from 

overproduced ROS in plants under abiotic stress (Bistgani et al., 2019). Particularly, the role 

of endogenous phenolic acids in plant-tolerant mechanism against abiotic stresses has been 

recorded in many plant species (Mahdavi et al., 2015; Sharma et al., 2016; Sharma et al., 

2019; Wang et al., 2019). Additionally, it has been shown that other secondary metabolites 

momilactones A and B are involved in drought and salinity tolerances of rice (Xuan et al., 

2016). 

Application of exogenous phytoprotectants are impressive strategies to reduce salt-

induced damages in plants. The roles of phytoprotectants including regulating antioxidant 

defense to detoxify overproduced ROS, improving ionic and osmotic balances have been 

reported in previous studies (Rahman et al., 2017). Magnesium (Mg) is the second most 

abundant element that is involved in basically all metabolic pathways (Hartwig et al., 2001). 

As a central atom of chlorophyll molecules, Mg is important for photosynthesis. Besides, Mg 

is used for energy synthesis, enzyme activators, ion transporters, and maintaining osmotic 

balance (Soetan et al., 2010). However, plant Mg nutrition has been consistently overlooked 

by botanists and agronomists in past decades, unlike other ions such as iron (Fe), zinc (Zn), 

iodine (I) and selenium (Se) (Guo et al., 2016). Especially, the application of Mg in reducing 

salt-induced damage in rice has not been well studied. 
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Considering the strategies discussed, this study was conducted to identify the positive 

potential of supplemental magnesium to develop salt tolerance in rice. The growth parameters, 

water status, antioxidant activities, phenolic profiles, and the amounts of momilactones A and 

B of rice seedlings under salt stress were also investigated. 

4.2. Materials and methods 

4.2.1. Materials and treatments 

 From the results in chapter 2, salinity tolerant cultivar BC15 and susceptible rice 

DT84DB were selected for experiment in this chapter. List of samples and treatments are 

provided in Table 4.1.  

Table 4.1. List of samples and treatments. 

Samples Treatments 

C1 BC15-Control 

C2 BC15-Stress 

C3 BC15-Stress (MgSO4 0.5 mM) 

C4 DT84DB-Control 

C5 DT84DB-Stress 

C6 DT84DB-Stress (MgSO4 0.5 mM) 
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Rice seeds were soaked in 0.1% NaOCl for 30 min. After washing several times in 

distilled water, the seeds were immersed in water at 30 °C for 5 days for germination. The 

germinated seeds then were grown in a plant growth chamber (28 °C day; 25 °C night; 12 h 

light; 12 h dark). Culture solution was supplied with Yoshida’s nutrient (Gregorio, 1997). 

The solution was salinized at the seedling stage (14 days after sowing) by NaCl powder at 

concentration 100 mM (moderate salinity, United State Department of Agriculture). 

Magnesium sulphate (MgSO4) 0.5 mM was supplemented for rice seedlings in this step (from 

a pre-investigation conducted at 3 levels of MgSO4 0.25, 0.5, 0.75 mM, the concentration 0.5 

mM of MgSO4 showed the best result in reducing salt damages to rice growth and 

development, therefore, it was applied in the experiment). Trays without NaCl were 

considered as control (0 dS m−1).  

4.2.2. Phenotypic and chemical measurements 

After 7 days of treatment, salinity tolerance of rice materials was scored by standard 

evaluation score (SES) (Flowers et al., 2000). Their growth parameters including root length, 

plant height, fresh weight, and dry weight were also measured. Root length and plant height 

of samples were measured with the longest root and leaf. Dried biomass of samples was 

extracted with methanol in 3 days using a magnetic stirrer. The extract was then separated by 

hexane and finally dried by evaporator at 50 °C. The obtained powder was kept in methanol 

at 4 °C in the dark for further measurements. Chemical analyses including total phenolic 

content (TPC), total flavonoid content (TFC); and antioxidant activities DPPH (2,2-diphenyl-

1-picryl-hydrazyl-hydrate), ABTS (2,2-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid), 
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NO (nitric oxide) assays of samples were conducted. Protocols for the chemical assessments 

were provided by Govindarajan et al., 2003; Xuan et al., 2016; and Quan et al., 2019a. 

4.2.3. Identification and quantification of phenolic compounds, momilactones A and B 

Twelve phenolic and relative compounds including gallic acid, catechol, 

protocatechuic acid, caffeic acid, chlorogenic acid, ρ-coumaric acid, salicylic acid, cinnamic 

acid, benzoic acid, and ferulic acid were used as standards. Phenolic profiles of samples were 

identified and quantified by High Performance Liquid Chromatography (HPLC) method 

(Quan et al., 2019b) with the following conditions: pump: PU-4180 RHPLC; controller: LC-

Net II/ADC controller; detector: UV-4075 UV/Vis (Jasco, Tokyo, Japan); stationary phase: 

XBridge BEH Shield RP18 (USA); mobile phase: solution A (0.1% aqueous formic acid) and 

solution B (100% acetonitrile); program: 5% B during 0–2 min, 5-70% B during 2–12 min, 

100% B from 12–16 min and maintained for 6 min, 100% B to 5% during 22–24 min, 

equilibration: 10 min; flow rate: 400 µL/min. The operation was carried out in 35 min under 

room temperature (24–26 °C). Momilactones A and B were identified and quantified by 

UPLC-ESI-MS (Quan et al., 2019a). Identification and quantification of phenolics 

compounds and momilactones A and B were carried out based on corresponding peak and its 

area compared to the curve built from the standard chemicals. 

4.2.4. Data analysis 

 Physiological and chemical measurements was conducted with 3 replications. Data 

were analysed by analysis of variance (ANOVA). 
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4.3. Results 

4.3.1. Phenotypic Performances 

Table 4.2. Phenotypic responses of rice under salt stress. 

Values represent mean ± standard errors (SE); different letters in a column indicate 

significant difference (P < 0.05) by Tukey’s test. 

Salinity treatment decreased plant growth performances (root length, plant height, 

fresh weight, and dry weight) of all rice samples, in which, the changes in phenotypic 

responses of tolerant cultivar were smaller compared to those of susceptible rice (Table 4.2). 

Under salt stress, the injury score of C3 was lowest (3.00) while the highest score (5.23) was 

found in C5. C3 and C6 had better growth performances compared to C2 and C5, respectively. 

The results showed that samples performed lower injury score and better growth parameters 

with magnesium application. 

 

Samples Injury score 
Root length 

(mm) 

Plant height 

(mm) 

Fresh weight 

(mg) 

Dry weight 

(mg) 

C1 1.00±0.00e 64.93±0.55ab 190.67±1.63a 97.57±0.64a 41.43±0.67a 

C2 3.43±0.1c 65.37±1.44a 170.83±2.26b 79.67±0.58c 36.00±1.00bc 

C3 3.00±0.00d 65.30±0.38a 175.10±2.70ab 90.93±0.41b 38.97±2.37b 

C4 1.00±0.00e 59.80±2.17bc 187.43±3.60a 96.56±0.58a 39.67±0.41a 

C5 5.23±0.07a 58.03±0.70c 145.63±0.20c 70.47±0.58d 26.67±0.88d 

C6 4.73±0.03b 60.00±0.56abc 166.97±2.32bc 80.60±0.90c 28.57±1.33c 
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4.3.2. Chemical Performance 

Table 4.3. Total phenolic, total flavonoid contents, and antioxidant activities of rice  

under salinity stress. 

Values represent mean ± standard errors (SE); different letters in a column indicate 

significant difference (P < 0.05) by Tukey’s test. 

Total phenolic content and antioxidant activities of tolerant variety were better than 

those of sensitive rice (Table 4.3). C3 had the highest total phenolic content (1.56 mg GAE 

g-1 DW) while the biggest total flavonoid content was found in C4 (0.65 mg GAE g-1 DW). 

C4 performed the strongest antioxidant capacities (in DPPH, ABTS, and NO assays). It was 

also found that rice plants obtained higher total phenolic content, total flavonoid content, and 

stronger antioxidant activities with Mg supplement (Table 4.3). Especially, antioxidant 

properties increased in tolerance but decreased in susceptible rice under salt stress. 

4.3.3. Phenolic profiles  

Samples 
TPC (mg GAE  

g
-1

 DW) 

TFC (mg RE 

g
-1 

DW) 

DPPH (IC
50

  

mg/mL) 

ABTS (IC
50

  

mg/mL) 

NO (IC
50

  

mg/mL) 

C1 0.93±0.01b 0.26±0.00d 0.96±0.01c 1.24±0.02c 1.53±0.05c 

C2 1.47±0.01a 0.41±0.00c 0.74±0.01b 0.97±0.01b 1.09±0.02a 

C3 1.56±0.02a 0.64±0.01ab 0.37±0.07a 0.67±0.03a 0.79±0.06a 

C4 0.96±0.01b 0.65±0.01a 2.05±0.01e 2.57±0.01f 2.89±0.05d 

C5 0.76±0.02c 0.35±0.01c 1.54±0.04d 2.21±0.04e 2.29±0.08c 

C6 0.89±0.04bc 0.58±0.01b 1.50±0.04d 2.05±0.01d 1.96±0.05c 
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Figure 4.1. HPLC chromatograms of salinity tolerant rice BC15 

at different treatments. 
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Figure 4.2. HPLC chromatograms of salinity susceptible rice DT84DB  

at different treatments. 
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Figure 4.3. UPLC chromatograms and mass spectrums of (a) MA and MB standards;  

and (b) C1.
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Table 4.4. Phenolic profiles of rice under salinity stress (unit: µg/g DW). 

Samples 

Caffeic  

acid 

ρ-Coumaric 

acid 

Salicylic 

acid 

Cinnamic 

acid 

Benzoic 

acid 

Ferulic 

acid Tricin 

MA 

(ng/g) 

MB 

(ng/g) 

C1 0.05±0.00b 0.12±0.01d 0.18±0.01d 0.04±0.00b 0.65±0.03d 0.11±0.00d 0.03±0.00cd 3.72±0.07a 1.45±0.11a 

C2 0.01±0.00c 0.16±0.00c 0.29±0.00d 0.01±0.00d 0.62±0.02de 0.15±0.01c 0.02±0.00e - - 

C3 0.04±0.00b 0.17±0.00bc 0.49±0.03c 0.02±0.00cd 1.00±0.04c 0.24±0.01b 0.09±0.00a - 0.61±0.01b 

C4 0.23±0.01a 0.47±0.01a 2.45±0.05a 0.07±0.01a 2.74±0.10a 0.34±0.01a 0.04±0.00bc - 0.68±0.04b 

C5 0.02±0.00c 0.09±0.00e 0.45±0.02c 0.02±0.00cd 0.42±0.02e 0.10±0.00d 0.03±0.00de - - 

C6 0.01±0.00c 0.18±0.01b 0.76±0.01b 0.03±0.00bc 1.35±0.02b 0.16±0.00c 0.05±0.00de -  0.53±0.01b 

Values represent mean ± standard errors (SE); 

'-': nonquantifiable (a very low concentration that could not be measured, henceforth will be interpreted as undetectable); 

different letters in a column indicate a significant difference (P < 0.05) by Tukey’s test. 
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As can be seen in Table 4.4, under control conditions, the amounts of phenolics in C6 

(salinity susceptible) were significantly higher than those of C3 (salinity tolerant). However, 

salinity induced a dramatic reduction in phenolic amounts of sensitive rice samples (Table 

4.4). Particularly, the quantity of ρ-coumaric, salicylic, and ferulic acids increased in tolerant 

variety but decreased in susceptible rice under salinity stress (Table 4.4). Volume of caffeic 

acid, cinnamic acid, benzoic acid, and tricin remarkably declined in all salt-seedlings. On the 

other hand, momilactone A was only detected in C1 (salinity tolerant cultivar-control) (Table 

4.4). Momilactone B was found to be higher in C1, C3 (tolerant cultivar) than in C4, C6 

(susceptible rice), respectively. The results indicated that under salt stress, the amounts of 

phenolics (except caffeic acid), and momilactone B in rice seedlings were improved with Mg 

application (Table 4.4). 

4.4. Discussions 

Salinity-induced osmotic stress inhibits plant growth by reducing water uptake 

capacity (Shabani et al., 2013). In this study, salt stress decreased root length, plant height, 

fresh weight, and dry weight in the rice seedlings; however, the reduction of these parameters 

were smaller in tolerant cultivar compared to susceptible rice. Similar salt-induced rice 

growth inhibition has been reported in previous studies (Munns, 2011; Minh et al., 2016; 

Rahman et al., 2016). Other research also recorded a less decline of growth parameters in 

tolerant variety compared to susceptible rice in salinized conditions (Suplick-Ploense et al., 

2002; Kumar et al., 2009). However, supplementation of Mg in the current study restores rice 

biomass loss; improves its water status, antioxidant activities, phenolic contents, and 

momilactone B; and improves tolerant ability of the salt-stressed seedlings. 
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Under stress conditions, overproduction of ROS causes oxidative stress. In the current 

study, salt stress induced a significant reduction in antioxidant properties of salinity sensitive 

rice. However, the antioxidant activities of tolerant rice increased under stress. In an earlier 

study, salt tolerant plants were found to regulate ionic homeostasis, water status, and 

antioxidant defense system against the ROS (Hussain et al., 2012). In this study, exogenous 

Mg reduced the oxidative damage of all samples by enhancing their antioxidant capacities. 

Similar results were also found in the previous study of Sebastian et al., 2015 and Rahman et 

al., 2016 who stated that elements can be applied to inhibit abiotic stress-induced oxidative 

stress by reversing ROS production.  

As the plant-specialized metabolites, phenolics have attracted attention from 

researchers due to their crucial functions in physiological processes throughout the plant life 

cycle, including responses to stress (Šamec et al., 2020). Plant phenolic acids are powerful 

antioxidants that can scavenge the overproduction of ROS in plants under different abiotic 

stresses (Bistgani et al., 2019). The stimulation of the biosynthetic pathways that induce the 

synthesis of phenolic acids is one cause of the activated plant’s antioxidant system (Bistgani 

et al., 2019. In which, the accumulation of endogenous phenolic acids is determined as a 

mechanism of plant tolerance against abiotic stresses in many plant species including rice 

(Sharma et al., 2016; Sharma et al., 2019; Wang et al., 2019). Based on the up-regulation of 

key genes phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS), phenolic 

biosynthesis is increased, resulting in the improvement of rice tolerance of abiotic stress 

(Sharma et al., 2016; Sharma et al., 2019). 
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In the current study, momilactone A was only detected in BC15 (tolerant cultivar) 

under control conditions at the seedling stage. However, momilactone B was identified in 

both tolerant and susceptible samples, in which, the amount of momilactone B in BC15 is 

higher than that of DT84DB (susceptible genotype). This result is collaborated with other 

researchers who stated that momilactones A and B are involved in salt tolerance of rice (Xuan 

et al., 2016). It was also shown that momilactone B has a greater correlation with rice salinity 

tolerance compared to momilactone A (Xuan et al., 2016). Especially, Mg induces a richer 

amount of momilactone B in rice seedlings under salt stress. Similarly, the quantity of 

phenolic compounds can also be enhanced with Mg application. The previous study indicated 

that Mg is involved in the phenolic and anthocyanin syntheses (Gershenzon et al., 1984; 

Nissim-Levi et al., 2007). Besides, the amount of ρ-coumaric, salicylic, and ferulic acids is 

built up in tolerant samples under salinity stress. These phenolic acids may contribute to the 

tolerant mechanism of rice against salt conditions. The antioxidant potential of these phenolic 

acids can be explained by their oxidation to respective phenoxyl radicals (Šamec et al., 2020). 

The accumulation of ρ-coumaric acid can inhibit oxidative pressure because their hydroxyl 

nature is a radical scavenger (Jamalian et al., 2013). Besides working as a free-radical 

scavenger, ferulic acid can also inhibit enzymes involved in free-radical generation and assist 

the activity of other scavenging enzymes (Kamila et al., 2018). Moreover, ferulic acid is able 

to enhance the plant cell wall and cell elongation (Wakabayashi et al., 1997). On the other 

hand, the accumulation of plant hormone salicylic acid also improved in tolerance to rice 

under salt stress. The role of salicylic acid in regulation of plant growth and development, as 

well as resistance to abiotic stress has been demonstrated. Especially, salicylic acid works as 

a hormone signaling disease resistance (Dempsey et al., 2017).  
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Studies in the past showed a potential of supplemented elements (Mn, Si, Zn) in the 

improvement of plant growth, photosynthesis, and antioxidant activities. (Iqbal et al., 1999; 

Kim et al., 2014; Rahman et al., 2017). However, the effect of these elements was mostly 

dose dependent (Rahman et al., 2017). On the other hand, different plants have different 

mineral demands, exceeding application of those elements can damage plant growth and 

development. Different from the above elements, Mg is a macronutrient of a plant. Plant 

requires a huge amount of Mg for its essential structure components as well as metabolisms. 

Mg is the central component of chlorophyll molecules and particularly essential to plants, 

with 75% of leaf Mg involved in protein synthesis and 15–20% of total Mg associated with 

chlorophyll pigments (White et al., 2009). Besides, this element is involved in many enzyme 

activities and the structural stabilization of tissues such as nucleic acids, proteins, cell 

membranes and walls (Cowan et al., 2002; Sreedhara et al., 2002; Marschner et al., 2012). 

The crucial role of Mg in regulation of ROS, cation–anion balance, as well as cell 

turgor was determined (Marschner et al., 2012; Bose et al., 2013). Researchers stated that the 

special roles of Mg2+ in plants that cannot be found in other elements may be caused by its 

unique chemical properties such as great hydrated radius and preference in acting with 

oxygen (Moomaw et al., 2008). However, surprisingly, studies of Mg have mostly focussed 

on detoxification of heavy metals such as Al, Cd (Guo et al., 2016). Especially, application 

of Mg in reducing salt damages on rice is still limited. Results of this research showed that 

exogenous Mg enhanced the inhibited growth, water status, antioxidant activities, phenolic 

profiles, and momilactone B of salted rice seedlings. Moreover, the variation of Mg 

concentration in plants is highly heritable (Broadly et al., 2008). It is a potential strategy for 

breeding crops with Mg enrichment. On the other hand, the supplemented MgSO4 in the 
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current study is the component of many plant fertilizers. It is suggested that this compound 

may be useful to develop fertilizer for rice growing in saline soil. However, application of 

exogenous Mg needed to be investigated in field scale. 

4.5. Conclusions 

 The results of this study conclude that application of Mg reduced salt-induced 

damages by improving growth parameters, water status, antioxidant activities, phenolic acids, 

and momilactone B of the rice seedlings. Mg supplement may be useful to develop fertilizer 

for rice growing in saline soil. Moreover, ρ-coumaric acid, salicylic acid, ferulic acid, and 

momilactone B may contribute to rice tolerant ability against salt stress at seedling stage. The 

involvements of these compounds in recovery mechanisms of rice under salt stress should be 

further elaborated at different growth stages. 
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CHAPTER V.  

GENERAL DISCUSSION 

5.1. Advances and challenges in developing salinity tolerant rice 

Cultivating around the world and feeding nearly fifty percent of the global population, 

the role of rice in maintaining food security is undoubted. Recently, it is needed to develop 

rice production because of the growing population. Besides, the negative impacts of climate 

change also threaten rice cultivation by a vast number of abiotic stresses such as heat, low 

pH, drought, and salinity stress. Rice is highly sensitive with salt conditions, resulting in 

remarkable yield loss and economic loss in affected cultivated land. Therefore, the breeding 

of salt-tolerant rice cultivars is considered as one of the most crucial keys to assure food 

security and agricultural economy in rice growing areas. 

5.1.1. Cultural methods 

 Recently the cultural methods of crops cultivation including rice has developed to 

cope with the damages from climate change. The alteration of planting and harvesting time, 

collection of crops with short life cycles, crop rotation, irrigation techniques, and variation in 

cropping schemes obtained from famers trials helps to accelerate plant adaptation under 

climatic variation. Crop-management is also important to enhance crop development under 

various environmental stresses. Some management techniques choice of sowing time, 

planting density, and optimum irrigation practices were demonstrated as promising methods 

to lessen the effects of weather stresses on agricultural cultivation. Nevertheless, the cultural 

methods and support techniques are less sustainable. 
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5.1.2. Conventional breeding and marker-assisted breeding 

Dominant conventional breeding based on selection of elite rice sources through 

various generations of crosses and marker-assisted selection also were applied to improve 

salinity tolerant rice. However, besides time consuming and laborious work, these efforts are 

also facing some other challenges. Firstly, salinity tolerance is controlled by numerous genes 

(“quantitative trait loci” -QTL) that generate complex physiological processes. It is difficult 

to identify the phenotypic characters which most contribute to salt tolerance. The evaluation 

of phenotypic parameters is greatly affected by human manipulation, and the rate of leaf death 

and plant death of different materials are different. Therefore, this evaluation system may not 

complete and accurately reflect the salt tolerance of rice varieties (Qin et al., 2020). On the 

other hand, the large size of chromosome regions identified by QTLs can lead to “linkage 

drag”, which is related to undesirable traits in the products (Martinez et al., 2002). The 

identified QTLs are also influenced by genetic and environmental backgrounds (Flower et al., 

2004). Another complication that needs to be considered for breeding salinity tolerant rice is 

that almost all materials with good tolerant ability have poor agronomic characteristics. 

Therefore, these sources are not potential donors in breeding programs for developing salinity 

tolerance. Although many new tolerant cultivars were bred successfully, the products do not 

possess the tolerant level as their parents and have poor grain quality, low yield, as well as 

photosensitivity (Ismail et al., 2007; Reddy et al., 2014). 

5.1.3. Genetic engineering 

 The advance of modern biotechnologies promises a powerful tool in plant breeding 

programs. Genetic approach for developing salinity tolerant plants has focused on genes 
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encoding antioxidants (detoxification of ROS), ion transport, signal transduction and 

transcription, and protein synthesis (Hoang et al., 2016). To date, many genes have been 

introduced into rice to improve salinity tolerance, however, the commercialization of those 

rice has limited. The reasons why transgenic salt tolerant variety still has not reached the 

farmer are (1) salinity tolerance of rice is controlled by many genes while the genetic 

engineering has mostly transformed single gene or a few genes; (2) major salt tolerance genes 

have been isolated from QTLs which are inconsistent and variable in different genetic 

backgrounds and environments; (3) many transgenic plants do not display the expected 

transgene expression because of gene silencing (Hoang et al., 2016; Qin et al., 2020). On the 

other hand, both additive and non-additive genes are involved in controlling salinity tolerance 

in rice, which are complicated, low inherited, and largely influenced by environment 

(Moeljopawiro and Ikehashi, 1981). In fact, the gene that determines the major response to 

salinity stress has not yet been confirmed, and it is difficult to ensure that the salt tolerance 

can be effectively improved by transferring a single or a few genes. Furthermore, 

unpredictable gene silencing which can be occurred by the presence of foreign genes or 

additional copies of endogenous genes also affects the success of transgenic strategy (Hoang 

et al., 2016). 

 The recent technique genome editing has contributed to developing salt tolerant rice. 

Some rice lines created by this technique perform better characters such as salt tolerance or 

blast resistance. The advance of genome editing is using synthetic DNA-binding proteins that 

recognize specific DNA targets. Among recent genome modified techniques, clustered 

regularly interspersed short palindromic repeats (CRISPR)/Cas system has attracted scientists 

due to its design based on exploitation of prokaryote defense systems to remove foreign DNA. 



  

73 
 

Despite the prominent advantages genome modification strategies has demonstrated, it is 

limited by the presence of integrated sequences that must be removed by segregation in future 

generations (Hoang et al., 2016). On the other hand, the similar difficulty of transgenes and 

genome editing is that they are strictly prohibited in many countries. Therefore, licensing the 

products released from these technologies is complex, rigorous, and time-consuming. 

Furthermore, the safety of these modified plants toward ecosystem, biodiversity, especially 

human health is also concerned. It is a challenge to develop their products in a commercial 

market. 

5.2. N-methyl-N-nitrosourea (MNU) -induced mutation  

 Rice domestication and the specific selection in breeding programs have led to 

narrowing of its genetic variation (Viana et al., 2019). Creating and increasing the genetic 

variability of rice is important for breeders to develop a new cultivar. Mutant databases are 

possible to elucidate genetic, physiological, and biochemical processes of rice (Viana et al., 

2019). Therefore, mutagenesis is considered as one of the most important tools to improve 

rice.  

 In this study, rice mutants were developed by N-methyl-N-nitrosourea (MNU), a 

prominent chemical agent which has been widely used for cereal crops. A respiratory 

mutation was created by treating rice seeds in MNU (150 mM) in 3h and placing them in the 

dark with hermetic condition in 3 months. Rice mutants then were grown in a rice field near 

Hiroshima University, Higashi-Hiroshima, Hiroshima, Japan for 4 years 2016–2019 to 

investigate their characteristics (temperature 33/25°C day/night; humidity 70%; precipitation 

average 1554 mm; source: http://www.hiroshima.climatemps.com/). The fertilizers, weeding, 
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watering, and pesticides were provided by conventional methods in Japan. Although these 

rice sources are Vietnamese rice, they adapt and develop well with Japan's climate. In fact, 

the climatic conditions in the rice cultivation season between Hiroshima and Vietnam were 

similar (climate conditions in Vietnam: temperature 35/28 °C day/night; humidity 75%; 

precipitation average 1700 mm; source: Vietnam government information). Besides, almost 

all rice lines/cultivars used in the study are generated from Chinese rice, and some of them 

are widely adapted to climatic conditions. After investigation in field scale, the rice 

population performed acceptable yield and quality traits (similar values as the population 

grown in Vietnam obtained), with some of them performing better characteristics with the 

population grown in Vietnam (Anh et al., 2019). Especially, the generated mutant populations 

performed better yield and quality compared to their parents (Anh et al., 2019). Therefore, 

these mutants are valuable sources for rice breeding programs.  

5.2.1. MNU mutation mechanism 

Different with physical agents (direct method) utilizing mostly electromagnetic 

radiation, chemical mutagens have been practiced by alkylating agents, intercalating agents 

and base analogues (Chikelu et al., 2010). Generally, both of them carry out the alteration of 

DNA in treated organisms, consequently, their appearances, traits and characteristics are also 

changed (Chikelu et al., 2010). MNU has been considered as a complete, powerful, and a 

direct-acting alkylating agent since the past decade (Tsubura et al., 2011; Satoh et al., 2010; 

Faustino-Rocha et al., 2015). By a specific nucleotide substitution started by methylation 

(Satoh et al., 2010), MNU is able to alter DNA structure (Lijinsky, 1987; Satoh et al., 2010). 

Researchers in the past reported that MNU alkylates specific nucleotides at high-density and 



  

75 
 

random distribution (Till et al., 2007), therefore it can modify the level of amino acid on 

mutants (Kumamaru et al., 1997). Particularly, it was found that MNU alters the bases G to 

A or A to G transition (Suzen et al., 1998). In a previous study, Kurowska et al. (2012) also 

carried out the G-A and C-T substitution in the MNU-induced mutation. Additionally, MNU 

is also able to create some process disruptions and lead to the change of metabolic 

mechanisms of the cells (Singla and Dhawan, 2010).  

The effects MNU on creating point mutation have demonstrated in the last two 

decades. In this study, MNU treatment might create a change in the molecular level of rice 

and therefore lead to the variation in their genetic and agronomic traits. The alterations in 

growth parameters as well as yield and quality contributing traits in the same mutated 

population also were found in earlier studies (Anh et al., 2019; Xuan et al., 2019). On the 

other hand, point mutation is the most popular natural occurring mutation. Compared to other 

techniques which have a more serious effect on the DNA structure (chromosomal mutation) 

such as insertion, deletion, or inversion of sections of DNA; the induced point mutation is 

considered as a safer method.  

5.2.2. Segregation and maternal inheritance  

The segregation of botany in general follows a central law genetic theory (Mendelian 

rule) with the presence of two alleles from parents in the progeny (Ruvinsky, 2013). The 

progenies in this concept can receive the genetic materials from both female and male parents, 

ensuring their species development. Most genes follow this fundamental process. However, 

in some cases, genes are not controlled by Mendelian theory. This phenomenon is called non-

Mendelian inheritance (Brooker, 2009). The non-Mendelian inheritance was found in DNA 
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of cytoplasmic organelles, which are called as uniparental inheritance, maternal or paternal 

inheritances (Sato and Sato, 2013) and can be caused by genetic, physiological, and 

environmental elements (Alheit et al., 2011; Reflinur et al., 2014). Maternal inheritance 

happens when the inherited trait is determined by the mother genotype without effects from 

father genotype (Russel 2010). The maternal inheritance can occur in mitochondrial and 

chloroplast genes and transfers from generation to generation. Maternal effects allow 

offspring to adapt with the variation of environment conditions (Galloway and Etterson, 

2007). Although the maternal inheritance is uncommon in plants (Kumamaru et al., 1997), it 

can be discovered in populations of crossing between wild rice and domestic rice, Oryza 

meridionalis and O. sativa (Yu et al., 2018); O. rufipogon and O. sativa (Charlesworth, 2017). 

These populations are generated from genetically diverse parents.  

Basically, salt tolerance in rice is nucleus inherited (paternal inheritance). In a 

breeding program for salinity tolerant rice, the female parent with good agronomical traits 

(such as good quality) normally is crossed with the salinity tolerant male parent. In which, 

their offspring inherit both alleles from father and mother followed Mendelian theory (Mishra 

et al., 1998). However, the current study (chapter 3) showed a contrasting case with normal 

Mendelian rule when all of progenies possess female parent allele without any male parent 

allele. By genetic analysis with polymorphic SSR markers related to salinity tolerance of rice, 

the mutated rice TBR1/KD18 was found to be completely inherited from the female parent 

TBR1. In addition, phenotypic performance of the TBR1/KD18 were also similar to TBR1.  

This mutant population was crossed between two Indica cultivars, therefore the 

genetic distance between parental genotypes is close, and it is unable to create the maternal 



  

77 
 

inheritance by themselves. Studies in the past showed that non-Mendelian inheritance can be 

caused by linkage genes or pleiotropy (Brondani et al., 2002). In the mutant population 

TBR1/KD18, a putative gene linkage might be created by MNU-induced mutation, and this 

gene linkage might manage the segregation of the progenies leading to maternal inheritance 

(Xuan et al., 2019). Because the progenies of the cross normally follow Mendelian rule with 

complicated segregations from the second generation, it takes time to breed a new cultivar 

and finish the segregation. The progeny normally is crossed again with its parents (back cross) 

and repeats in many generations to finish the segregation. The induction of maternal 

inheritance in this study helps to shorten breeding time from 8-10 cycles to 2-3 generations 

(the segregation finishes in the second generation and stabilizes in the thirst generation). 

However, the mechanism of the putative gene linkage, and the potent maternal inheritance 

needs to be clearly identified. 

5.3. Application of phytoprotectants  

In recent decades, researchers have used phytoprotectants to enhance salinity 

tolerance of rice. Exogenous osmoprotectants (pro, glycine betaine, trehalose, sorbitol and 

ectoine); plant hormones (abscisic acid, auxin, cytokinin); signal molecule (nitric oxide, 

H2O2); and trace elements (Si, Zn, Mn) were found to contribute to rice salt-tolerance 

(Rahman et al., 2017). However, the success of these micronutrients applications was mostly 

dose dependent (Rahman et al., 2017). On the other hand, magnesium (Mg) is a macronutrient 

for plants. It is the centre component of chlorophyll molecules and plays an important role in 

plant photosynthesis. Besides, it is an abundant element that is involved in a vast 

physiological processes of plants. However, studies about the application of Mg in developing 

salinity tolerant rice have still been limited. In this study, Mg was used in the study to improve 
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the salinity tolerance of rice (chapter 4). The assessments showed a promising result that Mg 

recovered inhibited growth and improved the antioxidant, phenolic profiles, and momilactone 

B of the rice seedlings under salt stress. 

The impacts of Mg in developing salinity tolerance of rice may be explained by its 

unreplaced role in plants. Salt stress leads to a vast amount of changes inside rice plants which 

damage plant tissues such as osmotic stress, ionic imbalance, and oxidative stress (Rahman 

et al., 2017). These alterations inhibit plant growth and development and finally affect rice 

yield and grain quality. Magnesium might contribute to salinity tolerance of rice by ion 

transporter and osmotic balance. The application of Mg might reduce the salt damage to rice 

by taking part or catalysing the physiological processes of plants under salt stress. 

Researchers stated that the magnesium ion (Mg2+) is the most abundant divalent cation within 

cells (Payandeh et al., 2013). It is also an important co-factor in the machines that replicate, 

transcribe, and translate genomic information (Hartwig et al., 2001). Mg2+ participates in 

regulating enzyme activity and targeting macromolecules to specific complexes or cellular 

locations (Payandeh et al., 2013). Therefore, it is considered as a pivotal component in 

metabolic networks and signal cascades (Payandeh et al., 2013). Additionally, the 

maintenance of proper Mg2+ homeostasis has been correlated with physiological well-being 

in cells. Mg2+ has also been identified as a key intracellular signal molecule during immune 

cell activation (Li et al., 2011). The unique role of Mg2+ in plants can be explained by its 

special chemical properties such as great hydrated radius and preference in acting with 

oxygen (Moomaw et al., 2008). On the other hand, Mg2+ can be associated with the phenolic 

and anthocyanin syntheses by its special and unique enzyme catalysis (Guo et al., 2016). In 

this study, application of Mg restores biomass loss and improves water status of the salt-
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stressed seedlings. Besides, it helps to increase phenolic compounds, antioxidant activities, 

and improves momilactone B which is involved in salt tolerance of rice. 

The Mg used in the current study is MgSO4, which can be found in many commercial 

plant fertilizers. On the other hand, the variation of Mg2+ concentration in plant tissues is 

highly heritable (Broadly et al., 2008). It is a potential strategy for breeding crops with Mg 

enrichment. The finding of chapter 4 may be useful to develop rice salinity tolerance by 

adjustment of MgSO4 in plant fertilizer to apply in saline soil or salt intrusion areas. However, 

more tests and investigations are needed to carry out the most suitable dose of fertilizer 

components to utilise it in field scale.  

5.4. Findings and recommendations 

5.4.1. Findings 

1. The study carried out that the rice cultivar BC15 and its mutant progeny 

BC15/SKLo have strong salinity tolerance. They are promising sources for rice breeding to 

develop new salinity tolerant cultivar. Additionally, SSR markers RM 237, RM 518, RM 493, 

RM 10748, RM 562, RM 20224 are potent to screen salinity tolerant rice, both cultivar and 

mutant. 

2. The literature showed that salinity tolerance of rice is paternally inherited. This is 

the first study to reveal a maternal inheritance in rice salt-tolerance. On the other hand, the 

breeding program for salt tolerant rice requires 8-10 years due to the complicated segregation 

in progenies. F1 normally is crossed with father (backcross) and repeated in many generations 

to finish that segregation. The maternal inheritance induced by MNU treatment helps to finish 
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the segregation in M2 and M3 generations, which can shorten breeding time from 8-10 cycles 

to 2-3 generations. 

3. Magnesium is effective to reduce salinity-induced damages in rice seedlings by 

enhancing its inhibited growth, antioxidant activities, phenolic acids, and momilactone B. 

The results suggest that the salinity tolerance of rice can be improved by developing fertilizer 

with a supplementary MgSO4. 

5.4.2. Recommendations 

Besides the findings of this dissertation, the following recommendations should be 

considered for future works: 

 1. The yield and quality of elite mutant populations under salt stress should be 

investigated. 

2. The mutated rice should be sequenced and compared to parental genotypes to detect 

their genetic changes. The mechanism of maternal inheritance should be clearly identified. 

3. The investigation of magnesium application towards enhancing the salt tolerant 

ability of rice needs to be further investigated in field scale.  

Although rice production has dramatically increased in recent decades, it has still 

challenged to meet the staple supply due to the rapid growing population and the unexpected 

impacts of climate change. The purpose of rice breeders is creating new rice sources with 

greater characteristics such as higher yield and wider adaptation to environmental conditions. 

More efforts need to be made to develop modern rice cultivation and maintain food security, 

economic growth, quality of life, and social stability.  
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APPENDIX 

Supplementary Table S1. SSR markers used for distinguishing female parent (TBR1) and male parent (KD18) 

No. SSRs Forward Reverse Chr. Aneal. 
Temp. References 

1 RM10793 GACTTGCCAACTCCTTCAATTCG TCGTCGAGTAGCTTCCCTCTCTACC 1 55 

Ganie et al. 2016, 
Chowdhury et al. 2010, 

Nejad et al. 2008, Islam et 
al. 2012 

2 RM10720 GCAAACGTCTACGTGAGAAACAAGC GCATGTGGTGCCTTAACATTTGG 1 55 Chowdhury et al. 2010 

3 RM149 GCTGACCAACGAACCTAGGCCG GTTGGAAGCCTTTCCTCGTAACACG 8 55 Chowdhury et al. 2010, 
Mardani, Xuan 

4 RM10745 TGACGAATTGACACACCGAGTACG ACTTCACCGTCGGCAACATGG 1 55 Ganie et al. 2016, Nejad et 
al. 2008 

5 RM1287 GGAAGCATCATGCAATAGCC GGCCGTAGTTTTGCTACTGC 1 55 Ganie et al. 2016, Nejad et 
al. 200, Islam et al. 2012 

6 RM140 TGCCTCTTCCCTGGCTCCCCTG GGCATGCCGAATGAAATGCATG 1 55 Ganie et al. 2016, Islam et 
al. 2012, Linh et al. 2012 

7 RM10843 CACCTCTTCTGCCTCCTATCATGC GTTTCTTCGCGAAATCGTGTGG 1 55 Chowdhury et al. 2010 
8 RM10825 GGACACAAGTCCATGATCCTATCC GTTTCCTTTCCATCCTTGTTGC 1 55 Nejad et al. 2008 
9 RM10764 AGATGTCGCCTGATCTTGCATCG GATCGACCAGGTTGCATTAACAGC 1 55 Ganie et al. 2016 
10 RM10694 TTTCCCTGGTTTCAAGCTTACG AGTACGGTACCTTGATGGTAGAAAGG 1 55 Chowdhury et al. 2010 
11 RM10852 GAATTTCTAGGCCATGAGAGC AACGGAGGGAGTATATGTTAGCC 1 55 Chowdhury et al. 2010, 
12 RM10748 CATCGGTGACCACCTTCTCC CCTGTCATCTATCTCCCTCAAGC 1 55 Neelam et al. 2013 
13 RM13197 AAACCCTCCGGCTCATTCTTGC ACTCGAATCGTATCGGCTTGAGG 2 55 Thomson et al. 2010 
14 RM127 GTGGGATAGCTGCGTCGCGTCG AGGCCAGGGTGTTGGCATGCTG 4 55 Thomson et al. 2010 
15 RM1233 GTGTAAATCATGGGCACGTG AGATTGGCTCCTGAAGAAGG 11 55 Askani et al. 2012 

16 RM201 CTCGTTTATTACCTACAGTACC CTACCTCCTTTCTAGACCGATA 9 55 Javed et al. 2011 
Xuan et al. 2019 

17 RM208 TCTGCAAGCCTTGTCTGATG TAAGTCGATCATTGTGTGGACC 2 55 Xuan et al. 2019 
18 RM202 CAGATTGGAGATGAAGTCCTCC CCAGCAAGCATGTCAATGTA 11 55 Xuan et al. 2019 
19 RM231 CCAGATTATTTCCTGAGGTC CACTTGCATAGTTCTGCATTG 3 55 Zhu et al. 2018 
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No. SSRs Forward Reverse Chr. Aneal. 
Temp. References 

20 RM237 CAAATCCCGACTGCTGTCC TGGGAAGAGAGCACTACAGC 1 55 Zhu et al. 2018 
21 RM235 AGAAGCTAGGGCTAACGAAC TCACCTGGTCAGCCTCTTTC 12 55 Zhu et al. 2018 
22 RM214 CTGATGATAGAAACCTCTTCTC AAGAACAGCTGACTTCACAA 7 55 Wu et al. 2003 
23 RM233 CCAAATGAACCTACATGTTG GCATTGCAGACAGCTATTGA 2 55 Wattoo et al. 2019 
24 RM289 TTCCATGGCACACAAGCC CTGTGCACGAACTTCCAAAG 5 55 Chowdhury et al. 2010 
25 RM222 CTTAAATGGGCCACATGCG CAAAGCTTCCGGCCAAAAG 10 55 Chowdhury et al. 2010 
26 RM206 CCCATGCGTTTAACTATTCT CGTTCCATCGATCCGTATGG 11 55 Xuan et al. 2019 
27 RM264 GTTGCGTCCTACTGCTACTTC GATCCGTGTCGATGATTAGC 8 55 Chowdhury et al. 2010 
28 RM20224 AGTATGAAAGTCGGTGACGATGG GAGATGTCACGTCTTCACTTAGGG 6 55 Thomson et al. 2010 
29 RM28102 CACTAATTCTTCGGCTCCACTTTAGG GTGGAAGCTCCGAGAAAGTGC 12 55 Thomson et al. 2010 
31 RM3867 TTGACTGGAACATCGAGCTC ATCCCCTCTACACCGTACCC 3 55 Thomson et al. 2010 

32 RM493 TAGCTCCAACAGGATCGACC GTACGTAAACGCGGAAGGTG 1 55 

Ganie et al. 2016, 
Chowdhury et al. 2010, 

Nejad et al. 2008, Islam et 
al., 2012, Linh et al. 2012 

33 RM413 GTACGTAAACGCGGAAGGTG TCCCCACCAATCTTGTCTTC 5 55 Askani et al. 2011 
34 RM527 GGCTCGATCTAGAAAATCCG TTGCACAGGTTGCGATAGAG 6 55 Singh et al. 2015 
35 RM518 CTCTTCACTCACTCACCATGG ATCCATCTGGAGCAAGCAAC 4 55 Boranayaka et al. 2018 
36 RM5963 CGAAAAGTGGGAAGCAAATG GCGTACCCCTAGTGGCTGTA 6 55 Nachimuthu et al. 2015 
37 RM5926 ATATACTGTAGGTCCATCCA AGATAGTATAGCGTAGCAGC 11 56 Fuentes et al. 2007 

38 RM562 CACAACCCACAAACAGCAAG CTTCCCCCAAAGTTTTAGCC 1 55 Ganie et al. 2016, Nejad et 
al. 2008, Linh et al. 2012 

39 RM6329 CCCTGGATGAAAAGCACAAG GAAGTTGTAGATGCCCCATC 3 55 Thomson et al. 2010 

40 RM7075 TATGGACTGGAGCAAACCTC GGCACAGCACCAATGTCTC 1 50 Chowdhury et al. 2010, 
Neelam et al. 2013 

41 RM8094 AAGTTTGTACACATCGTATACA CGCGACCAGTACTACTACTA 1 55 

Genie et al. 2016, 
Chowdhury et al. 2010, 

Nejad et al. 2008, Islam et 
al. 2012 

42 RM339 GTAATCGATGCTGTGGGAAG GAGTCATGTGATAGCCGATATG 8 55 Kioko et al. 2015 
43 RM207 CCATTCGTGAGAAGATCTGA CACCTCATCCTCGTAACGCC 2 55 Xuan et al. 2019 
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No. SSRs Forward Reverse Chr. Aneal. 
Temp. References 

44 RM213 ATCTGTTTGCAGGGGACAAG AGGTCTAGACGATGTCGTGA 2 55 Xuan et al. 2019 
45 RM219 CGTCGGATGATGTAAAGCCT CATATCGGCATTCGCCTG 9 55 Xuan et al. 2019 
46 RM229 CACTCACACGAACGACTGAC CGCAGGTTCTTGTGAAATGT 11 55 Xuan et al. 2019 
47 RM432 TTCTGTCTCACGCTGGATTG AGCTGCGTACGTGATGAATG 7 55 Xuan et al. 2019 

48 RM508 GGATAGATCATGTGTGGGGG ACCCGTGAACCACAAAGAAC 6 55 Xuan et al. 2019, Aliyu et 
al. 2013 

49 RM587 ACGCGAACAAATTAACAGCC CTTTGCTACCAGTAGATCCAGC 6 55 Xuan et al. 2019, Aliyu et 
al. 2013 

50 RM589 ATCATGGTCGGTGGCTTAAC CAGGTTCCAACCAGACACTG 6 55 Xuan et al. 2019, Aliyu et 
al. 
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Supplementary Table S2. Polymorphic SSRs for screening M2 and M3 generations 

No. SSRs Chr. Position Map set Related traits References 
1 RM 493 1 60-60 cM CIAT SSR 2006 Shoot Na+ concentration  

Shoot K+ concentration  
Shoot Na–K ratio  

Root K+ concentration  
Root Na–K ratio  

  

Thomson et al. 2010 
Mohamadi-Nejad et al. 2008 

Islam et al. 2012 
Chowdhury et al. 2010  

Linh et al. 2012 
Ganie et al. 2016 

Neelam et al. 2013  

2 RM 562 1 78.4-83.5 cM Cornell SSR 2001 
3 RM 10694 1 10969872-10970066 bp GANS 2009 
4 RM 10720 1 11394704-11394908 bp GANS 2009 
5 RM 10793 1 12569890-12570013 bp GANS 2009 
6 RM 10852 1 13976520-13976691 bp GANS 2009 
7 RM 13197 

  
  
  

2 
  
  
  

16439803-16439985 bp 
  
  
  

GANS 2009 
  
  
  

Seedling plant height 
Seedling survival  

Leaf chlorophyll content  
Root K+ concentration  

Thomson et al. 2010 
  
  
  

8 RM 518 4 25.5-25.5 cM CIAT SSR 2006 Water and nitrogen use efficiency  Boranayaka et al. 2018 
9 RM 1233 11 112.9-112.9 cM IRMI 2003 Blast disease resistance Ashkani et al. 2011  

10 RM 149 8 122.1–122.1 cM CIAT SSR 2006 Plumule (shoot) fresh weight  
Saltol QTL 

Brown planthopper resistance 
Plant height 

Spikelet fertility 

Mardani et al. 2013 
Chowdhury et al. 2010 

Xuan et al. 2019 

11 RM 201 9 81.2–81.2 cM Cornell SSR 2001 Root Na–K ratio  
Blast disease resistance 

Plant height 
Grain yield 

Muhamad et al. 2011 
Xuan et al. 2019 

12 RM 202 11 42.1–42.1 cM CIAT SSR 2006 Plant height 
Spikelet fertility 

Xuan et al. 2019 

13 RM 206 11 104.2–104.2 cM CIAT SSR 2006 Blast disease resistance 
Brown planthopper resistance 

Plant height 
Spikelet fertility 

Xuan et al. 2019 

14 RM 207 2 191.2–191.2 cM Cornell SSR 2001 Blast disease resistance Xuan et al. 2019 
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No. SSRs Chr. Position Map set Related traits References 
15 RM 213 2 186.4–186.4 cM Cornell SSR 2001 Blast disease resistance 

Amylose content 
Xuan et al. 2019 

16  RM 219 9 11.7–11.7 cM Cornell SSR 2001 Plant height 
Grain yield 

Amylose content 

Xuan et al. 2019 

17 RM 229 11 77.8–77.8 cM Cornell SSR 2001 Plant height 
Spikelet number 

Xuan et al. 2019 

18 RM 432 7 43.5–43.5 cM Cornell SSR 2001 Grain yield 
Amylose content 

Xuan et al. 2019 

19 RM 508 6 0–0 cM Cornell SSR 2001 Leaf diameter 
Amylose content 

Aliyu et al. 2013 
Xuan et al. 2019 

20 RM 587 6 10.7–10.7 cM Cornell SSR 2001 Root length 
Amylose content 

Aliyu et al. 2013 
Xuan et al. 2019 

21 RM 589 6 3.2–3.2 cM Cornell SSR 2001 Root length 
Amylose content 
Gel consistency 

Aliyu et al. 2013 
Xuan et al. 2019 


