INVESTIGATING SALINITY TOLERANCE IN RICE THROUGH MAPPING QTLS
FOR REPRODUCTIVE-STAGE TOLERANCE AND GUIDE RNA VALIDATION FOR

GENE EDITING OF THE HKT FAMILY

A Dissertation
by

SEJUTI MONDAL

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Chair of Committee Michael J. Thomson
Co-Chair of Committee Endang M. Septiningsih
Committee Members Keerti S. Rathore
Lee Tarpley

Head of Department David Baltensperger

December 2020

Major Subject: Plant Breeding

Copyright 2020 SejutiMondal



ABSTRACT

Salinity is the most extensive problem in coastal rice eco-systems and tolerance at
reproductive stage of rice is crucial for higher grain yield. In this study, two salt-tolerant
varieties, CSR28 and Hasawi, and a salt-sensitive variety, BRRI dhan28, were used as
parents to develop two BCiFamapping populations to identify QTLs for reproductive-stage
salinity tolerance in rice. Salinity of EC 10 dS/m was applied at booting stage which was
constantly maintained for 20 days after leaf pruning. Data on yield, yield components and
important agronomic parameters were collected from reproductive stage screening. In
addition, visual salinity scoring was done using Standard Evaluation System (SES) and
Na*/K* was analyzed to identify the tolerant and sensitive plants. Positive and significant
correlations were observed between the grain yield and number of filled spikelets in both
crosses and it is negatively correlated with SES, which implies that the SES score is an initial
stress indicator to identify tolerant and sensitive genotypes. Grain yield of tolerant progenies
from Hasawi x BRRI dhan28 was significantly higher than that from CSR28 x BRRI dhan28.
A total of 15 and 35 QTLs under salinity stress were identified through inclusive composite
interval mapping (ICIM) of the crosses, CSR28 x BRRI dhan28 and Hasawi x BRRI dhan28,
respectively. The QTL analysis suggested that a genomic region on chromosome 10 affects
salinity tolerance at reproductive stage by increasing in number of filled spikelets, percent
filled spikelet and grain yield of CSR28 x BRRI dhan28 progenies. On the other hand, for
Hasawi x BRRI dhan28, chromosome 3 affects salinity tolerance by increasing productive
tillers, number of filled spikelets and grain yield. These loci are good targets for marker-
assisted selection aimed at improving salinity tolerance. This study also focused on targeting

seven gene members of the HKT gene family, which plays a central role in determining

il



salinity tolerance mechanisms, via multiplex CRISPR/Cas9 based DNA free genome editing
using CRISPR/Cas9 ribonucleoprotein (RNPs) and validating the gRNA designs using in
vitro RNP assays. The results showed that cleavage activities of all genes were successful,
which prepares the way for future gene editing to functionally characterize the HKT gene

family.
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1. INTRODUCTION

1.1. Background

Rice is one of the most important staple cereal crops that feeds about half of the
world’s population (Jenkins et al., 2008) Although global rice production more than tripled
between 1961 and 2010 (GRiSP, 2013); its demand is continuously increasing with the
increase of global population. The crop can be grown under a wide range of agro-climatic
conditions ranging from favorable to various biotic and abiotic stresses, and from irrigated
to upland conditions. It has been estimated that global annual rice production needs to be
increased to 850 million tons by 2025 to feed the growing population of the rice world
(Khush, 1997). In addition, rice production needs to be further increased for 821 million
people who are hungry today together with the additional 2 billion people expected to be
undernourished by 2050 (FAO, 2020). But unfavorable environmental conditions pose a
huge threat for agriculture and challenge the future food security (Kumari et al., 2009).
Various abiotic stresses greatly affect the rice yield and among the abiotic stresses, salinity
is the second most prevalent problem and is considered as a serious threat to increased rice
production worldwide (Arzani & Ashraf, 2016; Calanca, 2017). The total area under the
saline soil was 397 million ha which is 3.1% of the total land area of the world and in Asia
it is about 6.3% (FAO, 2020). The salt-affected areas are expected to increase due to the
adverse effect of climate change and sea-level rise (IPCC, 2019). Therefore, improving the
productivity of crops in salt-stressed areas is considered essential to meet the increasing food

demand.



Soil salinity is the main limiting factor in the production of rice and it is increasing
due to improper irrigation practices, secondary salinization, global warming, climate change
and cyclonic storms particularly in coastal areas of the world. It is also a major problem for
both irrigated and rainfed agriculture whereas irrigated agricultural systems supply roughly
one-third of the world’s food supply (Munns, 2002). It is reported that millions of hectares
in the humid regions of South and Southeast Asia are technically suited for rice production
but are left uncultivated or are grown with very low yields because of salinity and problem
soils (Liu et al., 2019). Therefore, there is a great urgency in addressing the problem of
salinity, especially with an increasing global population and adverse effects climate change

due to sea-level rise (IPCC Working Group 1 et al., 2013; IPCC 2019).

Salinity affects plant growth during all developmental stages. Presence of excessive
salt in soils has harmful effects on plant growth and productivity that can significantly reduce
the food production. Rice plants are highly sensitive to high concentrations of sodium and
its uptake causes Na" toxicity and osmotic stress (Horie et al., 2009). The adverse effect of
salinity stress reduces water uptake by roots and causes internal dehydration and direct
accumulation of salts leads to ion toxicity that disturbs metabolic processes, particularly in
photosynthetic cells (Ismail & Horie, 2017). Salt injury could be surpassed by extruding Na*
from the cytoplasm which depends on the mechanisms of Na* extrusion from roots,
unloading Na+ from the xylem, and by sequestration of Na" into vacuoles (Ismail & Horie,
2017). Salinity tolerance mechanisms are not only confined with the Na" exclusion or
sequestration, rather the presence of cytosolic K also plays an important role in salinity
tolerance in rice. Besides presence of osmolytes, compatible solutes in the cytoplasm have

a great effect on salinity tolerance mechanisms. (Yeo & Flowers, 1982) also reported that



leaf to leaf compartmentalization is one of the main salinity tolerance mechanisms which
occur inrice. So, the knowledge of genes and metabolic or physiological networks associated

with salinity tolerance will help in boosting up the breeding activities of tolerant varieties.

Rice is relatively tolerant to stress during germination, active tillering, and at
maturity but is very sensitive at the early seedling stage and reproductive stage (Singh et al.,
2008; Singh et al., 2010). But salinity tolerance at the seedling and reproductive stages is
weakly associated suggesting that tolerance at these two stages is regulated by different sets
of genes (Mishra et al., 1990; Moradi et al., 2003). The reproductive stage is crucial as it
ultimately translates into grain yield. However, the importance of the seedling stage cannot
be ignored as it affects crop establishment. Hence, pyramiding of contributing traits at both
stages is needed for developing resilient salt-tolerant cultivars (Moradi et al., 2003, Mondal,
2014). Although salinity at the reproductive stage depresses grain yield much more than the
vegetative stage but there are few studies in rice for salinity tolerance at the reproductive
stage due to the difficulty of achieving reliable stage-specific phenotyping techniques
(Ahmadizadeh et al., 2016). The QTL studies were focused on imposing of salt in accurate

stages of interest.

Conventional breeding was used to develop stress tolerance high yielding varieties
of rice. But plant selection for salt tolerance in this method was not easy because of the large
environmental effects and low heritability of salt tolerance (Gregorio and Senadhira, 1993;
Gregorio et al., 2002). Recently, the plant breeding methods have considerably advanced
with the introduction of molecular techniques. Mainly, DNA based molecular markers are
used extensively to assess the genetic diversity in most crop species. The dissection of the

genetic basis of tolerance to abiotic stresses, especially in salinity, has greatly improved with

3



the introduction of molecular platforms that enable the identification of quantitative trait loci
(QTL) governing relevant genetic variation in crops (Tanksley, 1993; Ribaut & Hoisington,
1998; Flowers et al., 2000; Koyama et al., 2001; Munns, 2005; Tuberosa & Salvi, 2005;
Thomson et al., 2010; Hossain et al., 2015; Ismail & Horie, 2017; Rahman et al., 2017).
Molecular markers could now be used to tag QTLs and evaluate their contributions to the
phenotype by selecting for favorable alleles at these loci in a MAS scheme that aims to

accelerate genetic advancement in rice (Collard & Mackill, 2008).

Single nucleotide polymorphisms (SNPs) are the markers of choice for most high
throughput genotyping applications because they are ubiquitous in eukaryotic genomes,
cost-effective to assay using automated platforms, and biallelic in nature, which is useful for
allele calling, data analysis and data-basing (Thomson et al., 2017). SNP data could be
achieved using numerous uniplex or multiplex genotyping platforms. The development of
cost-effective SNP detection platforms, including KASP, TagMan, and Fluidigm that target
individual SNPs, and the low-density SNP arrays, have made use of the wealth of
information published from the higher-density arrays to extract informative SNPs and
invariant SNP flanking sequences that convert well to other assays (Chen et al., 2014;
McCouch et al., 2010; Tung et al., 2010). In this study KASP genotyping platform will be

used to detect SNPs for identifying QTL.

Identifying QTLs from a mapping population is solely dependent on the use of
phenotypic and genotypic data. So aside from extracting genotypic information; establishing
an accurate and precise phenotyping method is the most important step in detecting the true
QTLs or genomic regions appropriate for marker-assisted breeding programs (Wang et al.,

2011). This study was focused on stage-specific phenotyping, particularly salt application at
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booting stage which appeared after panicle initiation. As rice varieties differ in their duration
of vegetative stage, so it is very challenging to apply stress at the onset of reproductive stage.
Mapping of QTLs for salinity tolerance at seedling and reproductive stages of rice can aid
in the identification of genetic control of salinity tolerance leading to development of
varieties with improved tolerance by precisely transferring QTLs into adapted varieties

(Thomson et al., 2010).

The effect of salinity at early seedling stage in rice can be decreased by transplanting
old seedlings. Although it is generally not possible to avoid stress at the reproductive stage,
it is sometimes possible to use early maturing genotypes to avoid terminal salinity that only
occur under coastal saline conditions (Singh & Flowers, 2020). Therefore, studies on genetic
components of salinity tolerance at reproductive stage have been considered to be useful in
developing high yielding rice varieties with salt tolerance. Considerable efforts have been
diverted towards development of salinity tolerance at seedling stage of rice; however, few
attempts have been made to identify QTLs associated with the reproductive stage salinity
tolerance (Hossain et al., 2015; Zeng et al., 2002). Therefore, it is necessary to develop
salinity tolerance at the reproductive stage of rice; without which total crop failure may occur

with huge investment loss in rice production and be a threat to global food security.

The recent advances in biotechnology and molecular breeding have brought
tremendous changes in rice productivity across the globe with the development of improved
varieties (Mishra et al., 2018). Genome editing with CRISPR/Cas 9 plays a vital role in
improvement and understanding the gene functions associated with abiotic stresses like
salinity in rice and provides opportunity for plant improvement. Further, the CRISPR/Cas 9

system has become more powerful with the introduction of multiplex genome editing which
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can target multiple genes with single gRNA or express multiple gRNAs from a single
transcript and also efficient DNA free genome editing with CRISPR/Cas9 ribonucleoprotein
(RNP) because of having fewer off-target mutations. HKT is a promising salt-tolerant gene,
and plays a vital role in the tolerance to salinity stress (Almeida et al., 2013). There are seven
gene members reported for the HKT family; the members of the HKT gene family play a
central role in controlling Na * accumulation and also determine the mechanisms of salinity
tolerance. To achieve CRISPR-mediated gene editing for HKT gene family, a functional
Cas9—gRNA ribonucleoprotein (RNP) complex must be present inside the nucleus and direct
delivery of this RNP complex could be the most straightforward option. This is a widely
acceptable method for producing genome-edited plants in a short period of time and has a

good prospect of being commercialized.



1.2. General Objective

The general objective was to identify quantitative trait loci (QTLs) for salinity
tolerance at the reproductive stage of rice plant using BCiF2 populations derived from two
salt-tolerant varieties; CSR28 (Indian variety) and Hasawi (Saudi Arabian variety) and a
salt-sensitive Bangladeshi variety, BRRI dhan28; and preparation for genome editing of the
HKT gene family thorough designing an approach for multiplex CRISPR/Cas9 based gene

editing targeting seven gene members of the HKT family of sodium transporters.
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2. REVIEW OF LITERATURE

2.1. Influence of Soil Salinity on Growth and Development of Plants

Salinity is one of the most detrimental environmental factors that limit the crop
productivity as most of the plants are sensitive to salinity caused by high concentrations of
salts in the root zone of the crops (Shrivastava & Kumar, 2015). Salinization is the
accumulation of water-soluble salts in the soil profile to a level that impacts crop production
to various degrees. A soil is considered to be saline if the electrical conductivity of its
saturation extract (ECe) is above 4 dS/m at 25 °C, an exchangeable sodium percentage (ESP)
is less than 15, and a pH is less than 8.5 (US Salinity Laboratory Staff, 1954). Katsuhara et
al., (2008) and Chaumont & Tyerman, (2014) reported that plant roots have lower water
potential than the outside environment leading to an influx of water through channels known
as aquaporin during normal or control conditions; while during salinity stress, soil water
potential is reduced incapacitating the root’s ability to uptake water and causes water deficit

(Pardo, 2010; Roy et al., 2014).

Soil salinization can be caused by both natural and artificial processes such as
mineral weathering, fertilization, irrigation and surface runoff (ASCE, 1990; Somani, 1991).
Scarcity of water and hot dry climates frequently cause salinity intrusions that limit or
prevent crop production. Soil salinity increases due to capillary transport of water from a
salt-laden water table or saline groundwater and then accumulates on the soil surface due
to evaporation. In the coastal zone, the soil becomes saline due to direct inundation by

seawater, upward or lateral movement of saline groundwater and evapotranspiration from

the crop field (Bhumbla and Abrol, 1978; Somani, 1991). Globally, the total area of saline
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soils is 397 million ha and sodic soils is 434 million ha at the global level (FAO, 2005),
which is more than 6% of the world’s total land area. FAO (2008) estimated that about 20%
(45 million ha) of irrigated land and 2% (32 million ha) of dryland agriculture are salt-
affected lands. These problems pose the greatest threat to increase food production to meet

the increasing demand of the growing population in Asia (Abrol, 1986).

The presence of salt in the soil solution adversely affects the growth and development
of plants owing to reduced water uptake and nutrient imbalances (Munns et al., 2006).
Among the soluble salts, NaCl is the most abundant salt that causes soil salinity (Tiirkan &
Demiral, 2009). The effect of soil salinity can be classified as osmotic, toxic or nutritional.
Salt toxicity is considered as the primary salt injury, whereas osmotic and nutritional stresses
(including deficiency of other nutrients) are considered secondary salt-induced injuries
(Manneh, 2004). Salinity inhibits plant growth by osmotic effect, which reduces the ability
of the plant to uptake water (Munns, 2002). It also inhibits uptake of phosphorus, potassium,
nitrate, and calcium that leads to ion toxicity and oxidative stress (Tuteja et al., 2012). On
the other hand, a high concentration of salts in the soil profile makes it difficult for the roots
to extract water (Munns & Tester, 2008). The most important effects of salinity on the plants
are lowering down the water potential, ion toxicity, specifically Na* and CI', and interference
with the uptake of essential nutrients. Salt stress in the soil is often associated with other
abiotic stresses. Therefore, it is important to consider multiple stress tolerance during the

breeding process for the development of salt tolerant rice varieties (Gregorio et al., 2002).
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2.2. Ionic Stress

Restriction of Na” entry into the root cell and the transpirational stream is a
fundamental issue to prevent the accumulation of toxic levels of salt in the shoot (Tuteja et
al., 2012). Munns et al., (1999) mentioned that about 97% of the Na* should be excluded by
plants from the root surface and as a result preventing toxic levels of Na* accumulation in
the shoots. Basically, increased Na* accumulation into the plant due to high concentrations
of Na* in the soil causes ionic stress in plants. (Bartels & Sunkar, 2005) suggested three
mechanisms that prevented excess Na" accumulation into the roots. They are; 1) restriction
of Na* entry and infiltration into the plants by Na* transporters. 2) compartmentalization of
the Na* into the vacuoles and 3) extrusion of Na™: cytosolic Na* can be transported back to

the external medium or the apoplast via plasma membrane Na*/ H" antiporter activity.

2.2.1. Ion Selectivity

In saline conditions, the degree of selectivity is the major concern of any solute
transport by plants, especially between potassium and sodium (Ashraf et al., 2005). One of
the most important physiological mechanisms of salt tolerance is the selective absorption of
K* by plants from the saline soil (Ashraf et al., 2006). Na* is the major component of salt
stress and controlling the entry of Na* into the roots could avoid ionic stress. The difference
between salt-tolerant and salt-sensitive plant species is controlling the controlling of Na" and
K* transport and uptake to the leaves. Maintaining better concentrations of K™ and Ca™" and

restricting the uptake of the Na' is the main salt-tolerant mechanisms of plants.
g p p
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2.2.2. Na* Exclusion

Na* exclusion is the most important strategy of salt tolerance mechanisms. Transport
of Na" into the leaves and then excreted out of the plant tissue to keep the Na* concentration
lower particularly in younger leaves in the major mechanisms of salt- tolerant plant species
(Tuteja et al., 2012). As Na® is translocated through the transpirational stream, the older
leaves will have much higher Na* than the younger leaves because its concentration

increases with time.

2.2.3. Na* Sequestration

Na' sequestration in vacuoles is another mechanism to control the presence of Na*

into the cytoplasm and due to this activity, plants survive under salinity stress. The central
vacuole plays a vital role in the regulation of cytoplasmic ion homeostasis (Tujeta et al.,
2012). The excess salt present in the cytoplasm tends to cause the plant to be more salt-
sensitive. That is why Na*/H" antiporter activities at the tonoplast and proton motive gradient
force help to balance the Na* concentration into the cytoplasm by vacuolar H translocating
enzymes, H” ATPase and H' inorganic pyrophosphate (PPiase) and combination of downhill
movement of H" with the uphill movement of Na* against the electrochemical potential

(Blumwald & Gelli, 1997).

2.3. Osmotic Stress

External salinity decreases water flow into the plant, restricts the water uptake to
cells, and reduces the turgor potential and cell volume (Tal, 1984). In general, plants

maintain a higher K*/Na" ratio in normal conditions, but in stress conditions, the ratio
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decreased (Tuteja et al., 2012). Tuteja et al., (2012) also mentioned that K* provides the
required osmotic potential for water uptake by plant cells. So, it is an important element for
the maintenance of biochemical processes under salinity stress. Salt stress that affects water
supply leads to changes in stomatal opening that can set in motion a chain of events

originating from a decline in the leaf internal CO2 concentration, consecutively inhibiting

the carbon reduction cycle, light reactions, energy charge, and proton pumping (Kaiser,

1979).

2.3.1. Osmotic Adjustment

Under osmotic stress, plants need to maintain internal water potential lower than soil
water potential because of the water potential always tends to move from higher to lower.
To maintain this potential flow, osmotica need to be increased, either by uptake of soil
solutes or by the synthesis of compatible solutes (Parvaiz & Satyawati, 2008). These organic
or compatible solutes protect plants from salt stress by (i) osmotic adjustment, which helps
in turgor maintenance; (ii) detoxification of reactive oxygen species; and (iii) stabilization
of the quaternary structure of proteins (Bohnert & Jensen, 1996). Generally, compatible
solutes that are composed of simple and complex sugar, sugar alcohols, proline, glycine
betaine etc. are highly polar and solubilized into the water of the plant cell where they could
relate with the macromolecules. According to in vitro experiments, different compatible
solutes have different functions, yet the main function is to stabilize protein or protein

complex under stress conditions.
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2.3.1.1. Osmotic Adjustment by Proline

Most of the plants synthesize and accumulate proline during salinity stress.
Generally, accumulation of proline occurs in cytosol so that it contributes to cytoplasmic
osmotic adjustment (Ketchum et al., 1991); because it is important to keep a higher K*/Na*
ratio in the cytoplasm. Proline is an amino acid and it is synthesized by glutamic acid by the
action of pyrroline-5-carboxylate synthetase (PSCS) and pyrroline-5-carboxylate reductase
(PSCR). Kishor et al., (1995) reported that overexpression of the PSCS gene in transgenic
tobacco increases the production of proline and as a result plants become salinity/drought
tolerance. Also salt stress increases proline utilization in the apical region of the barley root.
Exogenous application of prolines provides osmoprotectant and helps the growth and

development of salinity stressed plants (Tujeta et al., 2012).

2.3.1.2. Osmotic Adjustment by Glycine Betaine (GB)

The organic compound glycine betaine is mainly located in chloroplasts and plays
an important role in chloroplast adjustment and protection of thylakoid membranes. As a
result, photosynthetic efficiency and plasma membrane integrity is maintained (Y okoi et al.,
2002). Glycine betaine is synthesized by plants via two-step oxidation of choline. They are
choline to betaine aldehyde, then betaine aldehyde to glycine betaine. The first reaction is
catalyzed by ferredoxin-dependent choline monooxygenase (CMO) and the second one is
catalyzed by an NAD" dependent betaine aldehyde dehydrogenase (BADH) (Chen &
Murata, 2002). GB helps in response to stress in many crops, like spinach, barley, tomato,
potato, rice, carrot, and sorghum (Yang & Poovaiah, 2003). Under the saline condition, GB

protects the photosystem II complex by stabilizing the association of the extrinsic PSII
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complex proteins (Murata et al., 1992). Even foliar application of GB significantly improves
the salt tolerance in rice plants (Lutts, 2000) and fruit yield tomato, which is exposed to
either salt stress or high temperatures increased about 40% compared to untreated plants
with GB (Mékelid et al., 1998). For tolerant plants, GB improves the osmotic stress of

transgenic plants (Hayashi et al., 1997).

2.4 Root Water Relationship during Stress Condition

Osmotic and hydrostatic forces regulate the root water uptake rate. Root water
transport is divided into radial and axial transport (Kramer & Boyer, 1995). After the water
has been absorbed by root hairs, it moves through the ground tissue by three pathways. They
are: (1) symplast i.e. water moves from the cytoplasm of one cell to another via
plasmodesmata, (2) transmembrane pathway i.e. water moves through the cytoplasm and the
vacuoles crossing the plasma membrane and vacuolar membranes, and lastly (3) apoplast
where water moves through the pores between the fibrils of the cell wall and through the
intercellular spaces (Kramer & Boyer, 1995). Water that moves via the apoplast does not
encounter any barrier until it reaches the endodermis. But endodermis has a waxy region
(casperian strips), which force water to cross the plasma membranes of endodermal cells
instead of slipping between the cells. Apoplastic barriers for water and ion flow will be
developed during the hyperosmotic condition (Stasovski & Peterson, 1991). Generally, root
water uptake and root hydraulic conductivity (L) decreases upon exposure to hyperosmotic
potential and by osmotic shock as a result of an aquaporin conformational change caused by

negative pressures (Wan et al., 2004).
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The decrease of L could be a strategy to reduce water flow from roots to soil as soil
osmotic potential is lower than the roots (Stasovski and Peterson, 1991). During
hyperosmotic stress, the formation of suberin lamellae in the endo and exodermis could
result in localized high resistances for water and ion flow in the root apoplast. The exodermis

could contribute to the regulation of water uptake into roots (Stasovski and Peterson, 1991).

Water potential is defined as the summation of solute potential and pressure potential
which can be expressed as Yw= ¥s (solute/osmotic potential) + ¥p (pressure potential)
(Kramer & Boyer, 1995). In order for water to move through the plant from the soil to the
air (transpiration), P! must be >proot >\pstem >\pleaf >patmosphere - The internal W'w of a plant
cell is more negative than pure water potential because of the cytoplasm’s high solute
content. So, water will move from the soil into a root cells via osmosis and the flow order is
Yol must be >Wroot >Weortexspstele . Byt in hyperosmotic condition, Prot>Pseil so

dehydration occurs within the root cell (Kramer & Boyer, 1995).

Growth sustaining WYw depends on two things: (1) ¥Yw must be sufficiently low to
move water to a growing tissue/cell from the source, and (2) must cause the water to enter
into the cell (Boyer & Silk, 2004). Small water potential differences are required to cause a

growth-sustaining water flux to enter into a cell.

In xylem and phloem, solute flow is driven by negative and positive hydrostatic
pressure (Kramer & Boyer, 1995). But outside of the xylem and phloem, gradients in
potential should exist. The main aspect of producing a growth-sustaining water potential
pattern is a radial gradient in solute potential. Another aspect is to consider pressure-driven-

flow from phloem because some of the water comes from phloem for root growth (Boyer &
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Silk, 2004). Under stress conditions, turgor recovery is faster in the deeper root cortex rather
than surface area as radial water movement occurs from both the surrounding soil (inward
flux) and the functional phloem (radial and longitudinal flux) in response to both water

potential gradients and a pressure-driven conductive flow.

Root growth zone and their rhizosphere have some interaction in terms of water
uptake. Water extraction patterns in the rhizosphere of the growth zone indicates that water
flows radially from the soil into the growth zone of roots (proximal part) and flux decreases
in magnitude as the water moves inward (Boyer & Silk, 2004). In the homogeneous soil,
growth-rate patterns of the root are often quasi-steady. While a steady field of water content
is found around the moving growth zone, which implies growing root tips are surrounded
with a micro-environment of soil moisture as they penetrate the soil (Kramer & Boyer,
1995). Since water for transpiration is absorbed well behind the growth zone, the growth

zone is protected from transpiration-induced dryness.

2.5. Mechanisms of Salt Tolerant in Rice

Crop performance is affected by different abiotic stresses; among them, salinity is
the second most prevalent soil problem in the rice-growing countries (Greogrio et al., 1997).
Tolerance to salinity is genetically and physiologically complicated and inherited
quantitatively. Yeo &Flowers (1984) mentioned that the mechanisms lead to low Na*
content in the functional tissue, leading to low Na'-K" ratio in the shoot. Gregorio &
Senadhira. (1993) observed the direct relation of a low Na*-K™ ratio to salinity tolerance.

There are several mechanisms of salinity tolerance, but tolerant varieties often have one or
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two of the mechanisms (Yeo & Flowers, 1984). Therefore, physiological characteristics need

to be improved for increasing salinity tolerance of plants.

Although breeding and biotechnological activities have a major role in the crop
improvement from salinity stress; the plant has their own defense mechanisms to protect
themselves from the salt stress. Several Na® transporters are involved in the defense
mechanisms that detoxify the high level of Na* concentration. The major transporters/genes
related to salt tolerance are high-affinity K* transporters (HKT), Na*/H* exchanger (NHX)

and salt overly sensitive (SOS).
2.5.1. Mechanisms Mediated by High-Affinity K Ion Transporters (HKT)

HKT plays a vital role in salt-tolerance and root to shoot Na* partitioning (Deinlein
et al., 2014). After sequence and transport analysis, there are two subgroups that belong to
the HKT gene family; they are class 1, which is xylem parenchyma localized and class 2
transporters. Class 1 transporters consist of OsHKT1;1, OsHKT1;3 OsHKT1;4 OsHKT1;5
which are Na* selective transporters, and class 2 transporters includes OsHKT2;1 OsHKT2;3

OsHKT2;4 which are Na*-K"* co transporters. To reduce the transfer and accumulation of
Nain shoots during salt stress, the control of net Na+10ading into the xylem is also important.
Besides, Ismail & Horie, (2017) mentioned that Na+unloading from the xylem is the best

mechanism to achieve low Naconcentrations in the xylem sap under salt stress. Different
genes are responsible for these mechanisms and their expression area as well as the stage of

expression is also different (Table 2.1).
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Table 2.1. Genes and mechanisms of expression in Na*/K™.

Gene name | Expression | Stage of Functions
area expression
OsHKTI;1 | Vicinity of | Vegetative 1. Na'unloads from the xylem vessel to
xylem and | and ] xylem parenchyma.
phloem reproductive 2. Na+loading into the phloem of leaves for
Na+recirculati0n, and phloem-mediated
Na recirculation from shoots to roots or
from younger leaves to older leaves is
another mechanism to regulate the
presence of Na'in the younger leaves
(Ismail & Horie, 2017).
OsHKT1;3 | Leaf blade, | Vegetative 1. It mediates both inward and outward
root and Na+currents with weak inward
\{ascular rectification.
tissue
OsHKT1;4 | Stem and | Reproductive | 1. Na' sequestrates in the leaf sheath and
leaf sheath stem to protect Na' transfer into the leaf
blade (Hamamoto et al., 2015; Ismail &
Horie, 2017)
OsHKTI;5 | Shoots Reproductive | 1. Na' excludes from the xylem sap to xylem
parenchyma, so leaves are protected from
Na'" toxicity.

2. Na' loaded into the phloem cell and due to
its downstream nature, Na’ transported
back to the root. As a result, it prevents Na*
over-accumulation in shoots.

3. K'is released to xylem vessel from xylem
parenchyma due to membrane
depolarization by KOR and NOR channel
(Horie et al., 2009).

OsHKT2;1 | Roots Vegetative 1. Na'influx is regulated due to K starvation
and condition and as a nutrient of the
reproductive substitution of K'(Horie et al., 2009).
OsHKT2;3 | Leaf blade, | Vegetative 1. It transports Na'-K" together i.e.
sheath, root | and cotransporter. OsHKT2;3 and OsHKT2;4
reproductive are very similar in function and 93%
amino acid sequence is identical to
OsHKT2;4 (Horie, Brodsky, et al., 2011).
OsHKT2;4 | Plasma Vegetative 1. Cation transport activity including Ca2+
membrane | and (Horie et al., 2012).
of rice root | reproductive | 2. Strong K+ selectivity over divalent cation
hair cell and low Na+t transport activity (Horie,

Sugawara, et al., 2011)
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2.5.2. Mechanisms Mediated by Na*/H* Exchanger (NHX)

In plants, for energizing the secondary active transport of ions and metabolites, H"
electrochemical gradients are generated by the H'-ATPase at the plasma membrane or the
V- ATPase and PPase in the intracellular compartments (Bassil & Blumwald, 2014). Any
cation/H" exchangers use the H' gradient to combine the passive transport of H' to the
movement of cations against their gradient. The coupled exchange of Na* for H" is driven
by Na'/H" antiporters (NHXs), particularly in plants. The mechanisms of the tonoplast
localized NHXs in the plant system is the sequestration of Na* into vacuole or endosome in
exchange of H" efflux to cytosol to keep the cytoplasm less toxic and also Na* efflux out of
the cell in swapping for H' influx into the plasma membrane (Bassil & Blumwald, 2014).
NHX transporters are localized into the vacuole and also in the endosome. These transporters
are responsible for osmoregulation, cell growth and plant development whereas endosomal
ones are for vesicular trafficking, protein processing and cargo delivery (Deinlein et al.,
2014). They are essential for Na* detoxification via Na" sequestration within the vacuole.
According to a recent study, NHX type proteins compartmentalize K* into the vacuole and
aids in cellular pH homeostasis. Rice contains seven isoforms belonging to three classes;
two divergent members located at the endosome, four in the intracellular isoforms i.e.,
located in the vacuole and one member is in the plasma membrane (Table 2.2). In plants,
NHZX genes involve both Na/H" and K*/H"* exchange that affect both salinity tolerance and
K" nutrition. According to Villalta et al. (2008) salt sensitivity increased due to the reduction
of V-ATPase activity in the trans-Golgi network/ early endosome (TGN/EE). But
interestingly, Undurraga et al. (2012) said that overexpression of vacuolar-type 1 H"-PPase

AVPI improves plant salt tolerance by intervening in the vacuolar Na* sequestration.
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Table 2.2. Transporters involved in Na*/H" exchanger mechanisms.

Gene name Localization | Functions

NHX1, NHX2, Vacuole 1. Nat/H+ exchange activity tends Na+

NHX3 and NHX4 sequestrate into vacuole (A. M. Ismail &

Horie, 2017) from cytosol to keep the cytosol
less toxic.

2. Accumulate high K+ concentration in vacuole
(Ismail & Horie, 2017).

NHX 5 and NHX 6 | Golgi 1. Endomembrane pH homeostasis is mediated
apparatus and by these transporters which are important for
trans-golgi association of vacuolar trafficking receptors
network and and cargo proteins (A. M. Ismail & Horie,
pre-vacuolar 2017) because trans-golgi network is more
compartment acidic (Bassil & Blumwald, 2014).

2. Maintain the process of protein trafficking
from the golgi apparatus and trans-golgi
network to vacuoles (Ismail & Horie, 2017).

NHX 7 Plasma 1. Reduce cytoplasmic Na+ by Na* efflux out of

membrane

the cell in exchange for H™ influx into the cell
(Bassil & Blumwald, 2014).

2.5.3. Mechanisms Mediated by Salt Overly Sensitive (SOS)

The prominent increase in cytoplasmic Na* disturbs enzymatic functions and is noxious
to both cells and the whole plant system. Under the non-saline condition, Na" uptake is
mediated by HKT ion transporters, but when the amount of Na" increases into the
surrounding environment, it enters into the plant through the plasma membrane via non-
selective cation channels (NSCC) whose molecular identity is still unknown or via
anatomical leaks in the root endodermis. The entrance of Na' can be controlled by
minimizing Na* entry into the cell, maximizing the compartmentalization of Na* into the
vacuole and increasing the efflux of Na* from the cell. One of the main responses to salt
stress is maintaining cellular ion homeostasis or maintaining the proper equilibrium of K* or

Ca?" by limiting the accumulation of toxic sodium (Na*) (Clarkson & Hanson, 1980; Tester
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& Davenport, 2003). SOS signaling pathway is well-defined for maintaining ion
homeostasis. Isolation and characterization of several mutants that showed root growth
hypersensitivity under salt stress led to the identification SOS signaling pathway (Zhu et al.,
1998). Activation of this pathway helps to exclude Na* from the cytosol. This pathway
includes SOS1, SOS2 and SOS3 (Table 2.3). The mechanisms of SOS signaling pathway

are given below:

1. Extrusion of Na* from the cytoplasm

2. Enhance shoot salt tolerance and ion homeostatic regulation in protecting different
tissues and organs against salt stress (Ji et al., 2013).

3. Structural changes in root-like emergence of lateral root, modification of root hair
and a significant role in the plastic development of root hairs under salt (Wang & Li,
2008; Wang et al., 2008).

Table 2.3. Signaling pathways in SOS mechanisms.

Gene Expression Functions

name

SOS 1 Root and shoot (Liu et | Nat+ extrusion from the cytosol with H+
al., 2000; Quan et al., ATPase activity and Nat/H+ antiporter
2007; Shi et al., 2002) | activity (Ismail & Horie, 2017).

SOS2 Root and shoot Lateral root development during salt stress by
(Liu et al., 2000; Shi et | inducing auxin biosynthesis (Ji et al., 2013).
al., 2002; Quan et al.,

2007)

SOS 3 Root Trigger Ca2+ sensor with the increase of Na+,
(Liu et al., 2000; Shi et | as a result cytosolic Ca?" increased, which is
al., 2002; Quan et al., important for tolerance (Ji et al., 2013).

2007)
Lateral root development during salt stress-
inducing auxin biosynthesis.
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A combination of physiological mechanisms for overall salinity tolerance is logically
a desirable long-term objective (Yeo & Flowers, 1982). It is essential to maintain ion
homeostasis in the cytoplasm to have salt tolerance in plants. Gorham, (1993) reported an
association between salt tolerance and Na* exclusion. Salt tolerance relies upon the ability
of the plant to establish and maintain a new cell membrane electrical potential at a tolerable
cytoplasmic ion homeostasis. The exclusion of Na* in the roots ensures that Na* will not
accumulate beyond toxic levels within the leaves. The premature death of older leaves is
observed corresponding with a failure in Na* exclusion which manifests its toxic effect after

days or weeks of accumulation of Na* (Thapa, 2004).

2.6. Channels that Mediate Invasive Na™ Influx into Roots during Salt Stress

Na™ efflux or exclusion from the shoots or Na* influx into roots in a unidirectional
way has a large impact on Na* accumulation in root under high saline conditions. Mainly,
toxic Na“ influx is passively mediated by voltage-independent (or weakly voltage-
dependent) nonselective cation channels (NSCCs) in plants because of the
electrophysiological properties of Na* currents (Ismail & Horie, 2017). Based on their
voltage dependency, NSCC can be divided into three subgroups. They are voltage-
insensitive NSCCs (VI-NSCCs), depolarization-activated NSCCs (DA-NSCCs), and
hyperpolarization-activated NSCCs (HA-NSCCs). Among these three channels VI-NSCCs
mediates a major portion of toxic Na* influx and also divalent cations like Ca?* influx into
the roots (Ismail & Horie, 2017). VI-NSCC is also permeable to K*, which plays a vital role
in salt tolerance. Demidchik et al., (2002) found that VI-NSCC-mediated Ca** transport

contributes to Ca’acquisition, which were involved in the growth of Arabidopsis roots.
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When the level of Na* increases in the soil, VI-NSCCs is the vital source for the Na* entry
into the roots. But Ca?* exhibits a strong blocking effect on Na* influx into intact roots (Essah
et al., 2003; Tyerman et al., 1997). This characteristic could somewhat account for the

ameliorative effect of increasing external Ca?" on plant salt tolerance (Demidchik &

Maathuis, 2007; Rains & Epstein, 1967).

Two important families, i.e. cyclic nucleotide-gated channels (CNGCs) and
ionotropic glutamate receptors (GLR), play an essential role in up taking up monovalent and
divalent cations into the roots. Especially, GLRs can mediate Ca®" currents in pollen tubes.
Recently, two novel channels, i.e., REDUCED HYPEROSMOLALITY-INDUCED [Ca?*]
INCREASE 1 (OSCA1l) and CALCIUM PERMEABLE STRESS-GATED CATION
CHANNEL 1 (CSC1) were found to mediate Ca?*currents in response to osmotic stress in

Arabidopsis (Yuan et al., 2014).

2.7. Channels and Transporters that Affect K" Homeostasis and Salt Tolerance

K™ has its own importance for salt tolerance mechanisms as like as Na*, because
maintaining a higher K*/Na* ratio in leaves is linked with the salt tolerance of plants (Hauser
& Horie, 2010). K" efflux systems is considered as an important mechanism because of their
deep relevance for K™ retention capacity during salt stress (Demidchik, 2014; Shabala et al.,
2006). A strong correlation between the salt-stressed root and salt tolerance was found by
Shabala & Cuin (2008) and implies the importance of K* homeostasis. Maintaining high
cytosolic K*/Na* ratios in leaf blades during salt stress is essential for salt tolerance. Under
the saline condition, some varieties of barley can retain a higher K* content in leaves that

exhibited better K" retention ability i.e., lower K* efflux activity (Wu et al., 2015). A similar
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assessment was also observed in wheat varieties indicated that the lowering down the activity
of salt-induced K* efflux from the leaf mesophyll cells intensely correlates with overall salt
tolerance. These results imply that K* retention ability in leaf mesophyll cells can maintain
high cytosolic K*/Na* ratios resulting in increased salt tolerance of the plants. There are two
members of a K* transporter gene families in rice, named Oryza sativa high-affinity K*
(OsHAKT) and OsHAKS, are upregulated by salt stress and associated with salt tolerance.
These genes help K* uptake and maintain high K*/Na* ratios during salt stress (Ismail &

Horie, 2017).

2.8. Effects of Salinity on Rice

Rice plants have a salinity threshold of 4 dS/m, above which yield loss occurs (Maas
& Hoffman, 1977). Plant cells have the ability to compartmentalize salt ions, like Na* and
CI” in vacuoles when they reach damaging levels (salt stress). When salt ions are sequestered
in vacuoles, K" and organic solutes (most commonly glycine, betaine and proline)
accumulate in the cytoplasm and organelles to balance the osmotic pressure of the ions in
the vacuole (Lutts et al., 1999). The amount of accumulation varies from one plant species
to another. Rice, a salt-sensitive crop species, is relatively ineffective in controlling the
influx of Na" and CI” ions to the shoot (Yeo and Flowers, 1982), and cannot accumulate

glycine betaine (Rathinasabapathi et al., 1993).

Although rice shows its highest tolerance to salinity at germination and maturation,
salt stress in all developmental stages of rice can contribute to yield losses (Moradi et al.,
2003). The effect of salinity on rice depends on the kind and level of salinity, duration of

exposure, cultivar, crop growth stage, water regime, soil physical properties, temperature,
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and solar radiation (Neue et al., 1998). Salinity stress symptoms include white tips of
affected leaves, chlorotic patches on some leaves, plant stunting, reduced tillering, patchy
field growth, and in severe cases, plant death. Salinity significantly reduces the tiller number
per plant, spikelet number per panicle, fertility, panicle length, and primary branches per

panicle (Cui et al., 1995; Heenan et al., 1988; Khatun & Flowers, 1995; Zeng et al., 2002).

The number of spikelets per panicle is the most important yield component for salt
tolerance. This component is determined at the early reproductive stage, around panicle
initiation (PI) (Counce et al., 2000). The loss in spikelet number per plant was most
significant when the stress was imposed before PI (3-leaf stage) or between PI and booting
stage (~16 days after PI). This loss of potential spikelets is attributed to the degeneration of

primary and secondary branches and flower primordial (Zeng et al., 2001).

Yeo & Flowers (1986) found that during reproductive development, tolerant
genotypes tended to exclude more salt, hence less salt concentration in flag leaves and
developing panicles, resulting in higher grain yield. Rao et al. (2008) reported grain yield
reduction by 27 %, 46 % and 50 % at an ECe of 8 dS/m in tolerant, moderately-tolerant and
susceptible rice cultivars, respectively. Across three tolerance cultivars, grain yield was

reduced by only 9.4 %.

Salinity tolerance at the seedling and reproductive stages is only weakly associated
(Moradi et al., 2003); suggesting that a different set of genes regulates tolerance at these two
stages. The reproductive stage is crucial as it ultimately determines grain yield; however, the
importance of the seedling stage cannot be ignored as it affects crop establishment. Hence,

a pyramiding of contributing traits at both stages is needed for developing resilient salt-
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tolerant cultivars (Moradi et al., 2003). Salinity at the reproductive stage depresses grain

yield much more than the vegetative stage.

Considerable variation for salt tolerance at critical stages in the cultivated gene pool
was also reported by other workers (Moradi et al., 2003; Yeo & Flowers, 1982). This genetic
variability can be utilized for the improvement of salt tolerance by focusing on specific yield
components. Nevertheless, the underlying genes conferring tolerance during PI are at present
unknown (Walia et al., 2007). Studies showed that the typical mechanism of salt tolerance
in rice was Na* exclusion or reduction of Na" uptake and increased absorption of K* to

maintain a low Na-K ratio in the shoots (Gregorio et al., 1997; Lee et al., 2003).

2.9. KASP Genotyping

The KASP genotyping assay uses a unique form of competitive allele-specific PCR
which is combined with a novel, homogeneous, a fluorescence-based reporting system for
the identification and measurement of genetic variation that occurs at the nucleotide level to
detect single nucleotide polymorphisms (SNPs) or insertions and deletions (InDels) (He et
al., 2014). Cost is a major factor that determines whether or not a marker-assisted selection
(MAS) is a viable breeding method for the breeders (Steele et al., 2018). Although MAS has
some advantages like improved reliability, it will hardly be used if it is more expensive than
phenotyping; while reducing the costs of markers could increase the use of MAS (Steele et
al., 2018). Kompetitive allele-specific PCR (KASP) is a cost-effective and flexible exclusive
technology of LGC Genomics, and it is more effective than chip-based Illumina Golden Gate
and BeadXpress platforms in terms of precise allele calling, less genotyping error, and lower

genotyping costs (Semagn et al., 2014). It has been utilized over many years to drive research
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targeting the genetic improvement of animals and field crops. KASP technology is more
rapid than SSRs and makes it suitable for a wide range of experimental designs with greatly

varying target loci and sample numbers (He et al., 2014).

KASP has been established in several plant-breeding applications, such as quality
control analysis of germplasm (Ertiro et al., 2015; Semagn et al., 2012), screening for
candidate alleles and genotyping (Mideros et al., 2014; Pham et al., 2015), bulk segregant
analysis and genetic (QTL) mapping (Mackay et al., 2014; Ramirez-Gonzalez et al., 2015)
and MAS (Cabral et al., 2014; Leal-Bertioli et al., 2015). To analyze crosses between Oryza
sativa ssp. indica and Oryza glaberrima, 2,015 KASP assays were made widely available
for rice (Pariasca-Tanaka et al., 2015) that were developed using an array-based Illumina
GoldenGate technology by the Generation Challenge Program of the Consultative Group for
International Agricultural Research (CGIAR). LGC Genomics from the UK provide a full
KASP genotyping services and the KASP reagents can be ordered for carrying out assays in

basic molecular laboratory work.

In the first stage of PCR, one of the allele-specific primers binds to its target SNP
with the common reverse primer, amplifying the target region (He et al., 2014; LGC, 2013).
As PCR proceeds, one of the fluor-labeled oligos is also incorporated into the template,
which is complementary to the new tail sequence of the amplified allele and is hence no
longer bound to its quencher-labeled complement. The appropriate fluorescent signal is
generated as the fluor is no longer quenched. If the genotype at a given SNP is homozygous,
only one or the other of the possible fluorescent signals will be generated. A mixed

fluorescent signal will be generated if the individual is heterozygous (LGC, 2013).
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2.10. Skim Sequencing

Genotyping by sequencing (GBS) is a comparatively new method used to determine
the differences in the genetic makeup of individuals (Golicz et al., 2015). Genotyping and
next-generation sequencing are the two basic methods for GBS. GBS protocols can take
multiple forms depending on the objective of the study, including sequencing of the DNA
from the individuals of interest (two parents of the bi-parental mapping population and their
progeny), mapping of the sequencing reads to the reference sequence, SNP calling and
filtering, SNP genotyping and imputation, haplotype identification and downstream analysis.
General marker discovery, haplotype identification, and recombination characterization to
quantitative trait locus (QTL) analysis, genome-wide association studies (GWAS), and
genomic selection (GS) could also be performed by GBS. This technology has already been
applied to different plant species including rice, maize, artichoke, and Arabidopsis thaliana.
It is a favorable approach that is likely to provide new and important insights into plant

biology.

While traditional GBS uses restriction enzyme (RE) digestion for reduced
representation sequencing, skim sequencing directly sequences random sites at low
coverage, and can be used for biparental QTL mapping, even when progeny samples are
sequenced with 1X coverage on average. Parental reads were aligned to an established
reference genome, and SNPs were discovered based only on the reads (Golicz et al., 2015).
The resulting SNPs list is used for genotyping of the progeny reads. Where there were no
reads, for a progeny sample, at a SNP location, the genotype was called based on an

imputation technique, which uses the haplotype structure of the parents.
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There are advantages of skim sequencing over the traditional GBS, which was
described by Scheben et al. (2018). In short, the library preparation is much easier with the
decreased number of steps, reduces the problems of downstream analysis, eliminates biases

caused by the restriction enzymes, the cost is also lower and the SNP discovery rate is higher.

2.11. QTL Mapping

Most of the economically important traits like yield are controlled by several genes
or polygenes. These are quantitative traits and are highly dependent on the environment. The
genes control a particular trait and are described to have minor and major effects. These
genes or the location of the genes can be identified with the aid of molecular markers (Alberts

et al., 2007).

Quantitative Trait Loci are a piece of DNA containing the loci or regions in a genome
that control a quantitative trait. Recent cloning and characterization of several QTLs
indicated that one QTL might contain one gene; however, it may contain more than one
genes. Chahal and Ghosal (2002) suggested that defining and studying the entire locus of
genes associated with a trait may give the basis of understanding their effects to a particular
individual genotype concerned. Collard et al. (2005) mentioned the advantages of QTL
mapping: a) provides a fundamental understanding of individual gene and its interactions;
b) enables the possibility for positional cloning; ¢) may improve breeding value estimate and

selection response through marker-assisted selection.

A mapping population is required for QTL analysis and QTL analysis includes
genotyping as well as phenotyping of the trait of interest. A mapping population is generated
from a cross between two different parents where each of the parents is contrasting for the
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trait of interest. It can consist of segregating populations such as F», F3, or backcross (BC)
populations that provide of all the possible genotypes and will cover the QTL across
genotypes. In conducting QTL analysis, phenotyping and genotyping data are used to obtain
a QTL map. Aside from the segregating mapping populations, there are some permanent
mapping populations like recombinant inbred lines (RILs), near-isogenic lines (NILs), and
doubled haploids (DH) that can also be utilized since these homozygous populations can
allow replicated and repeated experiments (Collard & Mackill, 2008). Downstream
applications of QTL mapping ranges from understanding the genetic control of salinity
tolerance mechanism, development of varieties with improved salinity tolerance, and the
possibility of transferring the identified QTLs into a susceptible high yielding variety
through cloning and transformation (Gregorio et al., 2002; Ismail et al., 2007; Thomson et
al., 2010). Several studies in salt tolerance have identified QTLs associated with rice. Singh
et al. (2007) identified seven QTLs for seedling traits related to salt stress and were mapped
to five different chromosomes. Zhang et al. (1995) detected a major gene for salt tolerance
and was mapped on chromosome 7, using an F» population derived from a cross between a
sensitive original variety (77-170) and salt-tolerant japonica rice mutant (M-20). Mondal et
al. (2019) identified 11 QTLs associated with reproductive stage salinity tolerance in
chromosomes 1, 2, 5 and 11. The QTLs named ¢SKC! for shoot K* concentration was
reported in chromosome 1 was reported for shoot K* concentration. It was located between
9.82 and13.30 Mb region (Koyama et al., 2001; Lin et al., 2004; Thomson et al., 2010; Wang
et al., 2012) from which an HKT1;5 gene was cloned from Nona Bokra for salinity tolerance
(Ren et al., 2005). A major QTL (Saltol) was identified in chromosome 1 for salt tolerance

using Fgrecombinant inbred lines of IR29/Pokkali cross (Gregorio, 1997). The Saltol QTL
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was described to be responsible for the Na"-K*uptake ratio and accounted for 64.3 to 80.2
% of the phenotypic variation in salt tolerance (Ismail & Bennett, 2004 ). RM8094 and
RM10745 SSR markers could be useful for marker-assisted selection of Saltol QTL

(Mohammadi-Nejad et al., 2010).

2.12. Genome Editing

Genome editing is a way of modifying DNA of a cell or organism with a very specific
change. The CRISPR/Cas 9 system is an RNA-guided gene-editing tool with the fusion of
Cas 9 endonuclease that targets DNA sequence of 5”°-N20-NGG-3” where NGG is the PAM
site for recognition of the target for cleaving (Xie et al., 2015). Besides Cas9, Cas 13 is also
an important effector protein/antiviral against three diverse ssRNA in cell culture (Freije et
al., 2019). Overall, because of its simplicity and high efficiency, the CRISPR/Cas9 technique
is becoming popular to modify the gene for greater objectives crop improvement for food
security. The most common and popular form of CRISPR/Cas is the type II CRISPR/Cas
system because of their processing system of crRNA involves introduction of tracrRNA
which is complementary to the repeat sequence in pre-ctRNA. As a result, double stranded
break is initiated by RNaselll enzyme in the presence of Cas 9 endonuclease. Cas 9 has two
domains; HNH and RUV-C which cleave the complementary and non-complementary
strands of target DNA respectively (Jinek et al., 2012). Overall, because of its simplicity and
high efficiency, CRISPR/Cas9 technique is becoming popular to modify gene for greater

impact towards crop improvement for food security.
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2.13. How CRISPR/Cas9 Works

The CRISPR/Cas9 system takes the place of zinc finger nuclease (ZFN) and TALEN
because it is the simplest technique (Bao et al., 2019) as these two require protein
engineering. For CRISPR/Cas9, single-stranded gRNA(sgRNA) is required to target the
DNA region that is easy to construct by different online tools like CRISPR direct, CRISPR-
P, etc. It occurs in three phases; (1) adaptive phase, where bacteria and archaea protects more
than one CRISPR loci by integrating short fragments of foreign sequence known as
protospacer adjacent motif (PAM) into the host, (2) in the expression phase CRISPR array
is transcribed to produce pre-crRNA which is cleaved by enzymes to form short crRNA and
lastly (3) in the interference phase crRNA guides Cas9 proteins to cleave the complementary
plasmid or virus target sequences that match the spacers (Makarova et al., 2011). After
inducing the double-stranded break by CRISPR/Cas9, they are repaired by non-homologous
end joining (NHEJ) or by homologous recombination (HR). NHEJ is indefinite and creates
gene knock-out mutations consisting mostly of insertions, deletions or sometimes frameshift
mutations due to imprecise DNA repair, whereas HR is defined and leads to gene knock-in

or gene replacement, with the presence of a donor DNA molecule (Figure 2.1).

(TTTITIIIII .. sy
' TTTITCCTIT,

Figure 2.1. Repair mechanisms after double stranded break (adapted from Bao et al., 2018).
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2.14. Problems Associated with CRISPR/Cas9 and Possible Solutions

One of the few discrepancies of the CRISPR/Cas9 technology is the relatively high
frequency of off-target mutations reported in some of the earlier studies (Cong et al., 2013;
Fu et al., 2013). Although initially all 20 nt sequence in the gRNA was considered to be
more specific for target site recognition and cleavage, it was later shown that mismatches
outside the seed region (8-12 nt at the 3’ end) are still tolerable (Cong et al., 2013; Jinek et
al., 2012) depending on the total number and arrangement (Fu et al., 2013; Hsu et al., 2013).
But every problem has some reasonable solution and to solve the off-target issues, several
online tools have been developed based on the comparative analysis of 700 gRNAs (Hsu et
al., 2013). Optimizing nuclease expression is another way to control specificity because high
concentrations of gRNA and Cas9 can promote off-target effects (Pattanayak et al., 2013).
So, the basic strategy to avoid off-target effects is the design of a specific gRNA by checking
for the presence of homologous sequences in the genome. Another strategy is to use of a pair
of Cas 9 nickase pair that creates single-strand nicks and produces a staggered DSB (Bortesi
& Fischer, 2015) by mutating any one of the domains in Cas 9, so that Cas9 can cleave one
strand of target DNA depending which one is mutated. For example, if D10A mutate the

Ruv-C domain, then Cas 9 will cleave the complementary strand.

2.15. Construction of CRISPR/Cas9 System

Researchers have successfully adopted CRISPR/Cas9 to edit target genes in different
plants. The fundamental elements for conducting CRISPR Cas9 experiments are Cas9 and
sgRNA. But the successful construction of CRISPR/Cas9 with high editing efficiency

depends on some factors like the expression of level of Cas9 and sgRNA, GC content of the
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target DNA and sgRNA, codons of Cas9 (Bao et al., 2019). Generally, sgRNA and Cas9
expression cassettes can be introduced into the plant via Agrobacterium- mediated
transformation. This expression of sgRNA and Cas9 is driven by some promotors, like
U3/U6 and ubiquitin/cauliflower mosaic virus 35 S, respectively (Bao et al., 2019; Ma et al.,
2015). Besides, Cas9 and sgRNA together form a synthetic complex called
ribonucleoprotein (RNP), which could be delivered directly to the plant in the form of calli

or shoot apical meristem (SAM) by particle bombardment.

2.16. Delivery Techniques and Screening of Mutant Plants

Three popular delivery techniques exist for plant gene editing. They are (1)
Agrobacterium-mediated transformation (AMT), (2) biolistic, and (3) protoplast
transformation (PT) (Baltes et al., 2017). Among them, AMT is popularly used for stable

gene transformation.

After obtaining transformed progeny, it is necessary to verify either they are mutants
or not. The methods for CRISPR/Cas 9 induced mutant screening are: restriction enzyme
(RE) assay, surveyor nuclease and T7El assay and high-resolution melting analysis
(HRMA) (Bao et al., 2019). When a mutant plant has a visible knock out phenotype,
screening could be done quickly. For example, knock-out of the PDS gene results in albino
phenotype, so the PDS gene is used as a selectable marker for plants (e.g., tobacco and rice).
Generally, the transgene-free mutant plant could be achieved within 2 to 3 generations

through segregation (Gao et al., 2016).
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2.17. The Procedure of Conducting CRISPR/Cas9 Experiments in Agriculture

The procedures of agricultural experiments with CRISPR/Cas9 involve: (1) selection
of the plant and target gene e.g., rice HKT gene, (2) selection of approach (knock-out, knock-
in, large deletion, allele replacement), (3) target region selection (e.g., 1% exon), (4)
designing gRNA (20nt+3 PAM), (5) produce construct or binary vector with Cas9 and
gRNA expression cassettes (e.g. PRGEB32) or Cas9-gRNA complex (RNP), (6)
transformation of a binary vector into the plant via AMT and biolistic delivery and RNP via

biolistic and (7) screening of mutant plants by PCR/RE assay.

2.18. Successful Examples of Gene Editing in Plants

Although CRISPR/Cas9 is a newly emerging technique in crop improvement, it has
proven its value in several areas: (1) increasing yield: in order to increase yield in rice,
knock-out of GW2, GWS5 and TGW6 increase grain size and weight around 20% to 50%
than the wild type (Xu et al., 2016). Knock-out of flowering repressor SPSG gene exhibits
day length insensitive tomato; thus, early maturity occurs due to rapid flowering. (2)
Improving biotic and abiotic resistance: deletion of OsSWEET13 promotor leads to BLB
resistance in rice (Zhou et al., 2015) and knock-in GOS 2 promotor in place of ARGOSS via
HDR increased drought resistance and yield in maize (Shi et al., 2017). (3) Increasing
quality: knock-out of GBSS in potato, reduce amylose content and increase amylopectin
(Andersson et al., 2017) and (4) nutritional improvement: simultaneous knockout of FAD2-

1A and FAD2-1B significantly increase oleic acid in canola (Haun et al., 2014).
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2.19. Beyond Gene Editing

CRISPR/Cas9 is an ideal gene regulation tool (Bao et al., 2019). By introducing
mutations in both nuclease domains of Cas9, deactivated Cas9 (dCas9) is created which acts
as a gene regulator. The dCas9 can be fused with transcriptional activator or repressor to
perturb gene expression, such as fusion with VP64 (transcriptional activator) to increase
transcriptional activity and dCas9-KRAB, which recruits chromatin-modifying complexes,
to more efficiently silence the gene transcription (Seth & Harish, 2016). Moreover,
CRISPRa up-regulates the transcription of endogenous genes and is used for overexpression
of the desired gene to obtain high yield varieties and CRISPRi uses to generate mutants with

down-regulated expression of selected genes.

As conventional breeding takes enormous time and labor, genome editing is a
powerful tool to change the world’s future agricultural scenario. Already some success has
been achieved in gene editing of some major cereal and a few horticultural crops. Since,
food production needs to be increased for future food security, CRISPR/Cas 9 technology
may be a milestone to achieve that. The major concern for all genome editing approaches is
successful regeneration, which is really challenging as few crops are responsive to regenerate
even after successful transformation. To overcome this problem, (Lowe et al., 2016)
describes baby boom (Bbm) and Wuschel2 (Wus 2) transcription factor for the
transformation by AMT and biolistic with higher efficiency (15% to 85%). Besides, in planta
transformation is also fruitful for regeneration (Saifi et al., 2020). Therefore, reducing or
eliminating these constraints gets us closer to the ultimate goal of genome editing in

agriculture.
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3. MAPPING QTLs FOR REPRODUCTIVE STAGE SALINITY TOLERANCE IN RICE

USING BCF> POPULATION OF CSR28 x BRRI dhan28

3.1. Introduction

Rice (Oryza sativa L.) is a major staple food for almost half of the world’s
population; sustainable rice production is essential for the world’s food security.
Unfavorable environmental conditions such as salinity, drought, heat, and submergence pose
a huge threat to agricultural production and productivity and challenge future food security.
Salinity is one of the serious environmental stresses that limit the productivity of agricultural
crops, which are most sensitive to the presence of high concentrations of salts in the soil
(Flowers and Yeo 1995, Flowers, 2004). The mechanism of salinity tolerance is still not very
clear, but tolerant plants use a combination of mechanisms to overcome salinity stress.
Salinity stress inhibits plant growth through many disruptions, such as osmotic effects,
excessive uptake of toxic ions (Na" and CI'); and poor regulation of antioxidants with

impaired signal pathways (Munns 2002, Singh and Flowers 2020).

Rice is relatively tolerant of salt stress during germination, active tillering and grain
filling and is sensitive during the early seedling and reproductive stages (Singh et al. 2007,
Singh and Flowers 2020). Yeo and Flowers. (1986) mentioned that during reproductive-
stage development, tolerant genotypes tended to exclude salt, thus resulting in less salt
concentration in flag leaves and developing panicles, which resulted in higher grain yield.
Rao et al. (2008) reported a grain yield reduction of 27% to 50% when salinity stress of ECe

of 8 dS/m was imposed on different rice cultivars.
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The effect of salinity on rice depends on the amount of salt, duration of exposure,
cultivar, crop growth stage, water regime, soil physical properties, temperature and solar
radiation (Neue et al. 1998, Ali et al. 2013). Higher salinity at the reproductive stage
significantly reduces spikelets per panicle, tiller number, fertility, panicle length and the
number of primary branches per panicle (Heenan et al. 1988, Cui et al. 1995, Khatun et al.
1995, Zeng and Shannon 2000, Zeng et al. 2002, Singh et al. 2010). The number of spikelets
per panicle was found to be the most sensitive yield component. This component is

determined at the early reproductive stage, around panicle initiation (Counce et al. 2000).

Although salinity at the reproductive stage reduces grain yield much more than the
vegetative stage but there have been only very few studies in rice for salinity tolerance at the
reproductive stage due to the difficulty of achieving reliable stage-specific phenotyping
techniques (Ahmadizadeh et al., 2016). Further, the salinity rice breeding progress is slower
because of genetic complexity and environmental factors, as salinity tolerance is governed
by many genes that exhibit the polygenic nature. The genetics behind salinity tolerance can
be revealed by using quantitative trait locus (QTLs) analysis (Gimhani et al. 2016; Negrao
et al. 2011). Recent advances in molecular marker technology have enabled the dissection
of the molecular mechanisms of salinity tolerance to identify major-effect QTLs (Munns
2005; Tuberosa and Salvi 2006; Passioura et al. 2007; Thomson et al. 2010, 2012; Thomson
2014; Hossain et al. 2015). Single nucleotide polymorphisms (SNPs) are the markers of
choice for most high throughput genotyping applications because they are ubiquitous in
eukaryotic genomes, cost-effective to assay using automated platforms, and biallelic in
nature, which is useful for allele calling, data analysis and data-basing (Thomson et al.,

2017).
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In addition, salt-affected areas are expected to increase due to the adverse effect of
climate change and sea-level rise (IPCC, 2019). Therefore, improving the productivity of
salt-stressed areas is considered essential to meet the increasing food demand of the growing
population. Thus, this chapter discusses about the use of a mapping population derived from
the two popular indica rice varieties to identify appropriate QTLs for salinity tolerance at the

reproductive stage of rice.

CSR28 is an Indian semi-dwarf landrace with long slender grains and tolerant to
salinity-stress at the reproductive stage of rice (Mohammadi, et al. 2014). CSR28 also had
the highest positive general combining ability (GCA) values for K* uptake. Therefore, this
landrace could be used to improve the K uptake of breeding lines to develop better and
more tolerant rice varieties. Like CSR28, BRRI dhan28, a Bangladeshi indica rice mega
variety, has desirable characteristics for higher productivity, except the variety is highly
sensitive to salinity stress. BRRI dhan28 was developed by the Bangladesh Rice Research
Institute (BRRI) and released by the Government of Bangladesh in 1994. Since then, BRRI
dhan28 has shown its potential to adapt in diverse favorable agro-ecological zones and
popularity among the diverse consumers. In this study, the BCiF> mapping population
developed from the cross between CSR28 and BRRI dhan28 at the International Rice

Research Institute (IRRI) for identifying QTLs associated with salinity related traits.
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3.2. Objective

The general objective of this study was to identify quantitative trait loci (QTLs) for
salinity tolerance at the reproductive stage of rice plants using the BCF» population derived
from a salt-tolerant Indian variety, CSR28 and a salt-sensitive Bangladeshi variety, BRRI

dhan28. The specific objectives were:

a. To screen the BCiF2 population, along with their parents under salinity stress for
establishing the relative importance of different traits associated with the

reproductive stage salinity tolerance in rice.

b. To genotype the BCF2 population for mapping the large effect QTLs responsible for

tolerance to salt-stress at the reproductive stage of rice.

c. To identify candidate diagnostic markers linked to the QTLs conferring salinity

tolerance from the tolerant parents.

d. To identify the candidate genes.
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3.3. Materials and Methods

3.3.1. Study Site

The study was conducted at two locations — (i) the phenotypic screening and
physiological characterization were conducted at the International Rice Research Institute
(IRRI, 14.16774°N and 121.254547°E), Los Bafos, Philippines from February to June 2018;
while (i1) the molecular characterization was done at the Agri Genomics Laboratory (AGL),
Genomics and Bioinformatics Services (GBS) and Crop Genome Editing Laboratory
(CGEL) of Texas A&M University (TAMU, 30.6185° N, 96.3365° W), College Station,

USA from January 2019 to May 2020.

3.3.2. Plant Materials

A salt-tolerant Indian variety, CSR28 and a salt-sensitive Bangladeshi rice variety,
BRRI dhan28 was used as the parents to develop a mapping population. The BC,F> QTL
mapping populations was generated by crossing the salt-tolerant donor parents (CSR28) with
the salt-sensitive parent (BRRI dhan28). All the parents belong to sub-species Indica. The
cross, CSR28 x BRRI dhan28were developed at the rice breeding platform of the
International Rice Research Institute (IRRI) crossing program to generate F; and then
backcross to recurrent parent, BRRI dhan28 to produce the BCiF> progenies (IBP,
www.integratedbreeding.net). Parents for each population were used as the checks for the

respective population.
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3.3.3. Experimental Design and Set-up

The phenotypic experiments with desired (EC 10 dS/m) salinity level and a control
treatment were set up at IRRI in Completely Randomized Design (CRD). Screening of
BCiF> population derived from the crosses between CSR28 x BRRI dhan28 was done in the
2018 dry season (February-June). The genotypic experiment was conducted at the TAMU

(AGL, GBS and CGEL Labs).

In the phenotypic experiments, a set of 624 young seedlings or individuals derived
from the crosses between CSR28 x BRRI dhan28 was sown in pots and those pots were
transferred into three large concrete tanks having a dimension of 680 cm x 105 cm x 22 cm
(length x width x depth). The concrete tanks were filled-up with ordinary tap water until
putting salt (NaCl) at the reproductive stage. These 624 individuals, 435 in saline treatment
and 189 in normal water treatment (control), were used for phenotyping under natural
environment except they had rain shelters placed at about 1.5 m above the ground to protect

the saline treatments from rains at the reproductive stage only (Fig. 3.1).

a. Vegetative Stage b. Reproductive Stage

Figure 3.1. Experimental sites at the International Rice Research Institute (IRRI),
Philippines (a) at vegetative stage and (b) at reproductive stage of rice plant.

58



3.3.4. Phenotyping of Parents and BCF; Individuals

3.3.4.1. Seedlings Preparation and Management

Seeds of 624 BC:F; individuals and parents were soaked and put into the oven for
three to four days at 30°C to break dormancy for germination. After that, the seeds were
randomly sown manually in the small trays and allowed to grow for 25 days. During the
growth period of the rice seedlings, regular watering and foliar spraying was done. The
solution for foliar spray was prepared with 2.5 gm of urea, 1.5 gm of FeSO4 and 5 to 6 drops
of liquid soap per liter of water (Ahmadizadeh et al., 2016; Singh et al., 2008) and sprayed
four times in both experiments during second and third week of the seedlings when the leaves

turned yellowish.

3.3.4.2. Pot Preparation and Fertilizer Application

Twenty-five days old seedlings of rice plant were transplanted manually in the
perforated cylindrical pots. The dimension of the perforated pot was 15 cm in height and 11
cm in diameter with 3-4 mm holes spaced 2 cm apart. Each pot contained a plastic sieve bag
filled with sterilized soil up to about 1 cm above the topmost circle of the holes, about 3 cm
below the top of the cylinder. The sterilized soil was fertilized with 50, 25, and 25 mg of N,

P, and K per kilogram of soil, respectively (Ahmadizadeh et al., 2016, Singh et al., 2008).

3.3.4.3. Transplanting and Management

Initially 2-3 seedlings were transplanted manually in each perforated plot; later on,
extra plants were thinned out to keep one seedling per pot (Ahmadizadeh et al., 2016). After

transplanting, the pots were placed in the concrete tank. The concrete tanks were filled with
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normal tap water for growth and development of the rice plant. A water depth of 12-14 cm
was maintained to keep the bottom 75% of the pots under water throughout the growing
season of rice. All the plants were grown in normal water until the appearance of the first
flag leaf and immediately transferred into the saline water after the plants

encountered/reached at the booting stage.

Preventive spraying of Cymbush and Cartap was done at 15 days after transplanting
to protect the rice plants from worm and maggot, which were commonly observed at IRRI
(Ahmadizadeh et al., 2016). Besides, regular inspection on the attack of pest and diseases
was observed. Cymbush and Cartapwere applied at about 15 days interval from transplanting
to booting stage. There was no pest and diseases were observed when the plants were in the
saline condition. But the normal treated plants were affected by pest and diseases and

spraying was done at 15 days interval during reproductive stage to control it.

3.3.4.4. Salinity Treatment and Management

3.3.4.4.1. Leaf Pruning

Leaf pruning was done manually at the booting (gametophytic) stage of rice plant.
Only flag leaf and penultimate leaves were kept in each plant, other leaves were removed or
clipped. To make growth-stage dependent phenotyping, it is indispensable to precisely
identify the stage during when salinity stress should be applied to plants. Indeed, the
gametophytic stage is the appropriate stage when plants should be salinized. But salt takes a
few days to reach to the panicle as it goes first to the oldest leaf sheath/leaves and then to
the second oldest leaves/leaf sheath and so on in a sequential way (Ahmadizadeh et al.,
2016). Therefore, due to the systematic sequential manner of reaching toxic ions (Na*) from
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the oldest leaves to relatively younger leaves and ultimately to the flag leaf and inflorescence
(i.e. panicle), applying salt at booting stage would definitely delay in salt transporting into
the reproductive organs because of the sink. As a result, plants would escape the real stress
at the booting stage. To solve these problems and to direct the salt movement to the
reproductive organs quickly and efficiently; older leaves of the plants were pruned and kept
only the flag leaf and penultimate leaf (Fig. 3.2). In this case, salt would have no scope to
compartmentalize and consequently it will reach directly to the reproductive organ and

express their real signs and symptoms after having saline stress.

Immediately after identifying the first flag leaf, leaf pruning was done and the first
flag leaf was tagged with a proper label containing date of booting or first flag leaf
appearance, date of removing from saline water as well as date of flag leaf collection and

the serial number of plants.
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Figure 3.2. Leaf pruning and a schematic diagram of salt uptake mechanism in rice plant
(adapted from Ahmadizadeh et al., 2016).
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3.3.4.4.2. Salinity Application at Booting Stage

Saline solution was prepared by dissolving NaCl into the tap water and raised up to
EC 10 dS/m. Salinization was done just after the appearance of the first flag leaf i.e. when
plant entered into the booting stage (Ahmadizadeh et al., 2016). The plants were checked
every day to identify occurrence of the booting stage in each plant. As this mapping
population was BCiF,, the response of every individual was different because of
segregation; that means not every plant showed the booting stage at the same time as the

duration of vegetative stage varies from plant to plant (Fig. 3.3).

Pl Booting Apthesis

A\
Yy

Vegetative phase (60-65 Days) Rep. phase (2530 D) Ripening (25-30 D)
E_%. ) l‘

Vegetative phase (80-85 Days)

Vegetative phase (90-95 Days)

Vegetative phase (Photosensitive var.) Rep. phase (2530 D) Ripening (25-30D)

Figure 3.3. Variation in vegetative growth stages in rice (adapted from Ahmadizadeh et
al., 2016).
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After pruning and tagging, a total of 435 plants were transferred into saline water of
EC 10 dS/m and the rest of the 189 plants were kept under normal water, which was checked
daily and maintained the constant EC for continuously 20 days from first day of booting.
After 20 days of salinity treatment, the plants were shifted back to the normal water and the
first flag leaf was collected immediately, which was marked or tagged to determine the Na*

and K ion concentration of the leaf samples.

3.3.5. Determination of Na and K Ion Concentration in Flag Leaf

3.3.5.1. Flag Leaf Collection and Preparation

The flag leaves were collected manually to measure sodium (Na) and potassium (K)
ion concentration; i.e. percentage of Na* and K, and the ratio of Na" and K. As the flag
leaf was quite big to place in a falcon tube; each flag leaf was cut into small portions i.e. in
lengthwise from the base, lamina, and tip. But when it was sampled from the top, middle, or
bottom portion; the ion concentration may vary due to ionic influx variation within the leaf
(Palao et al., 2013). After cutting, washing of the flag leaf samples was done two times with
Reverse Osmosis (RO) water and one time with nanopure water. Then leaf samples were tap
and dried down with the paper towel to remove excess water and put it into the 10 ml tube

which was filled out with 0.1 N acetic acid solutions for digestion.

3.3.5.2. Preparation of 0.1 N Acetic Acid Solutions and Digestion

To make 1 liter of 0.1N acetic acid solution, 994 ml of nanopure water was mixed
with 6 ml of glacial acetic acid (GAA) (Ahmadizadeh et al., 2016). To determine Na* and

K* concentration, the leaf samples were placed in screw-capped bottles or falcon tubes filled
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with 10 ml of 0.1N acetic acid solution. The leaf samples were digested into the water bath
at 90°C for 2 hours. The samples were taken out from the stock solution and oven dried for

5 days at 50°C. Then the dry weight of the flag leaf samples was taken.

3.3.5.3. Concentration of Na* and K*

To analyze the ion concentration, stock solution was diluted 10 times (1ml of stock
solution and 9 ml of nanopore water) and Perkin-Elmer Analyst 300 atomic absorption
spectrophotometer was used to analyze Na“® and K* concentration (Ahmadizadeh et al.,
2016). Appropriate standards were prepared to maintain the accuracy of the results. The
concentration of the standards was 0, 2, 4, 6, 8 and 10 ppm. The Na and K ion concentration

was calculated by using the formula:

Na or K =[C* (d*V/1000)]/dwt]
Where,
Na or K = Concentration of sodium and potassium ion (mmol/g dwt)
C = Concentration of sample aliquot based on atomic absorption spectrophotometer
reading as determined relative to standard curve
d = dilution factor
V = extraction volume (ml)

dwt = oven dry weight of the plant leaf (g)
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3.3.6. Estimation of Yield and Agronomic Parameters

Data on grain yield, yield components and important agronomic parameters such as
plant height, number of productive and unproductive tillers, panicle number, panicle length,
number of filled and unfilled spikelets and grain yield per plant was collected from 624

plants manually at maturity.

3.3.6.1. Plant Height

Plant height of all the plants was measured from soil surface to the tip of the tallest

panicle (awns excluded). The height of the plants was taken at the time of harvest.

3.3.6.2. Productive Tillers

The number of productive tillers per plant was counted manually at the time of
harvest. But dried tillers and those that have undergone senescence was excluded from the

count.

3.3.6.3. Panicle Length

Panicles of the plants were collected at harvest and the total number of panicles per
plant was determined. The panicles which did not bear even a single grain were excluded
from the count. Three panicles from each plant were selected randomly and the length was

measured from pulvinus to the tip of the topmost grain.
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3.3.6.4. Filled and Unfilled Spikelets

Immediately after measuring of the panicle length, filled and unfilled grains were
manually removed from the panicles and number of filled and unfilled spikelets per plant
was recorded. Then the percent filled spikelets were determined by dividing the number of
filled and unfilled spikelets to the total spikelets of each plant. And when the percent unfilled

spikelets were used, it was calculated as 100 - % filled spikelets.

3.3.6.5. Grain Yield

Grain yield was taken at harvest. After threshing and cleaning, weight of the dried
filled grains per plant was measured. The yield of rice was expressed in gm per plant after

drying.

3.3.7. Salinity Scoring

Salinity scoring was done to identify the tolerant and sensitive plants based on visual
symptoms just after the harvest by using Modified Standard Evaluation System (SES)
developed at IRRI (Mondal et al., 2016, 2019) (Table 3.1). The procedure used in the
phenotypic evaluation of salinity tolerance was described in the Standard Evaluation System

Manual (IRRI, 2013).
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Table 3.1. Modified standard evaluation system (SES) for scoring of visual salt injury at
reproductive stage in rice (adapted from IRRI, 2013).

Score | Observation Rating
1 Normal growth, spikelet sterility at <5% Highly
tolerant

3 Growth slightly stunted, spikelet sterility at 5%-20% Tolerant

5 Growth moderately stunted, one-fourth (25%) of all leaves Moderately
brown, panicles partially exerted, spikelet sterility at 21%- tolerant
40%

7 Growth severely stunted with about half (50%) of all the Sensitive
leaves become brown, panicle poorly exerted, high sterility at
41%-70%

9 Growth severely stunted with about of all the leaves become Highly
brown, panicle not exerted, high sterility at >70% sensitive

3.3.8. Genotyping of Parents and BC:F: Progenies

3.3.8.1. DNA Extraction

Out of 435 BCiF; populations, 192 individuals were selected for genotyping. These
genotypes were selected by selective genotyping (choosing most tolerant and sensitive
individuals) from the mapping population based on the visual salinity score (SES) and grain
yield per plant. From each plant, 25 days old leaves were collected and lyophilized for long
time storage (Ahmadizadeh et al., 2016). Then genomic DNA was extracted from those leaf
samples using a standard CTAB method (Doyle, 1991b). After DNA extraction, DNA

quality was checked by agarose gel electrophoresis and quantity was measured by nanodrop.

3.3.8.2. Kompetitive Allele Specific PCR (KASP) Genotyping

Kompetitive Allele Specific PCR (KASP) genotyping assays are based on

competitive allele-specific PCR and enable biallelic scoring of single nucleotide
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polymorphisms (SNPs) and insertions and deletions (Indels) at specific loci (LGC, 2013).
The KASP genotyping was done by the mixing of the SNP-specific KASP assay, universal
KASP master mix and DNA samples into a PCR plate. Then thermal cycling reaction of the
KASP mixture was performed followed by an end-point fluorescent read (LGC, 2013). The
KASP genotyping system is composed of two components: (i) the SNP specific KASP assay
mix; which was separately purchased as a KASP by Design (KBD) that contains two allele
specific forward primers that differ at their 3/ end and one common reverse primer and (ii)
the universal master mix which contains FAM and HEX specific FRET (fluorescence
resonant energy transfer) cassette and Taq polymerase with optimized buffer (LGC 2013-
KASP Genotyping Chemistry User Guide and Manual, LGC). Unique tail sequence of each
of the allele specific primers corresponds with a universal FRET cassette; one labelled with
FAM™ dye and another one with HEX™ dye. KASP master mix contains ROX as a passive

reference dye for well normalization.

For QTL analysis of 192 individuals from CSR28 x BRRI dhan28, a total of 230
markers were selected from the integrated breeding platform based on their polymorphism
(IBP, www.integratedbreeding.net). Initially 160 markers were sent to the LGC Biosearch
Technology (LGC, 2019) to convert those into KASP marker. After mixing of the two
aforesaid components into a PCR plate (Table 3.2), the KASP chemistry used water bath
based thermal cycler (Hydrocycler™) to perform PCR steps. An S1000 Thermal Cycler

(Bio-Rad) was used for KASP genotyping with following conditions (Table 3.3).
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Table 3.2. Constituent reagent volumes for making KASP genotyping mix. *DNA samples

diluted to final concentration of 5 - 50 ng per reaction (adapted from LGC, 2013).

Components KASP genotyping mix assembly

Wet DNA method (uL) Dry DNA method (uL)
DNA* 2.5 5 N/A N/A
2x Master mix 2.5 5 2.5 5
Primer mix 0.07 0.14 0.07 0.14
H20 N/A N/A 2.5 5
i s ! : !

Table 3.3. Thermal cycling condition for KASP chemistry (adapted from LGC, 2013).

94 9C for 15 minutes Hot-start
activation

94 °C for 20 seconds 61-55 °C for 60 seconds (dropping 0.6 °C per cycle) | 10 cycles
94 9C for 20 s 55 °C for 60 seconds 26 cycles

After completion of PCR steps, fluorescence intensity was visualized with a

microplate reader (PHER AstarP lus’ BMG LABTECH, Germany) and analyzed by Kluster
Caller software 7 (LGC, 2014). A homozygous sample for the allele reported by FAM only
generates FAM fluorescence during the KASP reaction which will be plotted close to the X-
axis, that represents high FAM signal and no HEX signal (Fig. 3.4-blue points). While a
homozygous sample for the allele reported by HEX only generates HEX fluorescence and
data point will be plotted close to the Y axis, representing high HEX signal and no FAM
signal (Fig. 3.4-red points). Lastly the heterozygous sample will be plotted in the center of
the plot that contain both FAM and HEX alleles (Fig. 3.4-green points). To ensure the

reliability of the results, a KASP reaction without any template DNA must be included as a
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negative control. This is typically referred to as a no template control or NTC. The NTC will
not generate any fluorescence and the data point will therefore be plotted at the origin (black

data points in Fig. 3.4).
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Figure 3.4. Genotyping cluster plot and each data point represent the fluorescence signal
of individual DNA sample (adapted from LGC, 2013).

Not all of the 160 markers showed polymorphism (LGC, 2014). That is why initially
polymorphism survey was done to check the status of the markers i.e. if the markers were
polymorphic or not. Out of 160 markers, 82 markers showed polymorphism and rest of the
markers were monomorphic. Monomorphic markers were discarded from the analysis and
those 82 markers were used for SNP genotyping. Each polymorphic marker was used to run

with all 192 samples to identify the SNPs.

Other than ordering markers from LGC, an additional 70 primers were designed by
using IDT protocols (You et al., 2008). These markers were also selected from the Integrated
Breeding Platform (IBP) based on their polymorphism and marker positions after the
monomorphic markers were discarded previously. Then similar PCR steps described on
Table 3.3 were followed to analyze the marker status either polymorphic or monomorphic.
For the primer design, BatchPrimer3 V1.0 software was used which was a high-throughput

web tool for picking PCR and sequencing primers (LGC, 2014). Instead of picking normal
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generic primer, allele specific and allele flanking primers were selected as type of primers
in BatchPrimer3 V1.0. After designing primers, allele-flanking type was chosen depending
on the direction of allele-specific types. In case of reverse allele-specific types, forward
allele-flanking type was chosen and vice versa. Letter ‘C’ was added at the end of the primer
names for flanking types primers and Letter ‘X’ and ‘Y’ was added for each of the allele-
specific pair. After having all of the sequences for both flanking and allele-specific type
primers, ‘tail’ sequences were added to allele-specific primers where the fluorescence was
attached. Those two sequences were GAAGGTGACCAAGTTCATGCT for FAM (X) and

GAAGGTCGGAGTCAACGGATT for VIC (Y).

3.3.8.3. Linkage Map Construction and QTL Mapping for Salinity Tolerance

Linkage Map was constructed using the IciMapping software version 4.2
(www.isbreeding.net/software/?type=detail&id=28) based on recombination frequency. In
this study, SNP ordering method was used to ordering algorithm of RECORD as proposed
by (van Os et al., 2005). After SNP ordering, rippling was done with COUNT algorithm for

fine tuning of the linkage map.

In addition, QTL mapping was done using IciMapping software version 4.2 which is
an extensible, interactive software for mapping quantitative trait loci (QTLs). To identify
precise QTLs for salinity tolerance, Inclusive composite interval mapping (ICIM-ADD) was
used. This program was used to determine the association between individual marker loci
and QTLs. It also uses marker-genotype groups as class variables for the detection of linkage
between markers and putative QTLs. The critical threshold value for QTL detection was

calculated by 1000 random permutations of the phenotypic data to establish an experiment-
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wise significance value at 0.05 as suggested by (Churchill & Doerge, 1994). This critical
threshold value declared QTL at a 95 % level statistical confidence. Default LOD threshold
score of 3.0 was also used and interval map distances based on the result of linkage map
analysis were used to determine the association between markers and QTL. The proportion
of the total phenotypic variation explained by each QTL was calculated as R? value (R? =
PVE, phenotypic variation explained by the QTL) and additive effects were also determined
for each trait. The QTLs were named using the procedure suggested by McCouch et al.

(1997) and McCouch & CGSNL (2008).

3.3.9. Identification of Candidate Genes

Q-TARO database was used for identification of candidate genes of nearby
quantitative trait locus (QTLs) identified in this study. The compiled gene information table
was used for direct comparisons of the identified QTLs. In addition, QTL Genome Viewer
was used to view the genomic location of identified QTLs as well as nearby candidate genes

or QTLs within 200 kilobase (kb) region.

3.4. Results and Discussion

3.4.1 Responses of the Parental Lines and BC1F; Progenies to Salt Stress

A large number of BCiF> lines derived from the cross between a sensitive variety,
BRRI dhan28 and a salt tolerant variety, CSR28 (CSR28 x BRRI dhan28) were evaluated
under salt stress in the concrete tank at the International Rice Research Institute (IRRI),
Philippines. Both the tolerant and sensitive parents were from the indica landraces. Salinity

stress of EC 10 dS/m was applied at the reproductive stage (booting to maturity) of rice plant.
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Total genotypes from the CSR28 x BRRI dhan28 were 624, of which salt stress was
imposed on 435 individuals at the reproductive stage and 189 individuals were grown under
no-stress (control) condition. Out of 435 individuals, 202 plants were classified as tolerant

to moderately tolerant and 233 as sensitive to highly sensitive based on their SES score and

grain yield (IRRI, 2013).

Selective genotyping method was used to identify the most tolerant and sensitive
progenies. After screening based on grain yield and SES, the number of extremely tolerant
and sensitive BCiF> progenies from CSR28 x BRRI dhan28 were 98 and 92 respectively.
The effect of salinity on agronomic and physiological characters is discussed in the

subsequent sections below:

3.4.1.1. Plant Height

The plant height of the progenies of CSR28 x BRRI dhan28 varied from 12.0 to 166.5
cm under control condition and it varied from 11.5 to 130.5 cm under salinity stress condition
(Table 3.4 and Fig.3.5). The plant height between control (no-stress) and salinity treatments

varied significantly (Table.3.5, Fig. 3.6).

The interquartile range is explained the how the data is dispersed within the
treatments. For the progenies of CSR28 x BRRI dhan28, the interquartile range of the control
and salinity stress was similar (21.5 cm and 21.0 cm). But the median value of plant height
of the control and stress treatments varied and they were 110.0 cm and 97.0 cm, respectively
(Fig. 3.6). Among the families of CSR28 x BRRI dhan28, IR129282-20 had the highest plant
height and IR129282-11 showed lowest plant height under both control and salinity stress
(Fig. 3.7).
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Figure 3.5. Scattered plot of plant height of all the BC;F; progenies of rice from CSR28

x BRRI dhan28.
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Figure 3.6. Scattered (a) and box (b) plots of the plant height of BC;F individuals under
normal and salinity stress at reproductive stage of rice.
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Figure 3.7. Mean plant height of the rice families of CSR28 x BRRI dhan28 progenies
under control (PH-N) and salinity stress (PH-S). Vertical and capped bar indicates
standard error of the mean plant height of 7 to 85 plants per family.

The plant height of the tolerant and sensitive parents was 122.4 cm and 90.0 cm,
respectively under no-stress condition (Table 3.4, Fig. 3.8). In contrast, the mean plant height
of the tolerant and sensitive progenies of CSR28 x BRRI dhan28 was105.5 cm and 84.9 cm,
respectively under salinity stress and it was 108.8cm under no-stress condition. Considering
selective genotyping, the plant height differed significantly between tolerant and sensitive

individuals (Table 3.5, Fig. 3.8,). Reduction in plant height of sensitive genotypes was 12.3%

over tolerant genotypes (Table 3.4)
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Figure 3.8. Mean plant height of tolerant and sensitive parents under control (no-stress),
and their BCF; progenies under control and salinity stress at reproductive stage of rice.
Vertical and capped bar indicates standard error of the mean plant height of 189 plants
grown under no-stress, 98 tolerant and 92 sensitive plants grown under salinity stress.
Values with the same letter are not significantly different at 5% level of significance.
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Table 3.4. Descriptive statistics of the BC1F2 progenies of the cross, CSR28 x BRRI dhan28.

Traits Parents BCiF2 Progenies of CSR28 x BRRI dhan28 Decrease over No- | Decrease
Stress (%) Sensitive
over
Tolerant
(%)
CSR BRRI | Mean Range Skew- SE No- Tolerant | Sensitive | Tolerant | Sensitive
28 dhan28 ness Stress

Plant Height (cm) | 122.4 90 96.39 | 11.5-130.5 | -0.965 | 0.810 | 108.81 | 102.30 89.72 5.98 17.54 12.30

Productive Tiller 8 25 12.59 2-27 -0.183 | 0.215 | 16.48 14.18 10.57 13.95 35.86 25.46

(no/plant)

Panicle Length 29 27 24.30 12.3-34.9 -0.297 | 0.147 | 26.03 25.07 23.06 3.68 11.40 8.01

(cm)

Filled Spiketets 957 2349 | 265.34 0-1009 0.830 8.968 | 528.02 | 406.89 114.76 22.94 78.27 71.80

(no/plant)

Unfilled Spiketets 451 617 738.95 76-2114 0.600 | 17.193 | 870.76 | 774.29 631.65 11.08 27.46 18.42

(no/plant)

Filled Spikelets 67.97 79.20 | 25.51 0-72.7 0.329 0.711 | 38.05 35.49 15.42 6.72 59.47 56.55

(%)

Grain Yield 17.15 54.98 5.74 0-25.1 0.959 0.202 14.01 11.80 1.52 15.77 89.15 87.12

(g/plant)

Na-K Ratio 1.613 3.105 0.26 0.005-1.3 1.903 0.008 0.23 0.32 -39.26
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Table 3.5. ANOVA of the BC:F; genotypes of CSR28 x BRRI dhan28 (values with the same letter in a column are not significantly
different at 5% level of significance).

Treatment | BCiF» Plant Productive | Panicle | Filled Unfilled | Filled Unfilled | Grain Na-K
Genotypes/ | Height | Tillers Length | Spikelets | Spikelets | Spikelets | Spikelets | Yield Ratio
Progenies | (cm) (no/plant) | (cm) (no/plant) | (no/plant) | (%) (%) (g/plant)

Selected Genotypes

No-Stress | Control 108.82 16.5° 26.0° 528.02 870.82 38.1° 61.9° 14.0°

Salinity- Tolerant 105.5° 15.2° 25.0° 525.7° 774.5° 40.4 59.6° 11.9° 0.256*

Stress Sensitive | 84.9° 9.5¢ 21.9° | 787° | 5072¢ | 127° | 87.3 1.5 [ 0311°

LSD o.05 4.41 1.09 0.76 61.79 90.60 7.05 7.05 1.35 0.05

All Genotypes

No-Stress 108.8% 16.54 26.04 528.04 870.84 38.14 61.98 14.04

Salinity Stress 96.48 12.6° 24.38 265.38 738.98 25.58 74.54 5.78

LSD o.05 2.98 0.77 0.53 35.90 63.79 2.57 2.57 0.96
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3.4.1.2. Productive Tillers

The productive tillers of the BCF; progenies of CSR28 x BRRI dhan28 varied from
5 to 29 under no stress condition and from 2 to 27 per plant under salinity stress (Table 3.4,
Figs. 3.9 and 3.10). The number of productive tillers per plant varied significantly between
the control and salinity treatments (Fig. 3.10, Table 3.5). Under salinity stress, the
interquartile range of the productive tillers was 7 for the progenies of CSR28 x BRRI
dhan28and for the control it was 6.5 (Fig. 3.10). The median value of the productive tillers

for control and stress condition was 16 and 13 per plant, respectively.

The variability in productive tillers among the families from the cross, CSR28 x
BRRI dhan28 is shown in Fig. 3.11. Overall higher productive tillers were observed under
no-stress condition than salinity stress. Among the families, IR129282-19 produced the

highest number of productive tillers per plant.
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Figure 3.9. Number of productive tillers per plant of all the BC:F> progenies of rice
from the cross, CSR28 x BRRI dhan28.
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Figure 3.10. Scattered (a) and box (b) plots of the number of productive tillers
per plant of BCiF> individuals under control and salinity stress at reproductive
stage of rice.
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Figure 3.11. Mean productive tillers per plant of the rice families of CSR28 x BRRI
dhan28 progenies under control (PT-N) and salinity stress (PT-S). Vertical and capped bar
indicates standard error of the mean productive tillers of 7 to 85 plants per family.

The number of productive tillers of the tolerant and sensitive parents under control
(no-stress) condition was 8 and 25 per plant, respectively (Table 3.4, Fig. 3.12). The mean
productive tillers per plant of tolerant and sensitive progenies of CSR28 x BRRI dhan28
were 15.2 and 9.5, respectively and it was 16.5 tillers per plant under no-stress condition
(Fig. 3.12). The reduction in productive tillers of tolerant and sensitive genotypes grown
under salinity stress was about 14% and 36%, respectively over those grown under control
condition (Table 3.4). Under salinity stress, the sensitive progenies produced 25.5% less
productive tillers than the tolerant progenies of this cross. Under selective genotyping, the
number of productive tillers per plant significantly differed between tolerant and sensitive

individuals (Fig. 3.12; Table 3.5).
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Figure 3.12. Mean productive tillers per plant of the tolerant and sensitive parents under
control (no-stress) and their BCiF> progenies under non-stress and salinity stress at
reproductive stage of rice. Vertical and capped bar indicates standard error of the mean
productive tillers of 189 plants grown under no-stress, 98 tolerant and 92 sensitive plants
grown under salinity stress. Values with the same letter are not significantly different at
5% level of significance.

3.4.1.3. Panicle Length

The panicle length of the BCiF> progenies of CSR28 x BRRI dhan28 varied from
12.3 cm to 34.9 cm under stress condition and it varied from 14.5 cm to 36.1 cm under no-
stress condition (Table 3.4; Fig. 3.13). The mean panicle length of the progenies under no-
stress condition was about 26 cm. Under salinity stress, the panicle length was about 25c¢cm
for tolerant and 21.9 cm for the sensitive progenies. Highly significant variation in panicle

length was observed between no-stress and salinity treatments (Fig. 3.14; Table 3.5).
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Figure 3.13. Panicle length of rice of all the BCF> individuals of CSR28 x BRRI dhan28.

The interquartile range for CSR28 x BRRI dhan28 progenies was 2.61 cm (no-stress)
and 3.99cm (stress) (Fig. 3.14). The panicle length was variable among the families of the
cross, CSR28 x BRRI dhan28 (Fig. 3.15). Overall, higher panicle length was observed
among the plant families grown under no-stress condition than those grown under salinity
stress. Among them, IR129282-13 and IR129282-20 produced the longest panicle and the

shortest panicle was observed in IR129282-15.
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Figure 3.14. Scattered (a) and box (b) plots of the panicle length of BC:F; individuals
under normal and salinity stress at reproductive stage of rice.
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Figure 3.15. Mean panicle length of the rice families of CSR28 x BRRI dhan28 progenies
under control (PL-N) and salinity stress (PL-S). Vertical and capped bar indicates standard
error of the mean panicle length of 7 to 85 plants per family.

The panicle length of the tolerant and sensitive parents was 29 cm and 27 cm,
respectively under control condition (Table 3.4, Fig. 3.16). Under selective genotyping, the
panicle length of the CSR28 x BRRI dhan28 progenies varied significantly between tolerant
and sensitive individuals and also between tolerant and control progenies (Fig. 3.16, Table
3.5). Under selective genotyping, the mean panicle length of tolerant and sensitive progenies
for CSR28 x BRRI dhan28 under salinity stress was 25.0 cm and 21.9 cm, respectively; and
it was 26.0 cm under no-stress condition. The reduction in panicle length of the tolerant and
sensitive genotypes grown under salinity stress was about 4% and 16%, respectively over
that grown under control condition (Fig. 3.16). Under salinity stress, the sensitive progenies

had 12.6% shorter panicles than the tolerant progenies of this cross (Table 3.4).

86



W
()}

QE’/ 20 d b
4":_; 25 T €
220 -
Q
= 15
[
5 10 -

0 |

Tolerant Sensitive BCIF2 Tolerant Sensitive
Parent Progenies BCI1F2 Progenies
No Stress Salinity Stress

Figure 3.16. Mean panicle length of the tolerant and sensitive parents under no-stress
condition and their BC:F> progenies under no-stress and salinity stress at reproductive
stage of rice. Vertical and capped bar indicates standard error of the mean panicle length
of 189 plants grown under no-stress, 98 tolerant and 92 sensitive plants grown under
salinity stress. Values with the same letter are not significantly different at 5% level of
significance.

3.4.1.4. Number of Filled Spikelets

The number of filled spikelets of the BCiF, progenies of CSR28 x BRRI dhan28
varied from7 to 1216 per plant under no-stress condition, while it varied from 0 to 1009
filled spikelets per plant under salinity stress (Table 3.4, Fig. 3.17). Highly significant
(p<0.001) variation in the number of filled spikelets per plant was observed between control

and salinity treatments (Fig. 3.18, Table 3.5).
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Figure 3.17. Number of filled spikelets per plant of all the BCiF> individuals from the
cross, CSR28 x BRRI dhan28.

The interquartile range of the filled spikelets per plant of the progenies CSR28 x
BRRI dhan28 was 250 under salinity stress (Fig. 3.18) and under no stress condition, number
of filled spikelets varied from 343-709 per plant indicated that interquartile range of control
treatment was wider than the stress condition. The number of filled spikelets per plant varied

significantly between no-stress and salinity treatments (Fig. 3.18, Table 3.5).

The number of filled spikelets per plant varied among the families of the cross,
CSR28 x BRRI dhan28 (Fig. 3.19). The plant families produced more filled spikelets per
plant under no-stress. Among the families, IR129282-16produced the highest and IR129282-

I1produced the lowest number of filled spikelets per plant, respectively.
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Figure 3.18. Scattered (a) and box (b) plots of the number of filled spikelets per plant
of BC1F» individuals under normal and salinity stress at reproductive stage of rice.
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Figure 3.19. Mean number of filled spikelets per plant of rice families of CSR28 x BRRI
dhan28 progenies under control (NFS-N) and salinity stress (NFS-S). Vertical and capped
bar indicates standard error of the mean number of filled spikelets of 7 to 85 plants per
family.

The number of filled spikelets of the tolerant and sensitive parents was 957 and 2349
per plant, respectively under no-stress condition (Table 3.4, Fig. 3.20). Under selective
genotyping, the number of filled spikelets per plant of the tolerant and sensitive progenies
of CSR28 x BRRI dhan28 was 525.7 and 78.7, respectively; and it was 528.0 per plant under
no-stress condition (Fig. 3.20). The number of filled spikelets per plant varied significantly

between tolerant and sensitive individuals, but no significant variation was observed

between tolerant progenies and those grown under no-stress condition (Fig. 3.20, Table 3.5).
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Figure 3.20. Number of filled spikelets per plant of tolerant and sensitive parents under
no-stress and their BCF2 progenies under no-stress and salt stress at reproductive stage
of rice. Vertical and capped bar indicates standard error of the mean number of filled
spikelets of 189 plants grown under no-stress, 98 tolerant and 92 sensitive plants grown
under salinity stress. Values with the same letter are not significantly different at 5% level
of significance.

3.4.1.5. Number of Unfilled Spikelets

The number of unfilled spikelets of the BCiF> progenies of CSR28 x BRRI dhan28
varied from 103 to 2769 per plant under no-stress, and from 76 to 2114 per plant under
salinity stress conditions (Fig. 3.21, Table 3.4). It varied significantly (p<0.001) between no-

stress and salinity treatments (Fig. 3.22, Table 3.5).

The interquartile range of the unfilled spikelets per plant of the progenies CSR28 x
BRRI dhan28 was 459 under salinity stress, but slightly higher values were observed under
no-stress (544) treatment (Fig. 3.22). The median value was also slightly higher in control

(831) condition over the salinity stress (703 unfilled spikelets per plant).
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Figure 3.21. Number of unfilled spikelets per plant of all the BC:F: individuals from the
cross, CSR28 x BRRI dhan28 at reproductive stage of rice.

The variability in the number of unfilled spikelets per plant among the families from
the crosses of CSR28 x BRRI dhan28 is shown in Fig. 3.23. No definite pattern followed in
case of the number of filled spikelets between the control and salinity treatment. Among

them, the highest and lowest number of unfilled spikelets was observed in the family,

IR129282-14 and IR129282-10, respectively.
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Figure 3.22. Scattered (a) and box (b) plots of the number of unfilled spikelets per
plant of BC;F; individuals under normal and salinity stress at reproductive stage of
rice.
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Figure 3.23. Mean number of unfilled spikelets per plant of rice families of CSR28 x
BRRI dhan28 progenies under control (NUFS-N) and salinity stress (NUFS-S).
Vertical and capped bar indicates standard error of the mean number of unfilled
spikelets of 7 to 85 plants per family.

The number of unfilled spikelets of the tolerant and sensitive parents was 451 and
617 per plant, respectively under no-stress condition (Table 3.4, Fig. 3.24). Under selective
genotyping, the mean unfilled spikelets per plant of the tolerant and sensitive progenies for
CSR28 x BRRI dhan28 were 774.5 and 507.2, respectively and it was 870.8 per plant under
no-stress condition (Fig. 3.24). The number of unfilled spikelets per plant varied
significantly between the tolerant and sensitive individuals as well as between tolerant and

control treatments (Fig. 3.24, Table 3.5).
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Figure 3.24. Number of unfilled spikelets per plant of the tolerant and sensitive parents
under no-stress and their BCiF> progenies under no-stress and salinity stress at the
reproductive stage of rice. Vertical and capped bar indicates standard error of the mean
number of unfilled spikelets of 189 plants grown under no-stress, 98 tolerant and 92
sensitive plants grown under salinity stress. Values with the same letter are not
significantly different at 5% level of significance.

3.4.1.6. Percent Filled Spikelets

The percent filled spikelets of the BCiF2 progenies of CSR28 x BRRI dhan28 varied
from 1.3% to 72.2% under no-stress condition, while it varied from Oto 72.7% under salinity
stress (Fig. 3.25, Table 3.4). Significant difference was observed between no-stress and

salinity stress treatment (Fig. 3.26, Table 3.5).
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Figure 3.25. Percent filled spikelets per plant of all the BCF» individuals from the cross,
CSR28 x BRRI dhan28.

Under salinity stress, the interquartile range of percent filled spikelets per plant of
the progenies from CSR28 x BRRI dhan28 was 21.3% and under no-stress condition, it was
21.7% (Fig. 3.26). The median values of the progenies for the salinity and control treatment
was 24.9 and 37.6, respectively. This implies that percent filled grains with salinity treatment

were significantly reduced over the no-stress treatment (Table 3.5, Fig. 3.26).

The percent filled spikelets varied among the families of CSR28 x BRRI dhan28
(Fig. 3.27). Overall, percent filled spikelets were higher under no-stress than salinity stress.
Among them, IR129282-16, 19 and 10 produced comparatively more filled spikelets than
other plant families, while IR129282-17 produced the lowest percentages of filled spikelets

under salinity stress.
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Figure 3.26. Scattered (a) and box (b) plots of percent filled spikelets per plant of
BCiF; individuals under normal and salinity stress at reproductive stage of rice.
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Figure 3.27. Mean percent filled spikelets of rice families of CSR28 x BRRI dhan28
progenies under control (PFS-N) and salinity stress (PFS-S). Vertical and capped bar
indicates standard error of the mean percent filled spikelets of 7 to 85 plants per family.

The percent filled spikelets of the tolerant and sensitive parent was 68.0% and 79.2%
under no-stress condition, respectively (Table 3.4; Fig. 3.28). Under selective genotyping,
the mean of percent filled spikelets of the tolerant and sensitive progenies was 41.5% and
12.5%, respectively; and it was 38.1% under no-stress condition (Fig. 3.28). The percent
filled spikeletes varied significantly between tolerant and sensitive, and no-stress and
sensitive progenies of CSR28 x BRRIdhan28; but no significant variation observed between

no-stress and tolerant progenies of CSR28 x BRRI dhan28 (Fig. 3.28, Table 3.5).
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stress and their BCiF» progenies under no-stress and salt stress at the reproductive stage
of rice. Vertical and capped bar indicates standard error of the mean percent filled spikelets
of 189 plants grown under no-stress, 98 tolerant and 92 sensitive plants grown under
salinity stress. Values with the same letter are not significantly different at 5% level of

significance.

3.4.1.7. Grain Yield

The grain yield of BCiFzprogenies from the cross, CSR28 x BRRI dhan28 is shown
in (Figs. 3.29 and 3.30). The yield of the progenies varied from 2.3 to 36.9 g/plant under no
stress and from 0.0 to 25.1 g/plants under salinity stress (Table 3.4, Fig. 3.30). Grain yield
differed significantly (p<0.01) between control and salinity treatments (Fig. 3.30, Table 3.5).

This indicates the existence of genetic variability among the progenies of CSR28 x BRRI

dhan28.
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Figure 3.29. Grain yield per plant of all the BC:F individuals from the cross, CSR28 x
BRRI dhan28.
The interquartile range of the grain yield for the stressed treatment was 5.67 g/plant
and under no-stress condition; it was 10.1 g/plant (Fig. 3.30). The median of the progenies

under stress and no-stress condition was 4.95 g/plant and 13.29 g/plant, respectively.

The grain yield varied among the families of the cross, CSR28 x BRRI dhan28 (Fig.
3.31). Overall, higher grain yield was observed among the plant families under control (no-
stress) than the salinity treatment. The highest grain yield was obtained from the plant
family, IR129282-16 under control and the lowest by IR129282-11 under salinity stress.

This indicates genetic variability among the plant families of this cross.
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Figure 3.30. Scattered (a) and box (b) plots of the grain yield per plant of BCiF:
individuals under normal and salinity stress at reproductive stage of rice.
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Figure 3.31. Mean grain yield of rice plant families of CSR28 x BRRI dhan28 progenies
under control (GY-N) and salinity stress (GY-S). Vertical and capped bar indicates
standard error of the mean grain yield of 7 to 85 plants per family.

The grain yield of tolerant and sensitive parents under normal growing condition (no-
stress) was 17.5 g/plant and 55 g/plant, respectively (Fig. 3.32, Table 3.4). Under selective
genotyping, mean grain yield of the tolerant and sensitive progenies of CSR28 x BRRI
dhan28 was 11.9 g/plant and 1.5 g/plant, respectively (Fig. 3.32). And it was 14 g/plant under
no-stress treatment, which was significantly different than that obtained under salinity stress
(Table 3.5). The reduction in grain yield of the tolerant and sensitive progenies was 15.8%
and 89.2%, respectively over the progenies grown under control condition (Table 3.4, Fig.

3.32).
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Figure 3.32. Grain yield of tolerant and sensitive parents under no-stress and their BCiF;
progenies under no-stress and salt stress condition at the reproductive stage of rice.
Vertical and capped bar indicates standard error of the mean grain yield of 189 plants
grown under no-stress, 98 tolerant and 92 sensitive plants grown under salinity stress.
Values with the same letter are not significantly different at 5% level of significance.

3.4.1.8. Sodium-Potassium (Na*-K") Ratio

The Na* concentration in the flag leaves of the BCF» progenies of CSR28 x BRRI

dhan28 varied from 0.004 to 0.988 mmol/g and K concentration varied from 0.035 to 3.22

mmol/g (Fig. 3.33). In tolerant progenies, the concentration of K* was higher than that of

Na*.

The lowest Na*-K" ratio was recorded in the plant family, IR129282-13 and the

highest in TR129282-17 under salinity stress (Fig. 3.34). The Na*-K" ratio of the BCF;

progenies of CSR28 x BRRI dhan28 varied from 0.005 to 1.26 under salinity stress of EC

10 dS/m at the reproductive stage. The Na*-K" concentration of the tolerant and sensitive

progenies was 0.26 and 0.31, respectively (Fig. 3.35).
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Figure 3.33. Scattered (a) and box (b) plots of Na-K ratio of the salinity-stressed BCiF»

progenies from the cross, CSR28 x BRRI dhan28.
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Figure 3.35. Mean Na-K ratio of the tolerant and sensitive BCF» progenies of the cross,
CSR28 x BRRI dhan28. Vertical and capped bar indicates standard error of the mean
Na-K ratio of 98 tolerant and 92 sensitive plants. Values with the same letter are not
significantly different at 5% level of significance.
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3.4.2. Correlation Analysis of Yield and Agronomic Components

Correlation coefficient analysis measures the association between two traits. When
establishing the relationship between salt-stress and overall phenotypic performance,
correlation analysis is useful (Gomez and Gomez, 1984; Sokal and Rohlf, 1995; Steel et al.
1997). 1t provides an indication of the degree of association between two variables that are
considered to be independent. However, association detected from correlation coefficients
may not necessarily be attributed to a single variable but rather to the number of

interdependent variables.

Correlation analysis of the BCiF: individuals of CSR28 x BRRI dhan28 was
performed to determine relationship between grain yield with other yield contributing and
agronomic components under salt-stress (Fig. 3.36). Highly significant positive correlations
were observed between the grain yield and number of filled spikelets (r=0.93), percent filled
spikelet (r=0.72), and number of productive tillers per plant (r=0.52); while the percent
unfilled spikelets (r = -0.72) and SES score (r = -0.73) showed significantly negative

correlation with the grain yield under salinity stress.

The number of unfilled spikelets per plant showed positive but weak correlation with
grain yield, which is unexpected (Fig. 3.36). Mondal et al. (2019) observed similar positive
correlation with grain yield and number of unfilled spikelets of the F> mapping population
from the cross between NSIC Rc222 (sensitive parent) and BRRI dhan47 (tolerant parent).
The possible reason may be the tendency of producing excess sterile spikelets by the tolerant

parents under salt stressed environment.
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Salinity evaluation score (SES) showed negative but highly significant correlation
with the plant height, productive tiller per plant, panicle length, number of filled spikelets
per plant, percent filled spikelets and grain yield (Fig. 3.36). And it showed highly significant
positive correlation with percent unfilled spikelets. Therefore, SES score might be an initial
stress indicator to identify salt-tolerant and salt-sensitive genotypes. In addition to SES
score, grain yield, filled spikelets and productive tillers are considered the ultimate stress

indicators for salinity tolerance in rice.
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Figure 3.36. Phenotypic distribution and correlation coefficients for grain yield,
agronomic and physiological components of BCiF» individuals from CSR28 x BRRI
dhan28. Pearson correlation coefficient (top) and correlogram (bottom) among the traits
under salinity stress of 10 dS/m at the reproductive stage of rice plant.
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3.4.3. Frequency Distribution

In most cases, significant variation was observed for all traits in the BCiF»
population of CSR28 x BRRI dhan28 (Figs. 3.5-3.35). The variation of the BCF> population
was beyond the range of their parents, suggesting transgressive segregation for a particular

trait.

Out of the 435 BC,F> progenies of CSR28 x BRRI dhan28, 98 highly tolerant and
92 most sensitive plants were selected based on selective genotyping. They represent two
extreme tails of the phenotypic distribution, based on their responses to salt stress for the

traits described in the subsequent sections.

3.4.3.1. Plant Height

The segregation pattern for the plant height of BCF> population of CSR28 x BRRI
dhan28 is shown in Fig. 3.37 Some BC:F2 progenies had higher plant height than the tolerant
parent and some had lower than the sensitive parent under salinity stress. The plant height
of the tolerant (CSR28) and sensitive (BRRI dhan28) parents were 112.8 cm and 73.0 cm,
respectively (Fig. 3.37). The mean plant height the progenies was 96.4 cm that varied from
11.5 emto 130.5 cm, with a median of 97.0 cm. The plant height followed negatively skewed
distribution (-0.97) (Table 3.4). Most of the plant height (89%) ranged from 70 cm to 120
cm. Out of 435 BC/F; progenies, the plant height of 70 individuals (16.1%) were taller than
the tolerant parent, CSR28 and only 27 individuals (6.2%) had shorter plants than the
sensitive parent, BRRI dhan28. Overall, 77.7% (338 individuals) of the total population had

plant height in between the tolerant and sensitive plants.

109



C
:m
20 40 60 80 100 120 140

Plant Height (cm)

et -
ﬂ
15 20 25 30

Panicle length (cm)

— L
C
B
0 400 800 1200 1600 ;00

Unfilled Spikelets (no/plant)
H b ———A=--

B
C
. Grain Yield (g/plant)

B

0 5 10 15 20 25

. Productive Tiller (no/plant)

B
C

0 200 400 600 800 1000

. Filled Spikelets (no/plant)

3% - -

B
C

Filled Spikelets (%)
P

00 02 04 06 08 10 12

. Na-K Ratio

Figure 3.37. Frequency distribution of the BCiF> progenies of CSR28 x BRRI dhan28
under salinity stress of EC 10 dS/m at reproductive stage of rice plant.
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3.4.3.2. Productive Tillers

The frequency distribution of number of productive tillers per hill of the BCiF»
population from the cross, CSR28 x BRRI dhan28 is shown in Fig 3.37. Some BCF>
individuals had higher productive tillers than the tolerant parent and some had lower than

the sensitive parent under saline stress.

The number of productive tillers of the tolerant and sensitive parents was 8 and 19
per plant, respectively (Fig. 3.37). The number of productive tillers per plant of the BCiF»
population of CSR28 x BRRI dhan28 ranged from 2 to 27 which follow the negatively
skewed (-0.183) distribution (Table 3.4). Out of 435 BCiF, progenies, 352 individuals
(80.9%) had more productive tillers than the tolerant parent, while only 19 individuals
(4.4%) had more productive tillers than the tolerant and sensitive parent (Fig. 3.37). Overall,
80.9% of the total population had productive tillers in between tolerant and sensitive parents

(8-19 productive tillers/plant).

3.4.3.3. Panicle Length

The panicle length of the tolerant (CSR28) and sensitive (BRRI dhan28) parents was
26.2 cm and 24.5 cm, respectively (Fig. 3.37). The mean panicle length of the whole
population was 24.3 cm and that ranged from 12.3 to 35.0 cm (Table 3.4). The panicle length
of the first (Q1) and the third (Q3) quartiles was 22.4 cm and 26.4 cm, respectively under
salinity stress (Fig. 3.14). Out of 435 BCF> progenies, 390 (89.7%) individuals had the
panicle length ranging from 20 to 30 cm. Among them, 116 BCF; individuals had more
panicle length than the tolerant (26.2 cm) and 213 individuals had less panicle length than
the sensitive (24.5 cm) parent. This means 26.7% of the population had higher panicle length
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than the tolerant parent, and 49.0% of the progenies had lower panicle length than sensitive
parent. The panicle length of the BCiF> population followed the negatively skewed (-0.30)
distribution (Table 3.4). Overall, 105 individuals (24.1%) of the total population had panicle

length within the range of the panicles produced by tolerant and sensitive parents.

3.4.3.4. Number of Filled Spikelets

The number of filled spikelets of the tolerant (CSR28) and sensitive (BRRI dhan28)
parents was 451 and 356 per plant, respectively (Fig. 3.37). The mean of the whole
population for this trait was 265.3 and that varies from 0.0 to 1009 spikelets per plant (Table
3.4). The number of filled spikeletsof the first and third quartile varied from 343 to 709 per
plant under control, and it varies from 123 to 373 per plant under salinity stress (Fig 3.18)
and the distribution is positively skewed (+0.83) (Table 3.4). Out of 435 BC,F» progenies,
412 (94.7%) individuals had 0 to 600 filled spikelets per plant. Among them, 69 (15.9%)
individuals had a greater number of filled spikelets per plant than the tolerant parent (451),
while 317 individuals (72.9%) had a smaller number of filled spikelets per plant than the
sensitive parent (356). Overall, only 11.3% (49 individuals) of the total population had the

number of filled spikelets in between the tolerant and sensitive parents.
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3.4.3.5. Number of Unfilled Spikelets

The number of unfilled spikelets of the tolerant (CSR28) and sensitive (BRRI
dhan28) parents was 957 and 1377 per plant, respectively (Fig. 3.37). The mean of the whole
population for this trait was 738.9 and that varied from 76 to 2114 unfilled spikelets per plant
(Table 3.4). The number of unfilled spikelets of the first and third quartile varied from 560
to 1104 per plant under control, and it varies from 492 to 951 per plant under salinity stress
with a median value of 831 and 703 unfilled spikelets per plant (Fig 3.22). The distribution
is positively skewed (+0.60). Out of 435 BC:F; progenies, 261 (69.9%) individuals had 0 to
1250 unfilled spikelets per plant. Overall, only 19.1% (83 individuals) of the total population
had the number of unfilled spikelets in between the tolerant and sensitive parents. Among
the BCiFzindividuals, 327 (75.2%) individuals had a lesser number of unfilled spikelets per
plant than the tolerant parent (957), CSR28 and only 25 individuals (5.7%) had a higher
number of unfilled spikelets per plant than the sensitive parent (1377), BRRI dhan28. This
implies that the progenies of CSR28 x BRRI dhan28 seem promising for development of

salinity tolerance varieties.

3.4.3.6. Percent Filled Spikelets

The percentage of filled spikelets of the tolerant (CSR28) and sensitive (BRRI
dhan28) parents was 32.03 and 20.56, respectively (Fig. 3.37). The mean of the whole
population for this trait was 25.5 and that varies from 0 to 72.7% spikelets per plant (Table
3.4). The percent filled spikelets of the first and third quartile varied from 21.3% to 48.9%
under control, and from 14.4% to 35.7% under salinity stress with a median value of 37.6%

and 24.9%, respectively (Fig 3.26). The distribution of this population is positively skewed
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(+0.33) (Table 3.4). Out of 435 BCiFzprogenies, 417 (95.9%) individuals had percent filled
spikelets ranged from 0 to 50%. Among them, 139 (32.0%) individuals had higher
percentage of filled spikelets than the tolerant parent (32.03%), and 167 individuals (38.4%)
had lower percentage of filled spikelets than the sensitive parent (20.56%). Overall, 29.7%
(129 BC/F2 individuals) of the individuals had the filled spikelets in between tolerant and

sensitive parents.

3.4.3.7. Grain Yield

The grain yield of the tolerant (CSR28) and sensitive (BRRI dhan28) parents was
9.95 g/plant and 6.45 g/plant, respectively (Fig. 3.37). The mean of the whole population for
grain yield was 5.74 and that varied from 0 to 25.1 g/plant (Table 3.4). The grain yield of
the first and third quartile varied from 8.6 g/plant to 18.7 g/plant under control, and it ranged
from 2.5 g/plant to 8.2 g/plant under salinity stress with a median value of 13.3 g/plant and
4.9 g/plant, respectively (Fig 3.30). The distribution of grain yield this population is
positively skewed (+0.96) (Table 3.4). Out of 435 BC:F> progenies, 405 (93.1%) individuals
had grain yield ranged from 0 to 12.5 g/plant. Among them, 72 (16.6%) BCiF> individuals
had higher grain yield per plant than the tolerant parent and 271 individuals (62.3%) had a
lower grain yield per plant than the sensitive parent (Fig. 3.37). Overall, 21.1% (92

individuals) of the individuals produced grain yield in between tolerant and sensitive parents.
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3.4.3.8. Sodium-Potassium (Na*-K") Ratio

The Na*-K* ratio of the tolerant (CSR28) and sensitive (BRRI dhan28) parents was
1.613 and 3.105 respectively (Fig. 3.37). The Na™-K* ratio of CSR28 x BRRI dhan28 varied
from 0.005 to 1.256. The distribution of this population is positively skewed (+1.902) (Table
3.4). Out of 435 BCF, progenies, the Na™-K* concentration of 371 (85.3%) individuals

ranged from 0 to 0.4.

3.4.4. QTL Mapping for Salinity Tolerance at Reproductive Stage

QTLs related with yield and some important agronomic components of the BCiF
progenies of CSR28 x BRRI dhan28 under salinity stress of 10 dS/m were identified through
Inclusive composite interval mapping (ICIM) using IciMapping. In total, 15 QTLs were
identified in seven traits: plant height (PH), panicle length (PL), number of filled spikelets
(NFS), number of unfilled spikelets (NUFS), percent filled spikelet (PFS), grain yield (GY)
and sodium-potassium (Na*-K™) ratio. The QTLs were detected on six chromosomes only
(Table 3.6). The phenotypic variations of the identified QTLs individually accounted for
0.49% to 14.49%. Table 3.6 represents the name of the QTLs identified, chromosomal
location, nearest marker interval, peak LOD, phenotypic variation explained by QTL (R?)

and direction of the phenotypic effect (additive effect) and allelic effect.

3.4.4.1. Linkage Analysis

Linkage maps of 12 chromosomes were created based on Kosambi functions and
genotypic data of 190 BCiF, individuals from cross, CSR28 x BRRI dhan28, with 116

polymorphic SNP markers using IciMapping software (Fig. 3.38). A LOD value of 3.0 was
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used for estimation of map distance.QTL mapping was done with IciMapping (ICIM)
software and ICIM-ADD methods were used for identifying putative QTLs. The percentage
of total phenotypic variation explained by QTL identified for each trait was estimated as R?
value. The data were permuted 1000 times to confirm the presence of each QTL across the
12 chromosomes. Total length of the distribution of the 116 polymorphic markers was

357.17 Mb or 1428.69 cM.
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Figure 3.38. Genetic linkage map of 12 chromosomes based on the BCiF> mapping
population of CSR28 x BRRI dhan28 under salinity stress of EC 10 dS/m at reproductive
stage of rice. Significant QTLs are shown at the right side of each chromosome based on
the physical position (cM) of the SNP markers. Ch represents chromosomes and cM
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3.4.4.2. Plant Height

For plant height, two significant QTLs (p<0.05) were identified on the chromosome
1 under salinity stress at the reproductive stage of rice (Table 3.6, Figs. 3.38 and3.39). The
QTLs, gPHI.1 and gPHI.2 were mapped on the long arm of the chromosome 1 at 142.40
cM, and 148.40 cM, respectively having similar LOD value (~5.70). But the QTL, gPH1.1
can explain 5.75% and gPHI.2 can explain 8.92% phenotypic variation having opposite
additive effect indicated that both tolerant (CSR28) and sensitive (BRRI dhan28) parents

were responsible for the allele contribution (Table 3.6).

3.4.4.3. Panicle Length

Only one QTL was identified for panicle length on the short arm of chromosome 3
with a LOD value of 3.02 that can explain 7.13% phenotypic variation (Table 3.6, Figs. 3.38
and 3.40). This QTL exhibited negative additive effect indicated that the tolerant parent,

CSR28 was responsible for the allele contribution.
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Table 3.6. QTLs identified using Inclusive Composite Interval Mapping (IciMapping) for agronomic components of the BCF»

progenies from CSR28 x BRRI dhan28 under salt stress of EC 10 dS/m at the reproductive stage of rice.

Trait Chromo- QTL Position Left Marker Right Marker LOD PVE Additive | Allelic Effect

Name some (cM) (%) Effect

Plant 1 qPHI.1 142.40 | K id1020667 | K id1021040 5.71 5.75 -10.90 | CSR28

Height 1 qPHI.2 148.40 | K id1021040 | K 1d1022408 5.70 8.92 7.92 BRRI dhan28

Panicle 3 qPL3.1 30.18 K id3003697 | K id3005956 3.02 7.13 -0.33 CSR28

Length

No Filled 10 gNFS10.1 75.93 K id10005402 | K id10006100 4.16 12.82 -101.59 | CSR28

Spikelets

No 3 gNUFS3.1 97.18 K id3010094 | K id3011015 3.14 6.39 -78.16 | CSR28

Unfilled

Spikelets

Percent 3 qPFS3.1 107.18 | K id3011015 | K id3014005 3.58 5.47 7.23 BRRI dhan28

Filled 10 qPFS10.1 75.93 K id10005402 | K id10006100 4.35 10.71 -7.90 CSR28

Spikelets

Grain 10 qGY10.1 75.93 K id10005402 | K id10006100 4.24 14.49 -2.08 CSR28

Yield

Na-K 1 gNK1.1 111.40 | K id1012666 | K id1015445 14.60 2.00 -0.02 CSR28

Ratio 1 gNK1.1 148.40 | K id1021040 | K 1d1022408 9.67 1.83 0.01 BRRI dhan28
2 gNK2.1 117.27 | K id2012042 | K id2012908 11.32 2.18 0.04 BRRI dhan28
2 gNK2.2 136.27 | K id2014452 | K id2014932 8.94 2.02 -0.02 CSR28
5 gNK5.1 41.74 K id5003638 | K id5005055 9.13 1.93 0.37 BRRI dhan28
5 gNK5.2 48.74 K id5005055 | K id5006615 9.63 2.09 0.37 BRRI dhan28
12 gNKI12.1 11.86 K id12001224 | K id12001996 4.18 0.49 -0.07 CSR28
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Figure 3.39. Chromosome locations of QTLs for plant height under salinity stress for 190
BC/F2 population from the cross, CSR28 x BRRI dhan28 based on significant threshold
of LOD=3.0 using IciMapping (a) all chromosomes and (b) chromosome 1. Horizontal
line indicates the significant LOD threshold at 95% confidence levels based on 1000
permutations.
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Figure 3.40. Chromosome locations of QTLs for panicle length plant under salinity stress
for 190 BC:F> population from the cross, CSR28 x BRRI dhan28 based on significant
threshold of LOD=3.0 using IciMapping (a) all chromosomes and (b) chromosome 3.

3.4.4.4. Number of Filled and Unfilled Spikelets

A significant QTL (p<0.05) based on 1000 permutation was identified for number of
filled spikelets on the long arm of chromosome 10 with a LOD value of 4.16. This QTL was
mapped at 75.93 cM that can explain 12.82% phenotypic variation (Table 3.6, Figs. 3.38 and

3.41). Similarly, one QTL was found for number of unfilled spikelets on the long arm of
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chromosome 3 with a LOD value of 3.14 and can explain 6.39% phenotypic variation (Table

3.6, Fig. 3.42). Both the QTLs (¢NFS10.1 and gNUFS3.1) exhibited negative additive effect

indicated that the tolerant parent, CSR28 was responsible for the allele contribution.
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Figure 3.41. Chromosome locations of QTLs for number of filled spikelets under
salinity stress for 190 BCF> population from the cross, CSR28 x BRRI dhan28 based
on significant threshold of LOD=3.0 using IciMapping (a) all chromosomes and (b)
chromosome 10. Horizontal line indicates the significant LOD threshold at 95%
confidence levels based on 1000 permutations.
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Figure 3.42. Chromosome locations of QTLs for number of unfilled spikelets under
salinity stress for 190 BC:F> population from the cross, CSR28 x BRRI dhan28 based on
significant threshold of LOD=3.0 using IciMapping (a) all chromosomes and (b)
chromosome 3.
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3.4.4.5. Percent Filled Spikelets

Two QTLs were identified for the percent filled spikelets on the long arm of
chromosomes 3 and 10 (Table 3.6, Figs. 3.38 and 3.43) under salinity stress at the
reproductive stage of rice. The QTL on chromosome 10 (gPFS10.1) was significant (p<0.05)
based on 1000 permutations and mapped at 75.93 cM with LOD value of 4.35 that explained
10.7% phenotypic variation. The additive effect was negative for gPFS10.1 indicated that

tolerant parent; CSR28 was responsible for this QTL.

3.4.4.6. Grain Yield

Only one significant (p<0.05) QTL, ¢GY10.1 was identified for grain yield on the
long arm of chromosome 10 with a LOD value of 4.24 based on 1000 permutations. This
QTL was mapped at 75.93 cM that can explain 14.49% phenotypic variation (Table 3.6,
Figs. 3.38 and 3.44). The additive effect was negative indicated that tolerant parent; CSR28

was responsible for this QTL.

Interestingly the QTLs for the number of filled spikelets (gNFS10.1), percent filled
spikelets (qPFS10.1) and grain yield (¢qGY10.1) were mapped at the same position (75.93
cM) on the long arm of chromosome 10 and tolerant parent (CSR28) was responsible for

contributing positive allele of these QTLs (Table 3.6, Fig, 3.38).
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3.4.4.7. Sodium-Potassium (Na*-K") Ratio

Seven QTLs were identified for Na-K ratio on chromosomes 1, 2, 5 and 12 (Table
3.6, Fig. 3.45). Among them, two QTLs (¢NK1.I and gNK1.2) were identified on the long
arm chromosome lwith LOD value of 14.6 and 9.67, and were mapped at 111.40 cM and
148.40 cM, respectively. Both the QTLs were contributed from CSR28. Besides
chromosome 1, two more QTLs were found on chromosome 2 (¢gNK2.1 and gNK2.2) with
11.32 and 8.94 LOD value and that explains 2.18% and 2.02% phenotypic variations,
respectively. They were mapped at 117.27 ¢cM and 136.27 ¢cM and were contributed from
the sensitive parent BRRI dhan28 and tolerant parent CSR28, respectively. In addition, two
QTLs contributed from the sensitive parent (BRRI dhan28) were mapped on the short arm
of chromosome 5 (¢NK5.1 and gNK35.2) at 41.74 cM and 48.74 cM with the LOD value of
9.13 and 9.63 that explained 1.93% and 2.09% phenotypic variations, respectively. The last
QTL, gNK12.1 was identified on the short arm of chromosome 12 with LOD value of 4.18
and were mapped at 11.86 cM. The tolerant parent, CSR28 parent contributed the alleles for

this QTL.
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Figure 3.43. Chromosome locations of QTLs for percent filled spikelets under salinity
stress for 190 BCiF; population from the cross, CSR28 x BRRI dhan28 based on
significant threshold of LOD=3.0 using IciMapping (a) all chromosomes and (b)
chromosome 10. Horizontal line indicates the significant LOD threshold at 95%
confidence levels based on 1000 permutations.
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Figure 3.44. Chromosome locations of QTLs for grain yield under salinity stress for 190
BC/F2 population from the cross, CSR28 x BRRI dhan28 based on significant threshold
of LOD=3.0 using IciMapping (a) all chromosomes and (b) chromosome 10. Horizontal
line indicates the significant LOD threshold at 95% confidence levels based on 1000
permutations.
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Figure 3.45. Chromosome locations of QTLs for Na-K ratio under salinity stress for 190
BCiF> population from the cross, CSR28 x BRRI dhan28 based on significant threshold

of LOD=3.0 using IciMapping.

3.4.5. Comparison of New QTLs with Previous QTLs

Semi-dwarf 1 gene (sd-I) is the major gene of rice that revolutionized and
significantly increased the yield of rice throughout the Asia during 1960s and onward. The
phenotype of this gene is dwarfism which was the result from the deficiency of plant growth
hormone, GA in the elongating stem (Sasaki et al., 2002). The location of this gene was on
the long arm chomosome 1 and was mapped at 149.1 cM or 40.1 Mb. The QTLs identified
for plant height in this study, gPH1.1 (35.6 Mb). and gPH1.2 (37.1) were mapped very near

to the novel sd-1 gene on the long arm of chromosome 1.

Similar QTLs for plant height were observed by Haque et al., (2020); Mondal et al.,
(2019); Hossain et al., (2015) and Mohammadi et al., (2013). Haque et al., (2020) identified
three QTLs for plant height on chormosome 1, 3 and 5. The QTL, gPH. 1@ 215 was mapped
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on the long arm of chromosome 1 at 215 c¢cM and tolerant parent, Horkuch contributed
positive allele for this QTL. Although the identified QTL in this study was also on
chromosome 1, it was located (around 41 cM) far from the QTL identified in this study. In
addition, Mondal et al., (2019) identified one QTL on chromosome 1 for plant height by
using composite interval mapping (CIM) and tolerant parent (BRRI dhan47) was responsible
for this QTL. Hossain et al., (2015) evaluated 218 F» individuals of Cheriviruppu (highly salt
tolerant at both seedling and reproductive stages) x Pusa Basmati-1 (PB1) (sensitive at both
seedling and reproductive stages) at the reproductive stage using salinized water (EC 10
dS/m) and reported three significant QTLs on chromosomes 1, 4 and 7 for plant height.
Cheriviruppu alleles contributed to the tallness of plants for all the QTLs. The long arm of
chromosiome 1 contained a major QTL for plant height, gPH-1. 1s, with 47.2% phenotypic
variation. While, Mohammadi et al., (2013) obtained QTL for plant height on chromosomes
1 (qPHI.1s), 2 (qPH2.1s), 3 (¢qPH3.1s) and 7 (¢qPH?7.1s) using CIM with 232 F, population
derived from the cross SADRI (tolerant at reproductive stage) and FL478 (sensitive at
reproductive stage) using 6-8 dS/m salinity stress. The loci had R? value ranging from 6.6 to
17.0 %. The QTL, gPHI.1s detected near the marker RM212 located on the long arm of
chromosome 1 with the highest LOD value (9.4); the alleles from the tolerant increased plant

height.

Number and percent filled spikelets are the most important traits for salinity tolerance
particularly at the reproductive stage in rice and grain yield is the ultimate indicator for
salinity tolerance. All of the traits are good indicators to determine a plant either salt tolerant
or salt sensitive. In this study, one significant QTL (p<0.05) each for the three traits was

detected on the long arm chromosome 10 (gNFS10.1, gPFS10.1 and gGY10.1). The QTLs
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were mapped at 75.93 c¢cM and flanked by two markers, k id10005402 (18.73 Mb) and
k id10006120 (19.83 Mb) and the tolerant parent; CSR28 contributed the alleles. Haque et
al., (2020) also detected QTL for the number of filled grains on chromosome 10 but the
position (58.48 cM) was different from the current study (around 17 ¢cM beforehand than the
current QTL). This may be due to the crossing of different parents with different salinity

treatments.

A rice nuclear gene, Rf-I, that restores the pollen fertility was found on the
chromosome 10 at 19.4 Mb (Komori et al., 2004) which was very near to the position (19.83
Mb) of the QTLs identified in this study for the traits: number of filled spikelets (gNF'S10.1),
percent filled spikelets (¢qPFS10.1) and grain yield (¢GY10.1). Rf-1 was distributed by the
BT-type male sterile cytoplasm and used for the production of japonica hybrid varieties. It
is the first restorer gene that reduces the expression of the cytoplasmic male sterility (CMS)-
associated mitochondrial gene. Rf-/ encodes a mitochondrially targeted protein containing
16 repeats of the 35-aa pentatricopeptide repeat (PPR) motif and recessive allele /-1 lacks
one nucleotide in the coding region probably due to frame shift mutation resulting in a

truncated protein (Komori et al., 2004).

Wang et al., (2006) found RF1A and RF1B; and Hu et al., (2012) identified Rf5 gene
on chromosome 10 at 19.39 Mb, 19.51 Mb and 19.39 Mb, respectively. RF1A and RF1B are
both targeted to mitochondria and can restore male fertility by blocking ORF79 production
which was an abnormal mitochondrial open reading frame that cause male sterility in CMS
lines and transgenic rice plants. ORF79 was blocked via endonucleolytic cleavage by RF1A
or degradation of dicistronic B-atp6/orf79 mRNA by RF1B. While the fertility restorer gene,

Rf5 was cloned to understand the fertility restoration mechanism in rice. The QTLs for
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number of filled spiekelets (gNFS10.1), percent filled spikelets (gPFS10.1) and grain yield
(gGY10.1) identified in this study were very near to both the genes (19.83 Mb). Wang et al.,
(2012)also found OsjI0BTF3 gene on chromosome 10 at 18.69 Mb resulting in significant
plant dwarfism of about 25% to 52% and complete pollen abortion due to inhibition of
Osjl10BTF3. BTF3 was a basal transcriptional factor that involved in transcription initiation,
translational regulation and protein localization in many eukaryotic organisms. Initially, the
expression of this gene was constitutive and modulated by salinity, heat and exogenous
phytohormone stress. Besides, QTL for 1000 grain weight was also identified on
chromosome 10 from the crosses Zhenshan 97B x Milyang 46 was mapped in between 19.73

Mb to 22.30 Mb with LOD value of 7.98 (Zhuang et al., 2001).

3.5. Summary and Conclusion

In this study, 624 BCiF; population derived from the cross between a sensitive
variety, BRRI dhan28, and a salt-tolerant variety, CSR28, were evaluated under a salinity
stress of EC 10 dS/m to identify quantitative trait loci (QTLs) for salinity tolerance at the
reproductive stage of rice. Continuous 20 days salt stress was applied at the reproductive
stage to 435 BC1F: progenies and the remaining 189 progenies were grown under non-stress
(control) condition. Among 435 progenies of CSR28 x BRRI dhan28, 46% plants were
classified as tolerant, and the rest as sensitive based on their SES score and grain yield. About
45% each of the extremely tolerant and highly sensitive progenies were used for QTL

mapping. The findings and conclusions drawn from this study are summarized below.

The agronomic and yield related traits evaluated for salinity stress were plant height

(PH), productive tillers (PT), panicle length (PL), number of filled spikelets (NFS), number
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of unfilled spikelets (NUFS), percent filled spikelets (PFS), percent unfilled spikelets
(PUFS) and grain yield (GY). In addition, a physiological trait, sodium-potassium (Na*/K*)
ratio was also evacuated. Almost all the traits differed significantly under salinity stress over
those obtained under non-stress condition, except the grain yield of CSR28 x BRRI dhan28.
But all the traits including the grain yield of the tolerant and sensitive progenies grown under
salinity stress differed significantly. Yield reduction between tolerant progenies of CSR28 x

BRRI dhan28 grown under salinity stress and no-stress condition was 15.8%.

The correlation analysis indicated positive and significant (p<0.001) correlation
between grain yield and the number of filled spikelets, percent filled spikelets and productive
tillers and significantly negative (p<0.001) correlation with the SES score and percent

unfilled spikelets of the BCiF2 progenies derived from this cross.

A total of 15 QTLs related were identified through inclusive composite interval
mapping (ICIM) of the cross, CSR28 x BRRI dhan28 using IciMapping software 4.2. The
QTLs were identified in all the traits except in the number of productive tillers per plant.
Total size of the genetic linkage map was 1428.69 cM, constructed using 116 SNP markers.
Among the 15 QTLs; two QTLs each were identified for plant height and percent filled
spikelets, and one each for panicle length, number of filled and unfilled spikelets and grain
yield. The tolerant parent, CSR28 contributed by additive effects to the QTLs for plant
height, panicle length, number of filled and unfilled spikelets, percent filled spikelets and
grain yield. But both the parents (BRRI dhan28 and CSR28) contributed alleles for plant
height and percent filled spikelets. All the data were statistically confirmed with permutation

analysis of 1000 times at 5% level of significance. Despite a few QTLs identified, two QTLs
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for plant height and one each for number of filled spikelets, percent filled spiklets and grain

yield were statistically confirmed for the progenies of CSR28 x BRRI dhan28.

The QTLs identified in this study for reproductive-stage salt tolerance need to be fine
mapped before they can be directly used to accelerate marker-assisted selection in future
breeding programs to increase selection efficiency. The identification of the genes

constituting these major QTLs would help to understand the molecular mechanisms.
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4. MAPPING QTLs FOR REPRODUCTIVE STAGE SALINITY TOLERANCE IN RICE

USING BC:F> POPULATION OF HASAWI x BRRI dhan28

4.1. Introduction

Rice (Oryza sativa L.) is the major staple for almost half of the world’s population.
Sustained rice production is, therefore essential for food security of a large community
across the globe. Unfavorable environmental conditions such as salinity, drought, heat, and
submergence pose a huge threat to rice productivity and challenge future food security.
Among all the abiotic stress, salinity is the second most prevalent problem affecting rice
productivity worldwide (Flowers, 2004) and posing a serious threat to rice-based farming
system especially in the fragile coastal zone. Aside from coastal areas, about 20% irrigated
and 8% of rainfed agricultural land (Asif et al. 2018) and about one-third of the irrigated rice
growing areas are affected by salinity (Prasad et al., 2000). The salt affected areas are
expected to increase due to the adverse effect of climate change and sea level rise (IPCC,
2019). Therefore, improving the productivity of crops, especially the main staple, in salt-
affected areas of the world is considered essential to meet the increasing food demand and

sustained food security.

Salinity tolerance is a complex trait and recognized to multiple mechanisms. Salt
injury could be overcome by extruding Na" from the cytoplasm which depends on the
mechanisms of Na' extrusion from roots, unloading Na® from the xylem, and by
sequestration of Na* into vacuoles (Ismail and Horie, 2017). It is not only confined with the

Na® exclusion or sequestration, rather presence of cytosolic K*, osmolytes, compatible
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solutes play an important role in salinity tolerance. Understanding the proper mechanisms

will help to identify the genetic materials.

Salinity affects plant growth during all developmental stages. Rice is relatively
tolerant to salinity stress during germination, active tillering and at maturity; but is very
sensitive at the early seedling and reproductive stages (Singh et al., 2007; Singh and Flowers
2010). The reproductive stage is crucial as it ultimately translates grain yield. Although
salinity at the reproductive stage depresses grain yield much more than the vegetative stage
but there are few studies in rice for salinity tolerance at the reproductive stage due to the
difficulty of achieving reliable stage-specific phenotyping techniques (Ahmadizadeh et al.,

2016).

Besides, the salinity rice breeding progress is slower because of genetic complexity
and environmental factors as salinity tolerance is governed by many genes that exhibit the
polygenic nature. The genetics behind salinity tolerance can be revealed by using
quantitative trait locus (QTLs) analysis (Gimhani et al., 2016; Negrao et al., 2011). Recent
advances in molecular marker technology have enabled the dissection of the molecular
mechanisms of salinity tolerance to identify major-effect QTLs (Munns 2005; Tuberosa and
Salvi 2005; Thomson et al., 2010, 2012; Thomson, 2014; Hossain et al., 2015). Single
nucleotide polymorphisms (SNPs) are the markers of choice for most high throughput
genotyping applications because they are ubiquitous in eukaryotic genomes, cost-effective
to assay using automated platforms, and biallelic in nature, which is useful for allele calling,

data analysis and data-basing (Thomson et al., 2017).
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Identifying useful alleles and introgress those alleles into mega variety is a key to

successful breeding approach for sustaining productivity. The Aus landrace “Hasawi,”

originated from eastern Saudi Arabia, is found to have higher Na® exclusion and early
seedling vigor (Thomson et al., 2010; Rahman et al., 2017; Bizimana et al., 2017). It is a
highly salt tolerant genotype and characterized by its strong adaptability to soil salinity and
drought. But it has some undesirable characteristics like susceptibility to lodging, delayed
maturity, and photoperiod sensitivity (Bimpomg et al., 2014). Thomson et al. (2010)
suggested that high level of polymorphism could be observed in the progenies derived by
crossing Hasawi and Indica cultivars. Bimpong et al. (2014) reported four grain yield-
enhancing QTLs (qPHS8, qDTF8, qTN8, and qTN8) from Hasawi at reproductive stage under
salinity stress. On the other hand, BRRI dhan28, an indica cultivar is a Bangladeshi mega
variety has all the desirable characteristics for higher productivity except sensitive to salinity.
In this study, BCi1F2 mapping population developed from the cross between Hasawi and
BRRI dhan28 at the International Rice Research Institute (IRRI) for QTL analysis and a
high-density SNP linkage map was used to identify QTLs associated with salinity related

traits.
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4.2. Objective

The general objective of this study was to identify quantitative trait loci (QTLs) for
salinity tolerance at the reproductive stage of rice plant using BCF> population derived from
the salt tolerant variety, Hasawi (Saudi Arabian variety) and a salt sensitive Bangladeshi

variety, BRRI dhan28. The specific objectives were:

o

To screen the BC1F2 population along with their parents under salinity stress for
establishing relative importance of different traits associated with the

reproductive stage salinity tolerance in rice.

b. To genotype the BCiF> population for mapping the large effect QTLs

responsible for tolerance to salt-stress at the reproductive stage of rice.

c. To identify candidate diagnostic markers linked to the QTLs conferring salinity

tolerance from the tolerant parents.

d. To identify the candidate genes.
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4.3. Materials and Methods

A salt-tolerant Saudi Arabian variety, Hasawi and a salt-sensitive Bangladeshi rice
variety, BRRI dhan28 was used as the parents to develop a mapping population. The BC,F»
QTL mapping populations was generated by crossing the salt-tolerant donor parents
(Hasawi) with the salt sensitive parent (BRRI dhan28). The parents belong to sub-species
Indica. The cross, Hasawi x BRRI dhan28 were developed at the rice breeding platform of
the International Rice Research Institute (IRRI), Philippines crossing program to generate

Fi and then backcross to recurrent parent, BRRI dhan28 to produce the BC:F> progenies.

In this experiment, 588 BC/F; lines derived from the cross, Hasawi x BRRI dhan28
were evaluated in the wet season (July-December 2018) under control (n=153 progenies)

salt stress of EC 10 dS/m (n=435 progenies) in the concrete tank at IRRI, Philippines.

The methodology followed in this experiment is discussed detailed in Chapter 3. The
phenotyping methodology followed in this experiment was same as that discussed in Chapter
3 from Section 3.2.1 to Section 3.2.7. And methodology for DNA Extraction included under

Section 3.2.8.1, and QTL mapping for salinity tolerance in Section 3.2.9.

The only exception was the methodology used for Molecular Characterization
(Section 3.2.8). In this experiment, SkimGBS platform was used for QTL mapping (instead
of KASP genotyping followed in the first experiment), methodology of which is given

below.

Skim genotyping by sequencing (GBS) is a novel method which is used to determine

the differences in the genetic makeup of individuals (Golicz et al., 2015). It is a combination
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of genotyping and next-generation sequencing. Basically, genotyping is a process of
determining the differences in the genetic makeup (genotype) of individuals by examining
their DNA either having insertions, deletions, or single nucleotide polymorphisms (SNPs).
SNP discovery is usually performed by resequencing of the parental individuals followed by
read alignment to the available reference sequence and SNP calling. Typically, skim-based
SNP genotyping involves resequencing of multiple individuals followed by alignment of the
reads to the reference sequence. For each of the individuals, reads mapping to the known
SNP positions are inspected and the SNP alleles are recorded. Using this approach, genotype
maps for the entire genomes can be understood and making it possible to detect that which
part of the genome was inherited from each of the parental individuals. In this experiment,
192 BCF; population from the crosses between Hasawi x BRRI dhan28 was used for skim-
based resequencing and PR106::IRGC53418-1 used for alignment as it has higher quality of

assembly.
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4.4. Results and Discussion

4.4.1. Responses of the Parental Lines and BC1F2 Progenies to Salt Stress

A total of 588 BCiF> genotypes from the cross, Hasawi x BRRI dhan28 were
included in this study, in which salt stress of EC 10 dS/m was imposed on 435individuals
and 153 individuals were grown under control (no-stress) condition. Of the 435 progenies,
124 individuals were classified as tolerant and 311 as sensitive based on their SES score and

yield.

Selective genotyping method was used to identify the most tolerant and sensitive
progenies. After screening based on grain yield and SES, the number of extremely tolerant
and highly sensitive BCiF2 progenies from this cross was 78 and 112, respectively. The

effect of salinity on agronomic and physiological characters is discussed below:

4.4.1.1. Plant Height

The plant height of the BC:F> progenies of Hasawi x BRRI dhan28 varied from 37.0
to 180.0 cm under salinity stress of 10 dS/m at the reproductive stage (Fig. 4.1, Table 4.1).
The interquartile range was 59.5 cm under stress condition and the range was highly variable
among the progenies of Hasawi x BRRI dhan28 (Fig. 4.2). Among the families in Hasawi x
BRRI dhan28, the plant families IR131853-4, 5 and 7 produced the tallest and IR131853-6

had shortest plant height under salinity stress condition (Fig. 4.3).
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Figure 4.1. Scattered plot of the plant height of the salinity-stressed BCF> individuals of
rice from the cross, Hasawi x BRRI dhan28.
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Figure 4.2. Scattered plot (a) and box (b) plots of the plant height of BCiF:
individuals of Hasawi x BRRI dhan28 under salinity stress at reproductive stage of
rice.
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Figure 4.3. Mean plant height of the rice families of Hasawi x BRRI dhan28 progenies
under salinity stress. Vertical and capped bar indicates standard error of the mean plant

height of 42 to 46 plants per family.

The plant height of the tolerant and sensitive parents was 124.0 cm and 90.0 cm,
respectively under control condition (Table 4.1, Fig. 4.4). Under selective genotyping, the
mean plant height of the tolerant and sensitive progenies of Hasawi x BRRI dhan28 differed
significantly under salinity stress (Fig. 4.4, Table 4.2). The plant height of the tolerant and
sensitive progenies was 116.3 cm and 98.3 cm, respectively. Reduction in plant height of

sensitive genotypes was 15.5% over tolerant genotypes (Table 4.1).
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Figure 4.4. Mean plant height of tolerant and sensitive parents under no-stress and their
BCF, progenies under salinity stress at reproductive stage of rice. Vertical and capped
bar indicates standard error of the mean plant height of 78 tolerant and 112 sensitive
plants grown under salinity stress. Values with the same letter are not significantly

different at 5% level of significance.
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Table 4.1. Descriptive statistics of the BC1F2 progenies of Hasawi x BRRI dhan28.

Traits Parents BC,F, Progenies of Hasawi x BRRI dhan28 Decrease over No- Decrease
Stress (%) Sensitive
over
Tolerant
(%)
Hasawi BRRI Mean Range Skew- SE No- Tolerant | Sensitive | Tolerant Sensitive
dhan28 ness Stress

Plant Height (cm) 124 90 102.02 37-180 0.36 1.61 116.31 98.27 15.51

Productive Tiller 18 25 12.65 1-39 0.44 0.33 17.53 10.49 40.14

(no/plant)

Panicle Length 20.7 27 21.20 7.5-31.5 5.22 0.23 23.14 20.38 11.91

(cm)

Filled Spiketets 1708 2349 307.59 0-2115 1.89 16.54 | 637.48 | 735.72 123.59 -15.41 80.61 83.20

(no/plant)

Unfilled Spiketets 436 617 633.40 17-3316 1.40 2539 | 448.87 | 793.55 592.84 -76.79 -32.07 25.29

(no/plant)

Filled Spikelets 79.66 79.20 29.36 0-84.7 0.42 0.95 59.14 49.69 20.64 15.98 65.10 58.46

(%)

Grain Weight 47.97 54.98 5.85 0-43.49 2.11 0.34 16.48 15.06 2.13 8.64 87.07 85.85

(g/plant)

Na-K Ratio 1.927 3.105 0.86 0.027-14.5 4.46 0.08 0.52 1.18 -128.56
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Table 4.2. ANOVA of the BCiF; genotypes of Hasawi x BRRI dhan28 (values with the same letter in a column are not significantly
different at 5% level of significance).

Treatment | BCiF2 Plant Productive | Panicle | Filled Unfilled | Filled Unfilled | Grain Na-K
Genotypes/ | Height | Tillers Length | Spikelets | Spikelets | Spikelets | Spikelets | Yield Ratio
Progenies (cm) (no/plant) | (cm) (no/plant) | (no/plant) | (%) (%) (g/plant)

Selected Genotypes

No-Stress | Control 637.5% 448.9¢ 59.12 40.9° 16.5%

Salinity- | Tolerant 116.3? 17.5% 23.12 735.7% 793.6* 49.7° 50.3° 15.1# 0.52°

SWESS  Sensitive | 983" | 10.5° | 204" | 123.6° | 392.9° | 20.6° | 794 | 21" | LIg*

LSD o.05 9.52 1.79 1.03 104.61 125.96 3.98 3.98 2.34 0.55

All Genotypes

No-Stress (N) 63750 | 448.9° | 591% | 409® | 165"

Salinity Stress (5) 102 127] 21| 307.6° | 6334% | 294% | 706" | 598

ESD vos 69.90 | 90.74 3.51 3.51 1.66
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4.4.1.2. Productive Tillers

The number of productive tillers of the BCiF, progenies of Hasawi x BRRI dhan28
ranged from 1 to 39 under salinity stress condition (Fig. 4.5, Table 4.1). The interquartile

range of the productive tillers for stress condition was 9 per plant (Fig. 4.6).
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Figure 4.5. Number of productive tillers per plant of the BC:F> individuals of the cross,
Hasawi x BRRI dhan28 grown under salinity stress.
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Figure 4.6. Scattered (a) and box (b) plots of the number of productive tillers per plant
of BC1F; individuals under salinity stress at reproductive stage of rice.

The variability in the number of productive tillers among the plant families from the
cross, Hasawi x BRRI dhan28 is shown in Fig. 4.7. Among the families, IR131853-10

produced more productive tillers than other plant families under salinity stress.
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Figure 4.7. Mean number of productive tillers in rice families of Hasawi x BRRI dhan28
progenies under salinity stress. Vertical and capped bar indicates standard error of the
mean productive tillers of 42-46 plants per family.

The number of productive tillers of the tolerant and sensitive parent was 18 and 25
tillers per plant under no-stress condition (Table4.1, Fig. 4.8). Under selective genotyping,
the number of productive tillers per plant differed significantly between tolerant and
sensitive individuals (Fig. 4.8, Table 4.2). The number of productive tillers for tolerant and
sensitive progenies was 17.5 and 10.5 per plant, respectively. The reduction in productive

tillers of sensitive genotypes was 40.1% over tolerant genotype of Hasawi x BRRI dhan28.
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Figure 4.8. Mean productive tillers per plant of the tolerant and sensitive parents and
their BCiF, progenies under salinity stress at reproductive stage of rice. Vertical and
capped bar indicates standard error of the mean productive tillers of 78 tolerant and 112
sensitive plants grown under salinity stress. Values with the same letter are not
significantly different at 5% level of significance.

4.4.1.3. Panicle Length

The panicle length of the BCiF> progenies of Hasawi x BRRI dhan28 varied from
7.5 cm to 31.5 cm under salinity stress (Fig. 4.9, Table 4.1). The interquartile range of the

panicle length of the progenies was 4.9 under stress condition (Fig. 4.10).
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Figure 4.9. Panicle length of rice of the salinity-stressed BCiF> individuals of the cross,
Hasawi x BRRI dhan28.
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Figure 4.10. Scattered (a) and box (b) plots of the panicle length of BCiF»
individuals of Hasawi x BRRI dhan28 grown under salinity stress.

The panicle length of the plant families from Hasawi x BRRI dhan28 varied (Fig.
4.11) and among the families, highest panicle length was observed in IR131853-1 and

IR131853-7 and the shortest panicles were found in IR131853-6 under salinity stress.
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Figure 4.11. Mean panicle length of the rice families of Hasawi x BRRI dhan28 progenies
under salinity stress. Vertical and capped bar indicates standard error of the mean panicle
length of 42-46 plants per family.
The panicle length of the tolerant parent, Hasawi was 20.7 cm, while it was 27.0 cm
for the sensitive parent, BRRI dhan28 under non-stress condition (Table 4.1; Fig. 4.12).
Under selective genotyping, the panicle length of the progenies from this cross varied
significantly between tolerant and sensitive individuals (Fig. 4.12, Table 4.2). The mean
panicle length of tolerant and sensitive progenies of Hasawi x BRRI dhan28 was 23.1 cm

and 20.4 cm, respectively under salinity stress. The reduction in panicle length of sensitive

progenies was 11.9% over the tolerant progenies (Table 4.1, Fig. 4.12).
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Figure 4.12. Mean panicle length of the tolerant and sensitive parents and their BC;F»
progenies under non-stress and salinity stress at reproductive stage of rice. Vertical and
capped bar indicates standard error of the mean panicle length of 78 tolerant and 112
sensitive plants grown under salinity stress. Values with the same letter are not

BCIF2
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significantly different at 5% level of significance.

4.4.1.4. Number of Filled Spikelets

The number of filled spikelets of the tolerant parent, Hasawi was 1708 and sensitive
parent, BRRI dhan28 was 2349 per plant under no-stress condition (Table 4.1). While the
filled spikelets of BC1F> progenies of Hasawi x BRRI dhan28 varied from 98 to 2950 under
no-stress and from 0 to 2115 filled spikelets per plant under salinity stress (Fig. 4.13). Highly

significant variation (p<0.001) in the number of filled spikelets was observed between the

control and salinity treatment (Fig. 4.14, Table 4.2).
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Figure 4.13. Number of filled spikelets per plant of all the BCF; individuals from the cross,
Hasawi x BRRI dhan28.
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Figure 4.14. Scattered (a) and box (b) plots of the number of filled spikelets per plant of
BCiF; individuals under normal and salinity stress at reproductive stage of rice.

The interquartile range of the number of filled spikelets per plant of the progenies of
Hasawi x BRRI dhan28 in control treatment was wider than the salinity treatment (Fig. 4.14).
The interquartile range for salinity treatments varied from 62 to 429 filled spikelets per plant
while it varied from 257 to 885 filled spikelets per plant under no-stress condition. The
number of filled spikelets varied significantly between no-stress and salinity treatments (Fig.

4.14, Table 4.2).
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Among the plant families of Hasawi x BRRI dhan28, the number of filled spikelets
per plant was highly variable (Fig. 4.15). Overall, the control treatment produced more filled
spikelets than the salinity treatment. The highest number of filled spikelets was observed in
IR131853-10 under control and the individuals of IR131853-6 produced the lowest filled

spikelets per plant under salinity stress.

The number of filled spikelets of Hasawi and BRRI dhan28 was 1708 and 2349 per
plant under no-stress condition (Table 4.1, Fig. 4.16). The mean number of filled spikelets
of the tolerant and sensitive progenies of Hasawi x BRRI dhan28 was 735.7 and 123.6 per
plant, respectively; while the progenies produced 637.5 filled spikelets per plant under no-
stress condition. Under selective genotyping, it varied significantly between tolerant and
sensitive individuals and also between tolerant and control (no-stress) treatments but no
variation was found between tolerant and control progenies of this cross (Fig. 4.16, Table

4.2).

Filled Spikelets (no/plant)

Figure 4.15. Mean number of filled spikelets in the rice families of Hasawi x
BRRI dhan28 progenies under control (NFS-N) and salinity stress (NFS-S).
Vertical and capped bar indicates standard error of the mean number of filled
spikelets of 9 to 46 plants per family.
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Figure 4.16. Number of filled spikelets per plant of tolerant and sensitive parents under
no-stress and their BC1F» progenies under non-stress and salt stress conditions. Vertical
and capped bar indicates the mean number of filled spikelets of 153 plants under no-stress,
78 tolerant and 112 sensitive progenies grown under salinity stress. Values with the same
letter are not significantly different at 5% level of significance.

4.4.1.5. Number of Unfilled Spikelets

The number of unfilled spikelets of the BCiF> progenies of Hasawi x BRRI
dhan28ranged from 23 to 1602 and 17 to 3316 per plant in control and salinity treatments,
respectively (Fig. 4.17, Table 4.1). The number of unfilled spikelets per plant differed

significantly (p<0.001) between no-stress and salinity treatments (Fig.4.18, Table 4.2).

The interquartile range for the unfilled spikelets per plant of the progenies Hasawi x
BRRI dhan28 under no-stress treatment (404 unfilled spikelets per plant) was narrower than
the salinity treatment (687 unfilled spikelets per plant) (Fig. 4.18), implies that spikelet

sterility was higher under salinity stress condition
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Figure 4.17. Number of unfilled spikelets per plant of all the BC:F> individuals of the
cross, Hasawi x BRRI dhan28.
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Figure 4.18. Scattered (a) and box (b) plots of the number of unfilled spikelets per plant
of BC1F» individuals grown under normal and salinity stress at reproductive stage of rice.
The variability in the number of unfilled spikelets per plant among the families of
the cross, Hasawi x BRRI dhan28 is shown in Fig. 4.19. The control treatments had the
smaller number of unfilled spikelets than the salinity treatment. Among them, the highest
number of unfilled spikelets was observed in IR131853-10 under salinity stress and the

lowest in IR131853-5 under no-stress.
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Figure 4.19. Mean number of unfilled spikelets in the rice families of Hasawi x BRRI
dhan28 progenies under control (NUFS-N) and salinity stress (NUFS-S). Vertical and
capped bar indicates standard error of the mean number of unfilled spikelets of 9 to 46

plants per family.

The number of unfilled spikelets of the tolerant (Hasawi) and sensitive (BRRI
dhan28) parents was 436 and 617 per plant, respectively under no-stress condition (Table
4.1, Fig. 4.20). And the number of unfilled spikelets per plant of the tolerant and sensitive
progenies was 793.5 and 592.8, respectively under salinity stress. Under no-stress condition,
the progenies of Hasawi x BRRI dhan28 produced 448.9 unfilled spikelets per plant. Under
selective genotyping, the number of unfilled spikelets per plant differed significantly
between the tolerant and sensitive individuals as well as between tolerant and control

treatments (Fig. 4.20, Table 4.2).
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Figure 4.20. Number of unfilled spikelets per plant of tolerant and sensitive parents
under no-stress and their BCiF, progenies under no-stress and salt stress condition.
Vertical and capped bar indicates standard error of the mean number of unfilled
spikelets of 153 progenies under no-stress, 78 tolerant and 112 sensitive progenies under
salinity stress. Values with the same letter are not significantly different at 5% level of
significance.

4.4.1.6. Percent Filled Spikelets

The percent filled spikelets of the BC:F> progenies of Hasawi x BRRI dhan28ranged
from 7.5% to 93.1% under no-stress and 0.0% to 84.7%under salinity stress (Fig. 4.21, Table
4.1). Control and stress treatment were significantly different for the progenies of Hasawi x

BRRI dhan28 (Fig. 4.22, Table 4.2).
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Figure 4.21. Percent filled spikelets per plant of all the BC:F individuals of the cross,
Hasawi x BRRI dhan28.
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Figure 4.22. Scattered (a) and box (b) plots of percent filled spikelets per plant of BCiF>
individuals under normal and salinity stress at reproductive stage of rice.
The interquartile range for percent filled spikelets of the BCF2 progenies of Hasawi

x BRRI dhan28 was 30.4% under stress condition (Fig. 4.22). The progenies exhibited wider
the interquartile range under salinity stress over the no-stress condition (22.9% filled
spikelets). The median value of the percent filled spikelets for salinity treatments was 27.6%
and it was 59.3% for no-stress condition (Fig. 4.22). This implies that percent filled grains
observed under salinity stress significantly reduced over the no-stress treatment (Fig. 4.22,
Table 4.2).
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The percent filled spikelets varied among the families of Hasawi x BRRI dhan28
(Fig. 4.23). Among them, IR131853-1 and IR131853-4 had higher percent filled spikelets

under control condition than other families of Hasawi x BRRI dhan28 and IR131853-6

produced the lowest filled grains under salinity stress.
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Figure 4.23. Mean percent filled spikelets in the rice families of Hasawi x BRRI dhan28
progenies under control (PFS-N) and salinity stress (PFS-S). Vertical and capped bar
indicates standard error of the mean percent filled spikelets of 9 to 46 plants per family.

The percent filled spikelets of the tolerant (Hasawi) and sensitive (BRRI dhan28)
parents were similar (79.7% for Hasawi and 79.2% for BRRI dhan28) under no-stress
condition (Table 4.1, Fig. 4.24). Under selective genotyping, the percent filled spikelets of
the tolerant and sensitive progenies were 49.7% and 20.6%, respectively; and it was 59.1%

under no-stress condition (Fig. 4.24). The percent filled spikelets varied significantly
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between tolerant and sensitive, and also between control and tolerant progenies of Hasawi x

BRRIdhan28 (Fig. 4.24, Table 4.2).

& 100
5 80
o
e
& 60
el
240
=
. -
0
Tolerant Sensitive BCIF2 Tolerant Sensitive
Parent Progenies BCIF2 Progenles
No Stress Salinity Stress

Figure 4.24. Percent filled spikelets per plant of tolerant and sensitive parents under no-
stress and their BCF> progenies under no-stress and salt stress condition. Vertical and
capped bar indicates standard error of the mean percent filled spikelets of 153 progenies
under no-stress, 78 tolerant and 112 sensitive progenies under salinity stress. Values
with the same letter are not significantly different at 5% level of significance.
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4.4.1.7. Grain Yield

Grain yield of BCiFyprogenies from the cross, Hasawi x BRRI dhan28 is shown in
Fig. 4.25. Grain yield of the progenies varied from 2.5 g/plant to 80.4 g/plant under control
condition and from 0.0 to 43.5 g/plant under salinity stress (Fig. 4.25, Table 4.1). The grain
yield of the progenies differed significantly (p<0.01) between control and salinity stress
treatments (Fig. 4.26, Table 4.2). This indicates existence of genetic variability among the

progenies of Hasawi x BRRI dhan28.
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Figure 4.25. Grain yield of all the BC:F; individuals from the cross, Hasawi x BRRI
dhan28.
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Figure 4.26. Scattered (a) and box (b) plots of grain yield of BCiF> individuals of
Hasawi x BRRI dhan28 under normal and salinity stress at reproductive stage of rice.
The interquartile range for the grain yield of the progenies of Hasawi x BRRI dhan28
was 7.1 g/plant for salinity treatment and it was 17.3 g/plant for control (no-stress) treatment
(Fig. 4.26) and the median value was 3.30 g/plant and 12.78 g/plant, respectively for stress
and no-stress treatment, implies grain yield was significantly reduced under salinity stress

condition.
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The grain yield of the progenies of Hasawi x BRRI dhan28 varied among the plant
families (Fig. 4.27). Higher grain yield was observed among the control plant families grown
under non-stress condition over those grown under salinity stress. The family, IR131853-1
produced the highest yield under control and IR131853-6 produced the lowest grain yield

under salinity stress. This indicates genetic variability among the plant families of this cross.
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Figure 4.27. Mean grain yield in the rice families of Hasawi x BRRI dhan28 progenies
under control (GY-N) and salinity stress (GY-S). Vertical and capped bar indicates
standard error of the mean grain yield of 9 to 46 plants per family.

The grain yield of tolerant (Hasawi) and sensitive (BRRI dhan28) parents under
normal growing condition (no-stress) was 48 g/plant and 55 g/plant, respectively (Fig. 4.28,
Table 4.1). Under selective genotyping, mean grain yield of the tolerant and sensitive
progenies of Hasawi x BRRI dhan28 was 15.1 g/plant and 2.3 g/plant, respectively (Fig.

4.28). And it was 16.5 g/plant under no-stress treatment. The grain yield of the tolerant
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progenies of Hasawi x BRRI dhan28 did not significantly vary with the no-stress treatment;
but highly significant difference was observed between the grain yield of sensitive progenies
with the tolerant progenies grown under salinity stress and the progenies grown under control
condition (Table 4.2). Overall, the yield reduction of the tolerant and sensitive progenies
over those grown under control condition was 8.6% and 87.1%, respectively (Table 4.1, Fig.

4.28).
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Figure 4.28. Grain yield of tolerant and sensitive parents under no-stress and their BCF
progenies of Hasawi x BRRI dhan28 under no-stress and salinity salt stress condition.
Vertical and capped bar indicates standard error of the mean grain yield of 153 progenies
under no-stress, 78 tolerant and 112 sensitive progenies grown under salinity stress.
Values with the same letter are not significantly different at 5% level of significance.
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4.4.1.8. Sodium-Potassium (Na*-K") Ratio

The Na* and K* concentration in the flag leaf of the BCiF> progenies of Hasawi x
BRRI dhan28 varied from 0.025 to 6.76 mmol/g and 0.225 to 1.56 mmol/g, respectively
(Fig. 4.29). The concentration of K* was higher than that of Na*. The Na-K" ratio of the
BCiF> progenies of Hasawi x BRRI dhan28 ranged from 0.03 to 8.7under salinity stress of

EC 10 dS/m at the reproductive stage (Fig. 4.29).

The mean Na-K" ratio of the plant families of BCF» progenies of Hasawi x BRRI
dhan28 ranged 0.3 to 1.2 (Fig. 4.30). The plant family, IR131853-1 had the lowest and
IR131853-9 exhibited the highest Na*-K* ratio. Overall, Na"-K* ratio significantly varied

between tolerant and sensitive progenies of Hasawi x BRRI dhan28 (Fig. 4.30, Table 4.2).
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Figure 4.29. Scattered (a) and box (b) plots of Na-K ratio of BC;F> progenies under salinity
stress of the cross, Hasawi x BRRI dhan28.
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Figure 4.30. Mean Na-K ratio of the rice families (a), tolerant and sensitive (b) progenies of
Hasawi x BRRI dhan28 under salinity stress. Vertical and capped bar indicates standard error
of the mean Na-K ratio of 42 to 46 plants per family, and 78 tolerant and 112 sensitive plants
grown under salinity stress. Values with the same letter are not significantly different at 5%

level of significance.
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4.4.2. Correlation Analysis of Yield and Agronomic Components

Correlation coefficient analysis measures the association between two traits. When
establishing the relationship between salt-stress and overall phenotypic performance,
correlation analysis is useful (Gomez and Gomez, 1984; Sokal and Rohlf, 1995; Steel et al.
1997). It provides an indication of the degree of association between two variables that are
considered to be independent. However, association detected from correlation coefficients
may not necessarily be attributed to a single variable but rather to the number of

interdependent variables.

Highly significant positive correlations between grain yield and number of filled
spikelets (r=0.93), percent filled spikelet (r=0.68), and productive tillers (r=0.54) were
observed for 435 BCiF, mapping population from the cross, Hasawix BRRI dhan28 (Fig.
4.31). The percent unfilled spikelets (r = -0.68) and SES score (r = -0.80) also showed

significantly negative correlation with the grain yield.

The number of filled spikelets per plant had the highest positive correlation and the
percent unfilled spikelets showed significantly negative correlation with the grain yield (Fig.
4.31). The number of unfilled spikelets per plant showed positive but weak correlation with
grain yield of the progenies of Hasawi x BRRI dhan28, which is unexpected. Mondal et al.
(2019) observed similar positive correlation with grain yield and number of unfilled spikelets
of the F2 mapping population from the crosses between NSIC Rc222 (sensitive parent) and
BRRI dhan47 (tolerant parent). The possible reason may be the tendency of producing

excess sterile spikelets by the tolerant parents under salt stressed environment.
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Salinity evaluation score (SES) showed negative and highly significant correlation
with plant height, productive tiller per plant, panicle length, number of filled spikelets per
plant, percent filled spikelets and grain yield (Fig. 4.31). And it showed highly significant
positive correlation with percent unfilled spikelets. Therefore, SES score might be an initial
stress indicator to identify salt-tolerant and salt-sensitive genotypes. In addition to SES
score, grain yield, filled spikelets and productive tillers are considered the ultimate stress

indicators for salinity tolerance in rice.
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Figure 4.31. Phenotypic distribution and correlation coefficients for grain yield and
agronomic components of BCiF> individuals from Hasawi x BRRI dhan28. Pearson
correlation coefficient (top) and correlogram (bottom) among the traits under salinity
stress of 10 dS/m at the reproductive stage of rice plant.
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4.4.3. Frequency Distribution

Out of the 435 BCF; progenies of Hasawi x BRRI dhan28, 124 plants were
tolerant and 311 plants were sensitive. Among them, 78 plants were selected as highly
tolerant and 112 plants were selected as highly sensitive based on selective genotyping. They
represent two extreme tails of the phenotypic distribution based on their responses to salt
stress for the traits, those described in the subsequent sections. Frequency distributions are

shown in Fig. 4.32.

4.4.3.1. Plant Height

The segregation pattern for the plant height of BCF> population of Hasawi x BRRI
dhan28 is shown in Fig. 4.32. Some BC:F2 progenies had higher plant height than the tolerant
parent and some had lower than the sensitive parent under salinity stress. The plant height
of Hasawi and BRRI dhan28 was 124.0 cm and 73.0 cm, respectively (Table 4.1, Fig. 4.32).
The mean plant height the progenies was 102.0 cm that varied from 37.0 cm to 180.0 cm.
The lower and upper 95" percentile of plant height was 98.9 cm and 105.2 ¢cm, respectively
with a median of 92.0 cm. The plant height showed positive skewness (+0.36) (Table 4.1).
Most of the plant height (95.2%) ranged from 50 cm to 160 cm. Out of 435 BCF» progenies,
the plant height of 144 individuals (33.1%) were taller than the tolerant parent, Hasawi and
104 individuals (23.9%) had shorter plants than the sensitive parent, BRRI dhan28. Overall,
43% (187 individuals) of the total population had plant height in between the tolerant and

sensitive plants.
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4.4.3.2. Productive Tillers

The frequency distribution of number of productive tillers per hill of the BCiF»
population from the cross, Hasawi x BRRI dhan28 are shown in Fig. 4.32. Some BCiF>
individuals had higher productive tillers than the tolerant parent and some had lower than

the sensitive parent under saline stress (Figs. 4.6-4.8).

The number of productive tillers of the tolerant and sensitive parents was 13 and 19
per plant, respectively under stress condition (Figs. 4.6-4.8). The number of productive
tillers per plant of the BCF> population of Hasawi x BRRI dhan28 ranged from 1 to 39
which follow the positively skewed (+0.44) distribution (Table 4.1). Out of 435 BCiF>
progenies, 188 individuals (43.2%) had more productive tillers than the tolerant parent,
while only 74 individuals (17.0%) had more productive tillers than the sensitive parent (Fig.
4.32). Overall, 30.8% of the total population had productive tillers in between tolerant and

sensitive parents (8-19 productive tillers/plant).

4.4.3.3. Panicle Length

The panicle length of Hasawi and BRRI dhan28 was 15.5 cm and 24.5 cm,
respectively (Figs. 4.10-4.12, 4.32). The mean panicle length of the total population was
21.0 cm and that ranged from 7.5 to 31.5 cm. The panicle length of the lower and upper 95
percentile was 20.7 and 21.4 cm, respectively (Fig. 4.10) and the distribution was negatively
skewed (-0.53) (Table 4.1). Out of 435 BC,F» progenies, 400 (91.9%) individuals had the
panicle length ranging from 15.0 to 27.5 cm. Among them, 401 individuals (92.2%) had

higher panicle length than the tolerant parent, while only 71 individuals (16.3%) had higher
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panicle length than the sensitive parent. Overall, the panicle length of 331 individuals

(76.1%) was in between that of the tolerant and sensitive parents.

4.4.3.4. Number of Filled Spikelets

The number of filled spikelets of the tolerant (Hasawi) and sensitive (BRRI dhan28)
parents was 550 and 356 per plant, respectively (Figs. 4.14-4.16, 4.32). The mean of the
whole population for this trait was 307.6 with a median value of 198.0 under salinity stress
condition. The range of whole BC:F2 population for the number of filled spikelets per plants
varied from 0 to 2115 (Table 4.1). The upper 95" percentile and the lower 95" percentile of
number of filled spikelets was 340.1 and 275.1, respectively (Fig. 4.14) and the distribution
is positively skewed (+1.89). Out of 435 BC:F; progenies for Hasawi x BRRI dhan28, 348
(80%) individuals had 0 to 500 filled spikelets per plant. Among them, 78 (17.9%)
individuals had more number of filled spikelets per plant than the tolerant parent (550), and
300 individuals (69%) had less number of filled spikelets per plant than the sensitive parent
(356). Overall, only 13.1% (57 individuals) of the total population had the number of filled

spikelets in between the tolerant and sensitive parents.

4.4.3.5. Number of Unfilled Spikelets

The number of unfilled spikelets of the tolerant (Hasawi) and sensitive (BRRI
dhan28) parents was 1230 and 1377 per plant, respectively (Fig. 4.32). The mean of the
whole population for this trait was 633.4 and that varies from 17 to 3316 unfilled spikelets
per plant with median of 502 (Table 4.1, Figs. 4.18-4.20). The lower and upper 95"

percentile of number of unfilled spikelets was 583.5 and 683.3, respectively and the
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distribution is positively skewed (+1.40). Out of 435 BCiF> progenies, 301 (69.2%)
individuals had 0 to 750 unfilled spikelets per plant. Among them, 375 (86.2%) individuals
from Hasawi x BRRI dhan28 had a lesser number of unfilled spikelets per plant than the
tolerant parent (1230), and only 44 individuals (10.1%) had a higher number of unfilled
spikelets per plant than the sensitive parent (1377). Overall, only 3.7% (16 individuals) of

the progenies of this cross produced unfilled spikelets in between two parents.

4.4.3.6. Percent Filled Spikelets

The percentage of filled spikelets of the tolerant (Hasawi) and sensitive (BRRI
dhan28) parents was 30.9% and 20.56%, respectively (Fig. 4.32). The mean of the whole
BCiF2 population under salinity stress for this trait was 29.4% and that varies from 0 to
84.7% (Table 4.1, Figs. 4.22-4.24). The lower and upper 95" percentile was 27.5% and
31.2%, respectively with a median value of 27.6%. The distribution of this population is
positively skewed (+0.42). Out of 435 BC,F> progenies, 364 (83.7%) individuals had percent
filled spikelets ranged from 0 to 50%. Among them, 197 (45.3%) individuals had a greater
percentage of filled spikelets than the tolerant parent (30.9%) and 167 individuals (38.4%)
had a smaller percentage of filled spikelets than the sensitive parent (20.6%). Overall, 16.3%
(71 BCiF2 individuals) of the individuals had the filled spikelets in between tolerant and

sensitive parents.
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4.4.3.7. Grain Yield

The grain yield of the tolerant (Hasawi) and sensitive (BRRI dhan28) parents was
14.04 g/plant and 6.45 g/plant, respectively (Fig. 4.32). The mean of the whole population
for the Hasawi x BRRI dhan28 was 5.85 g/plant and that varies from 0 to 43.5 g/plant (Table
4.1, Figs. 4.30-4.33). The lower and upper 95™ percentile of grain yield was 5.19 and 6.52
g/plant, respectively with a median value of 3.3 g/plant. The distribution of this population
is positively skewed (+2.11) (Fig. 4.37). Out of 435 BC;iF, progenies, 343 (78.9%)
individuals had grain yield ranged from 0 to 10 g/plant. Among them, 51 (11.7%) individuals
showed higher grain yield than the tolerant parent (14.04g/plant) and 297 individuals
(68.3%) had lower grain yield than the sensitive parent (6.45 g/plant). Like the progenies
from CSR28 x BRRIdhan28, 20% this cross produced grain yield in between tolerant and

sensitive parents.

4.4.3.8. Sodium-Potassium (Na*-K") Ratio

The Na*-K" ratio of the tolerant (Hasawi) and sensitive (BRRI dhan28) parents was
1.927 and 3.105 respectively (Fig. 4.32, Figs. 4.34-4.35). The mean of the whole BC:F;
population for Na“™-K* was 0.865 and that varies from 0.002 to 7.041 (Table 4.1). The upper
and lower 95% percentile of the Na™-K* ratio was 1.026 and 0.703, respectively with a median
value of 0.3. The distribution of this population is positively skewed (+4.458) (Fig. 4.37,
Table 4.1). Out of 418 BCF» progenies, the Na"-K* ratio of 342 (82.2%) individuals ranged

from 0 to 1.
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4.4.4. QTL Mapping for Salinity Tolerance at Reproductive Stage

QTLs related with yield and yield components and some important agronomic
components under salinity stress were identified through Inclusive composite interval
mapping (CIM) using IciMapping. Table 4.3 represents the name of the QTLs identified,
chromosomal location, nearest marker interval, peak LOD, phenotypic variation explained
by QTL (R?) and direction of the phenotypic effect (additive effect) and allelic effect. A total
of 35 QTLs were identified in seven traits: plant height (PH), productive tillers (PT), panicle
length (PL), number of filled spikelets (NFS), number of unfilled spikelets (NUFS), percent
filled spikelet (PFS), percent unfilled spikelets (PUFS) and grain yield (GY). All these QTLs
were detected in all chromosomes, except in chromosome 5 and chromosome 10 (Table 4.3).
The phenotypic variation of the identified QTLs individually accounted for 3.86% to

22.69%.
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Table 4.3. QTLs identified using Inclusive Composite Interval Mapping (IciMapping) for agronomic components of the BCF»

progenies from Hasawi x BRRI dhan28 under salt stress of EC 10 dS/m at the reproductive stage of rice.

Trait Name | Chromo- | QTL Position | Left Marker Right Marker LOD PVE Additive | Allelic Effect
some (%) Effect
Plant 1 qPHI.1 138.67 | CM020682.1 33842918 1 | CM020682.1 34965920 1 14.87 27.03 -22.46 | Hasawi
Height 2 qPH2.1 91.23 CMO020683.1 22803914 2 | CM020683.1 23139808 2 7.47 9.55 -12.36 | Hasawi
4 qPH4.1 3436 | CMO020685.1 6844517 4 CMO020685.1 8787440 4 3.09 3.87 -9 Hasawi
Productive | 2 qPT2.1 7.23 CMO020683.1 1744356 2 CMO020683.1 2059119 2 7.02 11.19 -0.01 Hasawi
Tiller 3 qPT3.1 27.08 CMO020684.1 6731611 3 CMO020684.1 6810365 3 6.12 11.92 -0.34 Hasawi
6 qPT6.1 118.92 | CM020687.1 29137956 6 | CMO020687.1 29925158 6 4.77 11.65 3.79 BRRI dhan28
8 qPT8.1 31.22 CMO020689.1 7802407 8 CMO020689.1 8320104 8 4.19 5.57 4.12 BRRI dhan28
11 qPTI1.1 26.37 CMO020692.1 6481151 11 | CM020692.1 6638823 11 7.21 13.41 3.23 BRRI dhan28
11 qPTI1.2 20.37 CMO020692.1 4890980 11 | CM020692.1 5380140 11 3.64 8.57 0.37 BRRI dhan28
Panicle 2 qPL2.1 91.23 CMO020683.1 22803914 2 | CM020683.1 23139808 2 5.24 6.58 -1.16 Hasawi
Length 3 qPL3.1 32.08 CMO020684.1 7851800 3 CMO020684.1 8057740 3 3.02 4.25 0.17 BRRI dhan28
6 qPL6.1 118.92 | CM020687.1 29137956 6 | CMO020687.1 29925158 6 6.37 14.25 2 BRRI dhan28
6 qPL6.2 102.92 | CM020687.1 24647518 6 | CMO020687.1 26815006 6 3.19 8.31 1.32 BRRI dhan28
6 qPL6.3 93.92 CMO020687.1 23254259 6 | CM020687.1 23991427 6 3.79 6.39 0.78 BRRI dhan28
6 qPL6.4 111.92 | CM020687.1 26815088 6 | CMO020687.1 28217292 6 3.14 3.9 0.75 BRRI dhan28
12 qPLI12.1 26.22 CMO020693.1 6528664 12 | CM020693.1 6924636 12 8.65 11.91 -0.44 Hasawi
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Table 4.3. Continued

Trait Name | Chromo- | QTL Position | Left Marker Right Marker LOD PVE Additive | Allelic Effect
some (%) Effect
No of 3 gNFS3.1 27.08 | CM020684.1 6731611 3 CMO020684.1 6810365 3 6.56 17.94 -6.26 Hasawi
gli)lilliglets 3 qNFS3.2 87.08 | CM020684.1 21729110 3 | CM020684.1 21917452 3 3.89 8.22 -241.51 | Hasawi
6 gNFS6.1 97.92 | CM020687.1 24336222 6 | CMO020687.1 24647518 6 3.61 11.51 12.88 BRRI dhan28
7 gNFS7.1 52.79 | CM020688.1_12463596 7 | CM020688.1 13718255 7 3.48 17.39 -129.05 | Hasawi
8 gNFS8.1 4.22 CMO020689.1 949460 8 CMO020689.1 1275124 8 3.82 16.57 63.01 BRRI dhan28
11 gNFS11.1 76.37 | CM020692.1 18857719 11 | CM020692.1 19789359 11 3.96 12.34 -509.21 | Hasawi
12 gNFSI12.1 82.22 | CM020693.1 19382691 12 | CM020693.1 21580067 12 3.03 15.03 -435.44 | Hasawi
No UFS 2 gNUFS2.1 10.23 CMO020683.1 2221957 2 CMO020683.1 2585844 2 5.25 11.42 -229.78 | Hasawi
Percent 4 qPFS4.1 9.36 CMO020685.1 2019282 4 CMO020685.1 3262402 4 4.27 14.29 11.78 BRRI dhan28
gli)lilliglets 4 qPFS$4.2 99.36 | CMO020685.1 24786787 4 | CMO020685.1 25615450 4 3.55 6.51 4.6 BRRI dhan28
6 qPFS6.1 111.92 | CM020687.1 26815088 6 | CM020687.1 28217292 6 7.81 14.91 7.55 BRRI dhan28
Grain 1 qGY1.1 123.67 | CM020682.1 30842423 1 | CM020682.1 31267467 1 6.18 7.81 -0.44 Hasawi
Yield 3 qGY3.1 27.08 | CM020684.1 6731611 3 CMO020684.1 6810365 3 7.31 11.56 -0.1 Hasawi
3 qGY3.2 87.08 | CM020684.1 21729110 3 | CM020684.1 21917452 3 4.45 5.79 -4.33 Hasawi
3 qGY3.3 2.08 CMO020684.1 510306 3 CMO020684.1 528354 3 3.58 4.34 2.62 BRRI dhan28
4 qGY4.1 98.36 | CMO020685.1 24368860 4 | CMO020685.1 24786787 4 4.27 10.04 -1.16 Hasawi
6 qGY6.1 42.92 | CM020687.1 10644021 6 | CMO020687.1 10866598 6 7.07 19.24 0.32 BRRI dhan28
6 qGY6.2 106.92 | CM020687.1 24647518 6 | CM020687.1 26815006 6 4.51 4.97 2.09 BRRI dhan28
9 qGY9.1 75.12 | CM020690.1 18345383 9 | CM020690.1 19048905 9 4.12 4.74 2.2 BRRI dhan28
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4.4.4.1. Linkage Analysis

Linkage maps of 12 chromosomes were created based on genotypic data of 190
BCI1F2 individuals from cross between Hasawi and BRRI dhan28, with 6209 polymorphic
SNP markers using IciMapping software. (Fig. 4.33). Initially, millions of markers per
chromosome were filtered using TASSEL (Traits Analysis by Association, Evolution and
Linkage) software. Firstly, VCF file for each chromosome was uploaded into TASSEL and
after uploading following criteria was selected for filtering the unwanted markers: minimum
count was 192; minimum allele frequency was 0.05 and maximum allele frequency was 1.0,
minimum and maximum heterozygous proportion was 0.05 and 1.0, respectively. The
percentage of total phenotypic variation explained by QTL identified for each trait was
estimated as R? value. The data were permuted 1000 times to confirm the presence of each
QTL across the 12 chromosomes. Total length of the distribution of the 6209 markers was

1556.57 ¢cM or 389.14 Mb.
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4.4.4.2. Plant Height

Three QTLs were identified for the plant height on the chromosomes 1, 2 and 4
(Table 4.3; Figs. 4.33 and 4.34) under salinity stress at the reproductive stage of rice. Among
them, two QTLs on chromosome 1 (¢gPH1.1) and chromosome 2 (gPH?2.1) were significant
(p<0.05). They were mapped on the long arm of the chromosome 1 and 2 at 139.67 ¢cM, and
91.23 cM, respectively. All the significant QTLs were contributed by salt tolerant parent,
Hasawi. The largest effect was found in gPH1.1 with a LOD value of 14.87 that can explain
27.03% phenotypic variation followed by gPH?2.1 with the LOD of 7.47 that can explain

9.55% phenotypic variations. In all cases, the additive effect was negative.

4.4.4.3. Productive Tillers

Six QTLs were identified for the productive tillers per plant on the chromosomes 2,
3, 6,8 and 11 (Table 4.3, Figs. 4.33 and 4.35). Among them, three QTLs (¢P72.1, gPT3.1,
qPTI11.1) were reported as significant (p<<0.05). They all were mapped on the short arm of
chromosome 2, 3 and 11 at 7.23 cM, 27.08 cM, and 26.37cM, respectively. The other QTLs
were identified on the long arm of chromosome 6 and short arm of chromosome 8 and 11
with a LOD value of 4.78, 4.18 and 3.64, respectively. Of the significant QTLs, the largest
effect was found in gPT11.1 with a LOD value of 7.20 that can explain 13.41% phenotypic
variation. The additive effect of gPT11.1 is positive indicated that the sensitive parent, BRRI
dhan28 is responsible for this QTL. The second largest effect was observed in qPT2.1 with
a LOD of 7.01 followed by ¢PT3.1 with a LOD value of 6.11. Both the QTLs can explain
about 12% phenotypic variation having negative additive effect that indicated the tolerant

parent (Hasawi) was responsible for the QTLs.
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chromosomes. Horizontal line indicates the significant LOD threshold at 95% confidence

levels based on 1000 permutations.
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Figure 4.35. Chromosome locations of QTLs for productive tillers per plant under salinity
stress for 190 BCiF> population from Hasawi x BRRI dhan28 based on significant
threshold of LOD=3.0 using IciMapping (a) all chromosomes, (b) chromosome 2, (c)
chromosome 3 and (d) chromosome 11. Horizontal line indicates the significant LOD
threshold at 95% confidence levels based on 1000 permutations.
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4.4.4.4. Panicle Length

Seven QTLs were identified for panicle length on four chromosomes (chromosomes
2, 3, 6 and 12) (Table 4.3, Figs. 4.33 and 4.36). Among them, two QTLs (¢gPLI2.1 and
qPL6.1) were significant (p<0.05) based on 1000 permutation. The largest effect of the
significant QTLs was found in the short arm of chromosome 12 (¢PL12.1) and long arm of
chromosome 6 (¢PL6.1) with LOD value of 8.64 and 6.36 and can explain 11.91% and
14.25% phenotypic variations, respectively. The QTL found in chromosome 12 showed the
negative additive effect indicated that the tolerant parent, Hasawi is responsible for this QTL.
In contrast, the QTL on chromosome 6 had positive additive effect indicating the sensitive
parent, BRRI dhan28 contributed allele for this QTL. Among the QTLs which did not pass
the 1000 permutation based significant test, three were identified on the long arm of
chromosome 6 having the LOD value ranged from 3.09 to 4.01 and that explained 3.89% to
11% phenotypic variations. The rest two QTLs were identified on the long arm of
chromosome 2 and short arm of chromosome 3 with a LOD value of 5.24 and 3.01

respectively.
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Figure 4.36. Chromosome locations of QTLs for panicle length under salinity stress for
190 BCiF> population from Hasawi x BRRI dhan28 based on significant threshold of
LOD=3.0 using IciMapping (a) all chromosomes, (b) chromosome 6 and (c) chromosome
12. Horizontal line indicates the significant LOD threshold at 95% confidence levels based
on 1000 permutations.
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4.4.4.5. Number of Filled Spikelets

Seven QTLs were identified for number of filled spikelets per plant on the
chromosomes 3, 6, 7, 8, 11 and 12 (Table 4.3, Figs. 4.33 and 4.37). Among the QTLs, the
largest effect was found in gNFS3.1 with LOD value of 6.56 that can explain 17.94%
phenotypic variation followed by qNFS7.1 with a LOD value of 3.48 that can explain
17.39% phenotypic variation. The QTLs were mapped on the short arm of chromosome 3 at
27.08 ¢cM and chromosome 7 at 51.79 cM. In both cases, the additive effect was negative
indicating the tolerant parent (Hasawi) is responsible for both the QTLs. The rest five QTLs
were mapped in the long arm of chromosome 3, 6, 11 and 12 at 87.08 cM, 97.92 cM, 75.37
cM and 82.22 ¢cM and one QTL on chromosome 8 was mapped at 4.22 cM in the short arm.
Among all the QTLs, gNFSS8.1 and gNFS6.1 showed positive additive effects indicating

sensitive parent BRRI dhan28 contributed allele for both if this QTL.
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Figure 4.37. Chromosome locations of QTLs for number of filled spikelets per plant under
salinity stress for 190 BCF» population from Hasawi x BRRI dhan28 based on significant
threshold of LOD=3.0 using IciMapping (a) all chromosomes, (b) chromosome 7 and (c)
chromosome 7. Horizontal line indicates the significant LOD threshold at 95% confidence
levels based on 1000 permutations.

199



4.4.4.6. Number of Unfilled Spikelets

Only one QTL for number of unfilled spikelets per plant was identified on the short

arm of chromosome 2 with a LOD value of 5.24 and can explain 11.42% phenotypic

variation (Table 4.3, Figs. 4.33 and 4.38). This QTL exhibited negative additive effect

indicated that the tolerant parent, Hasawi was responsible for the allele contribution.
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Figure 4.38. Chromosome locations of QTLs for number of unfilled spikelets per plant
under salinity stress for 190 BCiF2 population from Hasawi x BRRI dhan28 based on
significant threshold of LOD=3.0 using IciMapping. Horizontal line indicates the
significant LOD threshold at 95% confidence levels based on 1000 permutations.

4.4.4.7. Percent Filled Spikelets

Three QTLs were identified for the percent filled spikelets on the chromosomes 4

and 6 with positive additive effects (Table 4.3, Figs. 4.33 and 4.39). Two QTLs (qPFS4.1

and gPF'S6.1) were significant (p<0.05) based on 1000 permutation and were mapped in the

short arm of chromosome 4 at 9.36 cM and long arm of the chromosome 6 and at 111.92 cM

with LOD value of 4.27 and 7.81 that explains about 15% phenotypic variations,

respectively. The percent filled spikelets exhibited positive additive effect for both the QTLs.

This implies that the sensitive parent, BRRI dhan28 is responsible for percent filled spikelets.
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4.4.4.8. Grain Yield

Eight QTLs were identified for the trait, grain yield per plant on the chromosomes 1,
3,4, 6 and 9 (Table 4.3, Figs. 4.33 and 4.40) under salinity stress at the reproductive stage
of rice. Among them, the largest effect was found in ¢GY3./ mapped on the short arm of
chromosome 3 with LOD value of 7.30 that can explain 11.56% phenotypic variation
followed by ¢GY6.1 on chromosome 6 (mapped on short arm) with a LOD value of 7.06 that
can explain 19.24% phenotypic variation and in gGY1. 1 on chromosome 1 (mapped on long
arm) with LOD value of 6.18 which can explain 7.81% phenotypic variation. The additive
effect was negative for two QTLs (¢GY3.1 and ¢GYI.1) indicating the tolerant parent
(Hasawi) contributed alleles for both QTLs. But ¢GY6.1 showed positive additive effects

indicated the sensitive parent (BRRI dhan28) was responsible for contributing this QTL.

In addition, two more QTLs were found in the long and short arm chromosome 3
(¢GY3.2 and ¢GY3.3) at 87.08 cM and 2.08 cM; and ¢GY6.2 were mapped in the long arm
chromosome 6(Table 4.3). Rest two QTLs were identified on the long arm chromosomes 4
and 9 with LOD values of around 4.0 that explain 10.04% and 4.34% phenotypic variations,

respectively.
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Figure 4.40. Chromosome locations of QTLs for grain yield per plant under salinity stress
for 190 BC:F: population from Hasawi x BRRI dhan28 based on significant threshold of
LOD=3.0 using IciMapping (a) all chromosomes, (b) chromosome 3 and (c) chromosome
6. Horizontal line indicates the significant LOD threshold at 95% confidence levels based
on 1000 permutations.
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4.4.5. Comparison of New QTLs with Previous QTLs

In this study, three QTLs for plant height were identified on choromsome 1, 2 and 4.
Of them two QTLs, gPHI.1 and gPH2.1 was mapped on the long arm of chromosome 1
and 2 at 139.67 cM and 91.23 cM, respectively. The tolerant parent, Hasawi contibuted
alleles for both the QTLs. Mao et al., (2003) found an important dwarf QTL for plant height
on chormosome 2 (qPH-2). The QTL idenfied in this study, gPH2.1 lies within 100 kbp (4

cM) of the dwarf QTL identified by Mao et al., 2003.

Semi-dwarf 1 (sd-I) gene is the major gene of rice that revolutionized and
significantly increased the yield of rice throughout the Asia during 1960s and onward. The
phenotype of this gene is dwarfism which was the result from the deficiency of plant growth
hormone, GA in the elongating stem . The location of this gene was on the long arm
chomosome 1 and was mapped at 149.1 cM (Sasaki et al., 2002). In this study, gPH1.1 was
also idenfied on the long arm of chromosome 1 and was mapped at 138.67 cM, which is very

near to the novel sd-1 gene.

Haque et al., (2020); Mondal et al., (2019), Hossain et al., (2015) and Mohammadi
etal., (2013) also observed similar. Haque et al. (2020) identified three QTLs for plant height
on chormosome 1, 3 and 5. The QTL, gPH.I@ 215 was mapped on the long arm of
chromosome 1 at 215 cM and tolerant parent Horkuch contributed positive allele for this
QTL. Although the identified QTL in this study was also on chromosome 1, it was located
around 41 cM far from the QTL identified by Haque et al (2020). In addition, Mondal et al
(2019) identified one QTL on chromosome 1 for plant height by using composite interval
mapping (CIM) and tolerant parent BRRI dhan47 was responsible for this QTL. Hossain et
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al., (2015) evaluated 218 F» individuals of Cheriviruppu (highly salt tolerant at both seedling
and reproductive stage)/Pusa Basmati-1 (PB1) (sensitive at seedling and reproductive stage)
at the reproductive stage using salinized water (EC 10 dS/m) and reported three significant
QTLs on chromosomes 1, 4 and 7 for plant height. Cheriviruppu alleles contributed to the
tallness of plants for all the QTLs. The long arm of chromosiome 1 contained a major QTL
for plant height, gPH-1.1s, with 47.2% phenotypic variation. While, Mohammadi et al.
(2013) obtained QTL for plant height on chromosome 1 (¢PHI.1s), 2 (qgPH2.1s), 3
(gPH3.1s)and 7 (gPH?7.1s) using CIM with 232 F; population derived from the cross SADRI
(tolerant at reproductive stage)/FL478 (sensitive at reproductive stage) using 6-8 dS/m
salinity treatment. The loci had R? value ranging from 6.6 to 17.0 %. The QTL, gPH]I.1s
detected near the marker RM212 located on the long arm of chromosome 1 with the highest

LOD value (9.4); the alleles from Sadri increased plant height.

Number of productive tillers per plant is also an important trait for determining the
salinity tolerance in rice at reproductive stage. Six QTLs were identified in this study and
among them the QTLs on chromosome 2 (¢P72.1),3 (qPT3.1)and 11 (¢PT11.1) crossed the
threshold level (p<0.05) based on 1000 permutations. On chromosome 2, pollen killer gene;
S29(t) was identified by Fengyi et al., (2006) from the BC,F> mapping population derived
from crosses between WAB450-6 and WAB56-104. The QTL, gP72.1 from the current

study was located within 100 kbp region of this gene.

The most important findings from this study is that three QTLs, one each for
productive tillers (gP73.1), number of filled spikelets (¢gNFS3.1) and grain yield (¢GY3.1)

was mapped at the same position (6.73 Mb or 26.07 cM) on chromosome 3. Zhang et al.,

205



(2005) and Zhenbo et al., (1997) identified QTLs on chromosome 3 by within the 100 kbp
region. Zhenbo et al., (1997)identified a QTL on grain yield (Gy3a) from double haploid
population with a LOD value 3.11 that explained 12.1% phenotypic variations and mapped
at around 5.5 Mb or 21.9 cM which is very near to the identified QTLs (¢P73.1, gNFS3.1
and ¢GY3.1). But the yield QTL (Gy3a) was related to rationing ability of rice under non-
stress conditions, not related to salinity stress. Zhang et al., (2005) identified a new sterile
gene S34(t) in this region from BC;F; mapping population of the crosses between
IRGC103977 (O. glaberrima) and Dianjingyou 1 (O. sativa). As O. glaberrima has several
sterile loci on chromosome 6, 11, 10 3 7 and 2. When single sterile gene or pyramiding of
several sterile genes were transferred to Asian cultivar as a bridge to cross African species
again, the F1 was still high sterile. Basically, semi-sterility plants were used to make further

backcross.

Oh et al., (2004) detected spikelet fertility QTL for cold tolerance, ferll on
chromosome 11 at 4.8 Mb positions; while gPT11.lof this study was identified for
productive tiller on the same chromosome at 6.4 Mb position. Mondal et al., (2019) detected
QTL on chromosome 11 for total tillers at 10.9 ¢cM, which was far away from qPT11.1
(located at 26.07 cM). None of the QTL for productive tillers was found on chromosome 2,
3 and 11 for salinity tolerance at respective location. So, these QTLs could be considered as

novel QTLs.

For the panicle length, seven QTLs were identified, among them QTL peaks on
chromosome 6 and 12 passed the significant threshold level (p<0.05) based on 1000

permutations (Zhuang et al., 2001) compared yield related traits between two mapping
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population F» and RIL. The QTL for number of panicles for RIL was identified on
chromosome 6 with LOD value of 2.02, located at around 27.3 Mb or 109.15 cM. Among
the seven QTLs, qPT6.1 identified in this study was mapped at 118.92 cM, which is very

near to the QTL identified by (Zhuang et al., 2001).

Number of filled spikelets per plant is one of the most important traits for grain yield,
especially salinity tolerance particularly at the reproductive stage in rice. In this study, seven
QTLs for this trait were detected on chromosome 3, 6, 7, 8, 11 and 12. Among them the
largest effect of the QTL, g/NFS3.1 was found on chromosome 3 at 27.08 ¢cM and tolerant
parent, Hasawi contributed allele for this QTL. Haque et al., (2020) detected QTL for the
number of filled grains on chromosome 10 at 58.48 cM, Mondal et al., (2019) identified
single QTL on chromosome 2 and Mohammadi et al., (2013) detected four QTLs on
chromosomes 2, 4, 6 and 10 for this trait using 232 F» populations of SADRI
(tolerant)/FL478 (sensitive) at reproductive stage. So far, no QTL for this trait was found on
chromosome 3. Therefore, gNFS3.1 identified in this study could be considered as a novel

QTL.

In this study, gNFS6.1 explains 11.51% phenotypic variation having LOD value of
3.61 and was mapped at 91.91 cM on the long arm of chromosome 6; whereas the QTL
qFRSP6. s identified by Mohammadi et al., (2013) was mapped near the marker RM275 on
the short arm of chromosome 6 which contributed 7.7% of the phenotypic variation.
Although both the QTLs were found on the same chromosome; but the LOD values,
phenotypic variations and positions of the QTLs identified were different. This may be due

to the crossing of different parents with different salinity treatments. Percent filled spikelet
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is also one of the most important yield components and is a good indicator for determining
salinity tolerance in rice. Generally, due to salinity stress, percentage of filled spikelet will
be reduced. But when the percent filled spikelets are moderate to high, the population is
considered relatively tolerant. In this study, three QTLs were found on chromosome 4 and
6 among them, gPFS4.1 and gPFS6.1 crossed the threshold level (p<0.05) based on 1000
permutations. The QTL, gPFS4.1 was identified on the short arm of chromosome 4 at 9.36
cM with LOD value of 4.27 and showed phenotypic variation of 14.29%. Similar findings
were observed by Mei et al., (2006) from the reciprocal introgression line (IL). They also
found QTL on chromosome 4 (¢gSNP-4a) at 2.71 cM with 16.07% phenotypic variation of
16.68 LOD value. Another study by Xiao et al., (1996) on RIL population identified QTL
on chromosome 4 at 4.55 cM, which is relatively near to the identified QTL. Mondal et al.,
(2019) and Mohammadi et al. (2013) found QTL on chromosome 2 but at different positions.
In addition, Jubay, (2012) identified three QTLs on chromosome 1, 4 and 12 for this trait.
In this study, gPFS6.1 identified on the long arm of chromosome 6 and was mapped at
111.92 cM; which was very close to the QTL for 1000 grain weight identified by Cho et al.

(2008).

Number of unfilled spikelets tends to be increased due to salinity stress and is
considered an important parameter to know the stress and magnitude of salinity on the
performance of a crop. In this study, one QTL was identified on the short arm of
chromosome 2 (gNUFS2.1) at 10.23 ¢cM with the LOD value of 5.25 that explained 11.42%
phenotypic variations. Ueda et al., (2013) reported similar results and they isolated pollen-
detective mutant, Collapsed Abnormal Pollen 1 (CAP1) from insertional mutant lines of rice.

This gene was located on the short arm chromosome 2 at 8.92 cM. Although the identified
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QTLs were not similar to the current study, but Sabouri& Biabani, (2009) identified a good

QTL (qUFG-1b) that showed the largest effect with 22.58% phenotypic variations.

Grain yield is the ultimate factor in determining salinity tolerance at reproductive
stage of rice. The current study detected eight QTLs on chromosome 1, 3, 4, 6 and 9. Among
them, QTL on chromosome 3 (¢GY3.1) showed the largest effect with LOD value of 7.31,
followed by QTL on chromosome 1 (¢GY1.1) with LOD value of 6.18. The positions of the
QTL were at 27.08 ¢cM and 123.67 cM, respectively. Another QTL was also detected for
grain yield on chromosome 1 with 8.41% phenotypic variation and 3.66 LOD value using
164 RIL population of Milyang 23/Gihobyeo by (Cho et al., 2007). Both QTLs were located
on the long arm of chromosome 1. Jubay (2012) detected QTLs for grain yield on
chromosomes 1, 3, 4 and 9 similar to the current study. But LOD value, position and
phenotypic variations were different due to different salinity stress was imposed on different
mapping population. Haque et al., (2020) detected QTL on chromosome 10 (QFGW.10@58

* Cyto) which was dissimilar with this study.

4.5. Summary and Conclusion

In this study, 588 BCiF; population derived from the cross between a sensitive
variety, BRRI dhan28, and a salt-tolerant variety, Hasawi, were evaluated under a salinity
stress of EC 10 dS/m to identify quantitative trait loci (QTLs) for salinity tolerance at the
reproductive stage of rice. Continuous 20 days salt stress was applied at the reproductive
stage to 435 BC F2 progenies and the rest 153 progenies were grown under non-stress
(control) condition. Among 435 progenies, 28% were classified as tolerant, and the rest as

sensitive based on their SES score and grain yield. About 45% each of the extremely tolerant
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and highly sensitive progenies were used for QTL mapping. The findings and conclusions

drawn from this study are summarized below:

The agronomic and yield related traits evaluated for salinity stress were plant height
(PH), productive tillers (PT), panicle length (PL), number of filled spikelets (NFS), number
of unfilled spikelets (NUFS), percent filled spikelets (PFS), percent unfilled spikelets
(PUFS) and grain yield (GY). In addition, a physiological trait, sodium-potassium (Na*/K*)
ratio was also evacuated. Almost all the traits differed significantly under salinity stress over
those obtained under non-stress condition, except the percent filled grains. But all the traits

of the tolerant and sensitive progenies under salt stress differed significantly.

Yield reduction between tolerant progenies of Hasawi x BRRI dhan28 grown under
salinity stress and control condition was only 8.6%. The correlation analysis indicated
positive and significant (p<0.001) correlation between grain yield and the number of filled
spikelets, percent filled spikelets and productive tillers and significantly negative (p<0.001)

correlation with SES score and percent unfilled spikelets of the progenies.

A total of 35 QTLs related to agronomic and physiological components under salinity
stress were identified for all traits through inclusive composite interval mapping (ICIM) of
Hasawi x BRRI dhan28 using IciMapping software 4.2. Total size of the genetic linkage
map was 1556.57 cM, constructed using 6209 SNP markers. Most of the QTLs identified
for the traits productive tillers, panicle length, no filled spikelets and grain yield and located

on chromosome 3 and 6. But no QTLs were found on chromosome 5 and 10 for this cross.
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In Hasawi x BRRI dhan28, eight QTLs for grain yield, seven QTLs each for panicle
length and number of filled spikelets, six QTLs for productive tillers, three QTLs each for
plant height and percent filled spikelets and a solo QTL for the number of unfilled spikelets
were identified. Both tolerant (Hasawi) and sensitive (BRRI dhan28) parents contributed
alleles to the QTLs for all traits except the plant height. All the data were statistically
confirmed with permutation analysis of 1000 times at 5% level of significance. Out of 48
QTLs in Hasawi x BRRI dhan28; two each for plant height, panicle length and percent filled
spikelets, and three QTLs for productive tillers were statistically confirmed. The QTLs
identified in this study for reproductive-stage salt tolerance need to be fine mapped before
they can be directly used to accelerate marker-assisted selection in future breeding programs
to increase selection efficiency. The identification of the genes constituting these major

QTLs would help to understand the molecular mechanisms.

211



4.6. References

Ahmadizadeh, M., Vispo, N. A., Calapit-Palao, C. D. O., Pangaan, 1. D., Vifa, C. Dela, &
Singh, R. K. (2016). Reproductive stage salinity tolerance in rice: a complex trait to
phenotype.  Indian  Journal of Plant  Physiology, 21(4), 528-536.
https://doi.org/10.1007/s40502-016-0268-6

Asif, M. A., Schilling, R. K., Tilbrook, J., Brien, C., Dowling, K., Rabie, H., Short, L.,
Trittermann, C., Garcia, A., Barrett-Lennard, E. G., Berger, B., Mather, D. E., Gilliham,
M., Fleury, D., Tester, M., Roy, S. J., & Pearson, A. S. (2018). Mapping of novel salt
tolerance QTL in an Excalibur x Kukri doubled haploid wheat population. Theoretical
and Applied Genetics, 131(10), 2179-2196. https://doi.org/10.1007/s00122-018-3146-

y

Bimpong, 1. K., Manneh, B., Diop, B., Ghislain, K., Sow, A., Amoah, N. K. A., Gregorio,
G., Singh, R. K., Ortiz, R., & Wopereis, M. (2014). New quantitative trait loci for
enhancing adaptation to salinity in rice from Hasawi, a Saudi landrace into three
African cultivars at the reproductive stage. Euphytica, 200(1), 45-60.
https://doi.org/10.1007/s10681-014-1134-0

Bizimana, J. B., Luzi-Kihupi, A., Murori, R. W., & Singh, R. K. (2017). Identification of
quantitative trait loci for salinity tolerance in rice (Oryza sativa L.) using IR29/Hasawi
mapping population. Journal of Genetics, 96(4), 571-582.
https://doi.org/10.1007/s12041-017-0803-x

Cho, Y.-G., Kang, H.-J., Lee, J.-S., Lee, Y.-T., Lim, S.-J., Gauch, H., Eun, M.-Y., &
McCouch, S. R. (2007). Identification of Quantitative Trait Loci in Rice for Yield,
Yield Components, and Agronomic Traits across Years and Locations. Crop Science,
47(6), 2403-2417. https://doi.org/10.2135/cropsci2006.08.0509

Fengyi, H., Xu, P., Xian Neng, D., Zhou, J., Li, J., & Tao, D. (2006). Molecular Mapping of
a Pollen Killer Gene S29(t) in Oryza Glaberrima and Co-Linear Analysis with S22 in
O. Glumaepatula. Euphytica, 151. https://doi.org/10.1007/s10681-006-9146-z

Flowers T. J. (2004). Improving crop salt tolerance. J. Exp. Bot. 55, 307-319.

Gimhani, D. R., Gregorio, G. B., Kottearachchi, N. S., & Samarasinghe, W. L. G. (2016).
SNP-based discovery of salinity-tolerant QTLs in a bi-parental population of rice
(Oryza sativa). Molecular Genetics and Genomics, 291(6), 2081-2099.
https://doi.org/10.1007/s00438-016-1241-9

Golicz, A. A., Bayer, P. E., & Edwards, D. (2015). Skim-Based Genotyping by Sequencing
(pp. 257-270). https://doi.org/10.1007/978-1-4939-1966-6 19

Gomez, K. A., & Gomez, A. A. (1984). Statistical procedures for agricultural research. 2™
Edition, John Wiley & Sons, New York

212



Haque, T., Elias, S. M., Razzaque, S., Biswas, S., Khan, S. F., Jewel, G. M. N. A., Rahman,
M. S., Juenger, T. E., & Seraj, Z. 1. (2020). Natural variation in growth and physiology
under salt stress in rice: QTL mapping in a Horkuch x IR29 mapping population at seedling
and reproductive stages. BioRxiv, 2020.03.01.971895.
https://doi.org/10.1101/2020.03.01.971895

Hossain, H., Rahman, M. A., Alam, M. S., & Singh, R. K. (2015). Mapping of Quantitative
Trait Loci Associated with Reproductive-Stage Salt Tolerance in Rice. Journal of
Agronomy and Crop Science, 201(1), 17-31. https://doi.org/10.1111/jac.12086

IPCC. (2019). Special Report on Climate Change and Land. In [PCC.
https://doi.org/10.4337/9781784710644

Ismail, A. M., & Horie, T. (2017). Genomics, Physiology, and Molecular Breeding
Approaches for Improving Salt Tolerance. Annual Review of Plant Biology, 65(1), 405—
434. https://doi.org/10.1146/annurev-arplant-042916-040936

Mao, B.-B., Cai, W.-J., Zhang, Z.-H., Hu, Z.-L., Li, P., Zhu, L.-H., & Zhu, Y.-G. (2003).
Characterization of QTLs for harvest index and source-sink characters in a DH
population of rice (Oryza sativa L.). Yi Chuan Xue Bao = Acta Genetica Sinica, 30(12),
1118-1126. http://www.ncbi.nlm.nih.gov/pubmed/14986429

Mei, H. W., Xu, J. L., Li, Z. K., Yu, X. Q., Guo, L. B, Wang, Y. P., Ying, C. S., & Luo, L.
J. (2006). QTLs influencing panicle size detected in two reciprocal introgressive line
(IL) populations in rice (Oryza sativa L.). Theoretical and Applied Genetics, 112(4),
648—656. https://doi.org/10.1007/s00122-005-0167-0

Mohammadi, R., Mendioro, M. S., Diaz, G. Q., Gregorio, G. B., & Singh, R. K. (2013).
Mapping quantitative trait loci associated with yield and yield components under
reproductive stage salinity stress in rice (Oryza sativa L.). Journal of Genetics, 92(3),
433-443. https://doi.org/10.1007/s12041-013-0285-4

Mondal, S., Borromeo, T. H., Diaz, M. G. Q., Amas, J., Rahman, M. A., Thomson, M. J., &
Gregorio, G. B. (2019). Dissecting qtls for reproductive stage salinity tolerance in rice
from  BRRI  dhan47.  Plant  Breeding  and  Biotechnology, 7(4).
https://doi.org/10.9787/PBB.2019.7.4.302

Munns, R. (2005). Genes and salt tolerance: Bringing them together. In New Phytologist.
https://doi.org/10.1111/j.1469-8137.2005.01487.x

Negrao, S., Schmdckel, S., & Tester, M. (2016). Evaluating physiological responses of
plants to salinity stress. Annals of Botany, 119. https://doi.org/10.1093/aob/mcw191

Oh, C.-S., Choi, Y.-H., Lee, S.-J., Yoon, D.-B., Moon, H.-P., & Ahn, S.-N. (2004). Mapping

of Quantitative Trait Loci for Cold Tolerance in Weedy Rice. Breeding Science, 54(4),
373-380. https://doi.org/10.1270/jsbbs.54.373

213



Prasad, S. R., Bagali, P. G., Hittalmani, S., &Shashidhar, H. E. (2000). Molecular mapping
of quantitative trait loci associated with seedling tolerance to salt stress in rice (Oryza
sativa L.). Current Science, 162-164.

Rahman, M. A., Bimpong, 1. K., Bizimana, J. B, Pascual, E. D., Arceta, M., Swamy, B. P.
M., Diaw, F., Rahman, M. S., & Singh, R. K. (2017). Mapping QTLs using a novel
source of salinity tolerance from Hasawi and their interaction with environments in rice.
Rice. https://doi.org/10.1186/s12284-017-0186-x

Sabouri, H., & Biabani, A. (2009). Toward the Mapping of Agronomic Characters on a Rice
Genetic Map: Quantitative Trait Loci Analysis under Saline Condition. Biotechnology
(Faisalabad), 8(1), 144—149. https://doi.org/10.3923/biotech.2009.144.149

Sasaki, A., Ashikari, M., Ueguchi-Tanaka, M., Itoh, H., Nishimura, A., Swapan, D.,
Ishiyama, K., Saito, T., Kobayashi, M., Khush, G. S., Kitano, H., & Matsuoka, M.
(2002). A mutant gibberellin-synthesis gene in rice. Nature, 416(6882), 701-702.
https://doi.org/10.1038/416701a

Singh, R. K., & Flowers, T. J. (2010). The physiology and molecular biology of the effects
of salinity on rice. In: Pessarakli M, editor. Handbook of Plant and Crop Stress, 3rd ed.
Florida: Taylor and Francis, pp. 901-942.

Singh, R. K., Gregorio, G. B., & Jain, R. K. (2007). QTL mapping for salinity tolerance in
rice. Physiology and Molecular Biology of Plants, 13(2), 87

Sokal, R. R. and Rohlf, F. J. (1995). Biometry: The Principles and Practice of Statistics in
Biological Research. 3rd Edition, W.H. Freeman and Co., New York.

Steel, R. G. D., Torrie, J. H. & Dicky, D. A. (1997). Principles and Procedures of Statistics,
A Biometrical Approach. 3rd Edition, McGraw Hill, Inc. Book Co., New York.

Thomson, M. J. (2014). High-Throughput SNP Genotyping to Accelerate Crop
Improvement.  Plant  Breeding  and  Biotechnology,  2(3), 195-212.
https://doi.org/10.9787/PBB.2014.2.3.195

Thomson, M. J., Ismail, A. M., McCouch, S. R., & Mackill, D. J. (2010). Marker assisted
breeding. In Abiotic Stress Adaptation in Plants: Physiological, Molecular and
Genomic Foundation. https://doi.org/10.1007/978-90-481-3112-9 20

Thomson, M. J., Zhao, K., Wright, M., McNally, K. L., Rey, J., Tung, C. W., Reynolds, A.,
Scheffler, B., Eizenga, G., McClung, A., Kim, H., Ismail, A. M., de Ocampo, M.,
Mojica, C., Reveche, M. Y., Dilla-Ermita, C. J., Mauleon, R., Leung, H., Bustamante,
C., & McCouch, S. R. (2012). High-throughput single nucleotide polymorphism
genotyping for breeding applications in rice using the BeadXpress platform. Molecular
Breeding. https://doi.org/10.1007/s11032-011-9663-x

214



Thomson, M. J., Singh, N., Dwiyanti, M. S., Wang, D. R., Wright, M. H., Perez, F. A,
DeClerck, G., Chin, J. H., Malitic-Layaoen, G. A., Juanillas, V. M., Dilla-Ermita, C. J.,
Mauleon, R., Kretzschmar, T., & McCouch, S. R. (2017). Large-scale deployment of a
rice 6 K SNP array for genetics and breeding applications. Rice, 10(1).
https://doi.org/10.1186/s12284-017-0181-2

Tuberosa, R., & Salvi, S. (2005). QTLs and genes for tolerance to abiotic stress in cereals.
In Cereal Genomics. https://doi.org/10.1007/1-4020-2359-6 9

Ueda, K., Yoshimura, F., Miyao, A., Hirochika, H., Nonomura, K.-I., & Wabiko, H. (2013).
COLLAPSED ABNORMAL POLLENI Gene Encoding the Arabinokinase-Like
Protein Is Involved in Pollen Development in Rice. Plant Physiology, 162(2), 858—871.
https://doi.org/10.1104/pp.113.216523

Xiao, J., Li, J., Yuan, L., & Tanksley, S. D. (1996). Identification of QTLs affecting traits of
agronomic importance in a recombinant inbred population derived from a subspecific
rice cross. TAG Theoretical and Applied Genetics, 92(2), 230-244.
https://doi.org/10.1007/s001220050118

Zhang, Z., Xu, P., Hu, F., Zhou, J., Li, J., Deng, X., Ren, G., Li, F., & Tao, D. (2005). A
new sterile gene from Oryza glaberrima on chromosome 3. Rice Genet. Newsl, 22, 26-
29.

Zhenbo, T., Lishuang, S., Zuolian, Y., Chaofu, L., Ying, C., Kaida, Z., & Lihuang, Z. (1997).
Identification of QTLs for ratooning ability and grain yield traits of rice and analysis of
their genetic effects. In Zuo wu xue bao (Vol. 23, Issue 3, pp. 289-295).
http://europepmc.org/abstract/ CBA/303788

Zhuang,J. Y., Fan, Y. Y., Wu, J. L., Xia, Y. W., & Zheng, K. L. (2001). [Comparison of the
detection of QTL for yield traits in different generations of a rice cross using two
mapping approaches]. Yi Chuan Xue Bao = Acta Genetica Sinica, 28(5), 458-464.
http://www.ncbi.nlm.nih.gov/pubmed/11441659.

215



5. VALIDATION OF GRNA DESIGN FOR GENE EDITING OF HKT FAMILY OF

TRANSPORTERS THROUGH CRISPR/Cas9 RIBONUCLEOPROTEINS

5.1. Introduction

Rice (Oryza sativa L.) is the main staple for more than three billion people of the
world and it provides 20% dietary energy of the community depends on rice (Birla et al.,
2017). However, various abiotic stresses, especially salinity greatly affects rice yield
(Ahmadizadeh et al., 2016; Mondal et al., 2019). Rice plant is highly sensitive to the higher
concentrations of sodium and its uptake causes Na* toxicity and osmotic stress (Horie et al.,
2009). Therefore, development of salt tolerant rice varieties is the utmost need to increase

rice production to feed the people living in the saline-prone environments of the world.

Several Na* transporters play an indispensable role in Na* tolerance in plants. Among
them, HKT is a promising salt tolerant gene and it plays a fundamental role in both mono
and dicotyledonous plants in the tolerance to salinity stress especially in rice (Almeida et al.,
2013). The members of the HKT gene family in rice are expressed in xylem parenchyma
cells and protect leaves from salt stress by removing sodium from the xylem sap (Platten et
al., 2006). There are seven gene families reported for this HKT gene; indicates that the
members of the HKT gene family play a central role in controlling Na * accumulation and

also determine the mechanisms of salinity tolerance.

The recent advances in biotechnology and molecular breeding have brought
tremendous changes in rice productivity across the globe with the development of improved
varieties (Mishra et al., 2018). Genome editing with CRISPR/Cas 9 plays a vital role in
improvement and understanding the gene functions associated with abiotic stresses in rice
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and provides opportunity for plant improvement. Over the past 4 years the CRISPR/Cas 9
system has been widely adopted in rice, wheat, maize, soybean, potato etc. mainly for
generating mutants (Liang et al., 2018). Further, CRISPR/Cas 9 system become more
powerful with the introduction of multiplex genome editing which can target multiple genes
with single gRNA or express multiple gRNA from single transcript. Among them, multiplex
genome editing with the polycistronic tRNA-gRNA (PTG) approach presents a novel
opportunity to create mutations in several members of the HKT gene family and to observe
the changes in gene functions and trait phenotypes. This PTG approach is one of the simplest
ways to assemble multiple gRNAs and later tRNA is excised by RnaseP and RNaseZ which
is readily available in the cellular component (Xie et al., 2015). The CRISPR/Cas 9
components i.e. binary vector with desired PTG sequence, can be delivered into the plant

cell via Agrobacterium-mediated delivery.

Delivering DNA in the form of a plasmid vector or delivering of mRNA itself can
lead to expression of the Cas9 protein inside of a target cell and resulted in Cas9-mediated
gene editing. Agrobacterium-mediated transformation has been extensively used for
delivering genome-editing reagents. But due to enhancement of off-target cleavage and other
foreign elements could be integrated into the mutants; this method limits the adoption in

plant breeding.

To achieve CRISPR-mediated gene editing for HKT gene family, there must be a
functional Cas9—gRNA ribonucleoprotein (RNP) complex present inside the nucleus and
direct delivery of this RNP complex could be the most up-front option. For overcoming this
problem of Agrobacterium mediated transformation, efficient DNA free genome editing

method using CRISPR/Cas9 ribonucleoproteins (RNPs) has already been introduced as it
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has less chance of having off-target mutations; possibly no off-target mutations detected in
the mutant plants because of not using foreign DNA. This is also most difficult delivery
format due to the large size and charge of the protein, but recently successful delivery of
Cas9 protein has been demonstrated in vitro and in vivo. As a result, transgene free mutants
could be obtained. This method may be widely applicable for producing genome edited crop

plants and has a good prospect of being commercialized.

5.2. Objective

The general objective of this study is the designing an approach for multiplex
CRISPR/Cas9 based gene editing targeting seven gene members of HKT family of sodium

transporters. The specific activities were:

a. Sequence analysis of the HKT gene family in rice and designing appropriate gRNAs
for the particular gene sequence of each member or conserved regions across

multiple genes.

b. Validating the gRNA designs using in vitro ribonucleoprotein (RNP) assays by

cleaving PCR amplicons containing the target site.
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5.3. Materials and Methods

5.3.1. Plant Materials

In this study, rice (Oryza sativa L. ssp) cultivars, Presidio was used as a test variety
and this was chosen because of its exceptional milling qualities, grain appearance and high
yielding variety (USDA ARS, 2018). Rice plants were grown in a greenhouse of Texas
A&M University with 12 h of light having the day and night temperature of 28 °C and 23

°C, respectively.

5.3.2. Selection of the Gene Family

High-Affinity K* transfer (HKT) gene family was selected for this study.
Phylogenetic trees of HKT coding or amino-acid sequences show that this gene family
classified into two major branches; named subfamily 1 and subfamily 2 (Platten et al., 2006).
These two major subfamilies can be distinguished based on their gene organization i.e.
introns are larger in the genes of subfamily 1 than subfamily 2 (p = 0.0085, Mann—Whitney
test). Subfamily 1 contains four genes; OsHKT1;1 OsHKT1;3, OsHKT1,4 and OsHKT1;5
and subfamily 2 contains four genes; OsHKT2;1, OsHKT2;2 OsHKT2;3 and OsHKT2;4
(Platten et al., 2006). The reference sequence accession numbers were: OsHKTI;1,
0Os04g060750, OsHKTI1;3, 0s02g0175000, OsHKTI1:;4, Os04g0607600, OsHKTI;5,

0s01g0307500, OsHKT2;1 Os06g0701700; OsHKT2;2 and OsHKT2;3, Os01g0532600.
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5.3.3. Sequence Analysis of HKT Gene Family through Online Database

At first, the whole genome sequence of all seven genes was downloaded from the
online database Rice Genome Annotation Project and identified the first exon
(rice.plantbiology.msu.edu). Also, CDS sequence was downloaded from the same database.
Then the CDS sequence of all seven genes were BLAST individually with nucleotide
BLAST of NCBI. All of the genes had similar sequence with the Nipponbare rice genome

sequence.

5.3.4. Primer Designing

A primer is a short nucleic acid sequence that provides a starting point for DNA
synthesis. In living organisms, primers are short strands of RNA. A primer must be
synthesized by an enzyme called RNA polymerase, before DNA replication can occur. For
amplifying target gene of interest, primers are obvious to design for conducting PCR i.e.
polymerase chain reaction and proper designing of primers ensure successful target DNA
amplification (Cox, 2015). In the current study, most vital salt tolerant genes; HKT were
used as a target gene. There are seven gene families in HKT gene and exon 1 region was
selected as target region for all of them. Based on the target regions, seven pairs of primers
were designed with the aid of software tool NCBI primer BLAST and also Primer3 (Xie et

al., 2014).

At first, target sequences were downloaded from Gramene database and BLAST of
exon 1 region was performed in NCBI for more accuracy of the sequence annotation. After
that, target sequences were ready to use for primer designing (Xie et al., 2014). After pasting
the target sequence and modifying the product size into 500 to 700 base pairs, possible
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primers were achieved readily. The next step was to check the specificity of the primer pairs
whether they are unique or not or they won't bind to other locations in the genome except
the target (Xie et al., 2014). Aside from this; whether primer pairs bind to each other to
form primer dimer, the possibility of the forming of secondary structure (like hairpin),
melting temperature melting temperature (Tm), mismatch and tracking the annealing
temperature (Ta) because if the temperature is too low, one or both primers will anneal to
sequences other than the targetregion and lead to non-specific PCR amplification
(https://www.idtdna.com/pages/tools/oligoanalyzer). Primer BLAST is one of the ways to
check the primer specificity of the primer pairs by using Gramene database particularly to
check comparatively less hits primers as those are considered good quality primers and IDT
oligoanalyzer tools provides more information regarding Tm, Ta or formation of secondary

structure

5.3.5. PCR Amplification of the Target Sequence

Rice genomic DNA of Presidio were extracted by CTAB method (Doyle, 1991) and
target gene was amplified with specific primer pairs by using Phusion DNA Polymerase
(Chester and Marshak, 1993). PCR reaction was performed to amplify the first exon of HKT
gene family. It was carried out with 25 pl reaction mixture containing 2 pl of DNA having
the concentration of 100 ng/ul, 4 pl of 5X Phusion high fidelity (HF) reaction buffer, 0.4 pl
of 10mM dNTPs, 1 pl each forward and reverse primers of the HKT gene family, 0.2 pl of
Phusion DNA polymerase and deionized water (Chester and Marshak, 1993, Xie et al.,
2014). The standard reaction was initial denaturation at 94 C for 5 min followed by 32 cycles
of denaturation at 94 C for 1 min, annealing at 61.2 for 1 min and extension at 72 C for 1

min, and final extension at 72 C for 7 min.
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The PCR product was separated in 1% agarose gel and stained with cyber safe to
identify the actual product size of the amplified PCR product. The stained gels were imaged
using the Gel Doc XRS system (Bio-Rad). If the quality of the band was obscure and
concentration of the sample is less (>20ng/ul); reamplification was done with the same
primers. After image analysis, DNA concentration was measured with Nanodrop and gel
extraction of the PCR product was done with Gel Extraction Kit (Xie et al., 2014). Lastly,
the PCR products were sent to sequencing lab for getting the sequencing result which was
based on dideoxy sequencing method DNA. After getting the sequencing result, Poly Peak
Parsar online database/tool was used to analyze the sequencing result and based on the
conserved region; highly specific gRNA was designed for each of the HKT gene family.

CRISPR-direct; an online tool for gRNA design was used to design specific gRNA.

5.3.6. Assessment of the in vitro Cleavage Activity of CRISPR/Cas9 RNPs

Desired DNA fragments of OsHKTI1;1, OsHKTI;3 OsHKTI1;4 OsHKTI;5,
OsHKT2;1 OsHKT2;3 and OsHKT2;4 were amplified through Polymerase Chain Reaction
(PCR) by using target-specific primers designed through online database NCBI primer
blast/Primer 3 and then run on an agarose gel to check the appropriate product size (Xie et
al., 2014). After amplification, PCR product was purified with Gel Extraction kit and 30 pl

of RNAse free water was added as final elution volume.

Reaction mixtures containing 3ul of 1uM Cas 9 protein, 3 pl of 300 mM gRNA
(purchased from Synthego), 3 pl of Cas 9 NEB reaction buffer, and water was mixed

thoroughly and kept it for 10 minutes at 25 °C (Larson et al., 2013, Mali et al., 2013,

222



Mehravar et al., 2019). After that Substrate DNA or PCR amplicons was added and

incubated the whole reaction mixture at 37° C for an hour.

After an hour of incubation, 1 microliter of proteinase K was added into each of the
7 samples and mixed thoroughly with a pulse spin centrifuge (Larson et al., 2013, Mali et
al., 2013, Mehravar et al., 2019). Then reaction mixtures were incubated for 10 to 20 minutes
at 56 °C followed by running those samples in 2% agarose gel at 120 V for 20 minutes.

Cleavage activity was analyzed by gel imager.
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5.4. Results and Discussion

5.4.1. Analyzing of Sanger Sequencing Output

Sanger sequencing is the standard technology for sequencing as it provides a high
degree of accuracy, long-read capabilities, and the flexibility to support a diverse range of
applications in many research areas. It is highly recognized for DNA sequencing
applications. PCR product of HKT gene family were sent out for sequencing to determine
the correct gene sequences (bases) and their position in the genome. These sequences were

compared with the reference sequence which was obtained from the Gramene database.

At very first chromatogram data was analyzed for every gene. In this study, online
tool “Poly Peak Parser” was used to get the chromatogram data and it trims 30 base pairs
from both 5’ and 3’ end to remove the low-quality bases. Best chromatogram data refers to
have an evenly spaced nucleotide peaks and lack of baseline noise (Figs.5.1-5.7). Sometimes
the computer software program mis-called a nucleotide, but it could be solved manually by
scanning the sequences. Also, if there were any larger gap between the two peaks or two
nucleotides, manually those sequences were scanned by looking over the sequences. In the
current study, the chromatogram sequences of HKT gene families were reliable, because of
having broader picks, basecall letters at the top was regular i.e. evenly spaced and lower

noise.
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Chromatogram

CTAT TG TTCACC T CTG T GTC TACACTT ACTGTCTCGAGCATGG CAACAGTAGCGMMGGA AGACTT ATCTG ACAGG CAACTC TG GGTTCTG ATCC TTC
CTATTG TTCACC T CTG T GIC TACACTT ACTGTCTCGAGCATGG CAACAGTATCT MMTGA AGACTT ATCTG ACAGG CAACTC TG GGTTCTG ATCC TTC

TG ATGCTAATGG GAGG AGAGGTGTTCACATCAATG CTAGGGCT CTACTT CAACAAT GCCAATG CCAACAG AAATGA GAACAGCCAG AGAAGT TT ACC TT C
TG ATGCTAATGG GAGG AGAGGTGTTCACATCAATG CTAGGGCT CTACTT CAACAAT GCCAATG CCAACAG AAATGA GAACAGCCAG AGA AGT TT ACC TT C

AATCAGCTTGG ACATTGAATTCAACAGTCCTGCAAACAATGG GG ATC ACAAAATT ACG GAATG TGGCCAA TCAGAAGAAACTATGT CGCAAAACCAGG T AC
AATCAGCTTGG ACATTGAATTCAACAGTCCTGCAAACAATGG GG ATC ACAAAATT ACG GAATG TGGCC AA TCAGAAGAAACTATGT CGCAAAACCAGG T AC

198

CAAAAGC ATAACAT ATAATCCTTGCGCTGTGTTG GTTCGCATAG TG ACAGG TTATT TCGTAGCTACT GTCAT TTOCAG TTCTGTCATCATTATTA
\CAAAAGE AT AACAT ATAATCCTTGCGCTGTGTTG GTTCGCATAG TG ACAGG TTATT TCGTAGCTACTGTCAT TTCCAG TTCTGTCATCATT ATT A

TG MCTCAATCCAAAAGTAAAT AATAATGA TG ACAGAACTGG AAATGACAGTAGCTACG AAATAACGTGTCACTATGCGAACCAACACAGCGCAAGGAT
TG MCTCACTCCAGGCGT AAGT AATAATGA GG ACGGAAGGGE MAGTGACGGG A GCTACT AT AT AAMGCGGTCGCTATGC AAACCGACACAGCGCGGGGCT

TATM G TTATGC TTTTGT TTTGCTG T ACC TG G TTTT GC GACATAG TTTCTTCTGATT GGCCACA TT CCGT AATT TTG T G ATCC CC AT TG TT TGC AGG ACTG
TATM G TG ATGC TTTTGT GTTGCTG T ACC TG G TGTT GC GACATAG TTTCTTCTGATT GGCCACA TT CCGT AATT TTG TG ATCC CC AT TG TT TGC AGG ACTG

TTGAATTCAATG TCCAAGC TG AT TG AAGGTAA ACTT CTCTG GCTGTTCTCAT TTCTGTTGGCATTGGC ATTGT TG AAGT AG AGCC C TAGCATTG ATG TG A
TTGAATTCAATG TCCAAGC TG AT TG AAGGTAA ACTT CTCTG GCTGTTCTCAT TTCTGTTGGCATTGGC ATTGT TG AAGT AG AGCC C TAGCATTG ATG TG A

ACACC TCTCCTCCCATTAGCATCAG AAGG ATCAGAACCCAGAGTTGCC TGTC AGATAAGTC TT CCATCTCTACTGTTGCCATGCTCGAGACAGT AMGTGTA
ACACC TCTCCTCCCATTAGCATCAG AAGG ATCAGAACCCAGAGTTGCC TGTCAGATAAGTC TT CCATCTCTACTGTTGCCATGCTCGAGACAGT AMGTGTA

Alignment
Alt Allele 1 CTATTGTTCACCTCTGTGTCTACACTTACTGTCTCGAGCATGGCAACAGTATCTATTGAAGACTTATCTGACAGGCAACT 80
L N e e NN NN NN AR
Reference 31 CTATTGTTCACCTCTGTGTCTACACTTACTGTCTCGAGCATGGCAACAGTAGCGATGGAAGACTTATCTGACAGGCAACT 110
Alt Allele 81 CTGGGTTCTGATCCTTCTGATGCTAATGGGAGGAGAGGTGTTCACATCAATGCTAGGGCTCTACTTCAACAATGCCAATG 160
[ A R A AR
Reference 111 CTGGGTTCTGATCCTTCTGATGCTAATGGGAGGAGAGGTGTTCACATCAATGCTAGGGCTCTACTTCAACAATGCCAATG 190
Alt Allele 161 CCAACAGAAATGAGAACAGCCAGAGAAGTTTACCTTCAATCAGCTTGGACATTGAATTCAACAGTCCTGCAAACAATGGG 240
FREERRRRE e e r e e e r e e e e e b e e e e e ererrnrrerereeennen
Reference 191 CCAACAGAAATGAGAACAGCCAGAGAAGTTTACCTTCAATCAGCTTGGACATTGAATTCAACAGTCCTGCAAACAATGGG 270
Alt Allele 241 GATCACAAAATTACGGAATGTGGCCAATCAGAAGAAACTATGTCGCAAAACCAGGTACAGCAAAACAAAAGCATAACATA 320
PEEERRRRE e b e e e e e e e e e erereeeneenl
Reference 271 GATCACAAAATTACGGAATGTGGCCAATCAGAAGAAACTATGTCGCAAAACCAGGTACAGCAAAACAAAAGCATAACATA 350
Alt Allele 321 TAATCCTTGCGCTGTGTTGGTTCGCATAGTGACAGGTTATTTCGTAGCTACTGTCATTTCCAGTTCTGTCATCATTATTA 400
(NN N R NN
Reference 351 TAATCCTTGCGCTGTGTTGGTTCGCATAGTGACAGGTTATTTCGTAGCTACTGTCATTTCCAGTTCTGTCATCATTATTA 430
Alt Allele 401 TTTACTTTTGGATTGATTCAGATGCAAGAAATGTACTGAAAAGTAAGGAGATCAATA 457
FERRRREER e e e e errenrrerrrnereend
Reference 431 TTTACTTTTGGATTGATTCAGATGCAAGAAATGTACTGAAAAGTAAGGAGATCAATA 487

Figure 5.1. Chromatogram and alignment of OsHKT1;1
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Chromatogram

CACCCA GG GCACAAAAGTT ACA GTT TCATTTTCT G AACT (C GC ATGG A AAATG GAGGAC M GT AG AGC CCAA G ACGATTAAATTITTAGG TTTTGT A
CACCCA GG GCACAAAAGTT ACA GTT TCATTTTCT G AACT (C GC ATGG A AAATG GAGGAC AT AT AG AGC CCAA G ACGATTAAATTITTAGG TTTTGT A

~—
GTG ATGGG ATATCTTCTAATAACAAACTTAGGCG GCTOCCT ACTTATT TACC TCTACCTT AACC TGG TACCAAGTGC ACATAAAATT CTAARGAGARAAG
GTG ATGGG ATATCTTCTAATAACAAACTTAGGCG GCTOCCT ACTTATT TACC TCTACCTTAACC TGG TACCAAG TGC ACATAAAATT CTAAAGAGAAAAG
@
=]
GCATT GGG ATCATCG TATTCTCAGTATT TACAGCCATCTCCTC AGTTGGAAATTGTG GCTT CACTCC AGTAAATG AGAATATG ATTATCTT TCAGAAGAACT
GCATT GGG ATCATCG TATTCTCAGTATT TACAGCCATCTCCTC AGTTGGAAATTGTG GCTT CACTCC AGTAAATG AGAATATG ATTATCTT TCAGAAGAACT
@
=2
-—
CCATTCTT CTATTGCT AATTCTT CCTCAGATACTAGCAGG AAATACATTA TT TG CACCATG CTTGAGATT A ATG GTGTGGTCACTTG AGAAGATT ACCGG &
CCATTCTT CTATTGCT AATTCTT CCTCAGATACTAGCAGG AAATACATTA TT TGCACCATG CTTGAGATTA ATG GTGTGGTCACTTG AGAAGATT ACCGG A
@

AAAAAGGATTGTCGTTACATTCT TGAATATCCAAAGG CCATT GGATATAAACATC TTA TG AGTACC AGGG AAAGTGTTTATTTG ACTT TAACAG TTGTGAG
AAAAAGGATTGTCGTTACATTCT TGAATATCCAAAGG CCATT GGATATAAACATC TTA TG AGTACCAGGGAAAGTGTTTATTTG ACTTTAACAG TTGTGAG

401

CTTGATCATTCTGC AAACCGTA TTGTT
CTTGATCATTCTGC ALACCGTA TTGTT

N
3

Alignment

Alt Allele 1 CACCCAGGGCACAAAAGTTACAGTTTCATTTTCTGAACTCCGCATGGAAAATGGAGGACATATAGAGCCCAAGACGATTA 80
PECEERERE e e e e e e e e e e e e e e e e e e e e e el

Reference 31 CACCCAGGGCACAAAAGTTACAGTTTCATTTTCTGAACTCCGCATGGAAAATGGAGGACATGTAGAGCCCAAGACGATTA 110

Alt Allele 81 AATTTTTAGGTTTTGTAGTGATGGGATATCTTCTAATAACAAACTTAGGCGGCTCCCTACTTATTTACCTCTACCTTAAC 160
L R R R R N NN NN NN NN AR NN RN

Reference 111 AATTTTTAGGTTTTGTAGTGATGGGATATCTTCTAATAACAAACTTAGGCGGCTCCCTACTTATTTACCTCTACCTTAAC 190

Alt Allele 161 CTGGTACCAAGTGCACATAAAATTCTAAAGAGAAAAGGCATTGGGATCATCGTATTCTCAGTATTTACAGCCATCTCCTC 240
PECEEREEE e e e e e e e e e e e et e e e e et et e e e e e el

Reference 191 CTGGTACCAAGTGCACATAAAATTCTAAAGAGAAAAGGCATTGGGATCATCGTATTCTCAGTATTTACAGCCATCTCCTC 270

Alt Allele 241 AGTTGGAAATTGTGGCTTCACTCCAGTAAATGAGAATATGATTATCTTTCAGAAGAACTCCATTCTTCTATTGCTAATTC 320
L R R N AN NN NN NN NN AN NN RN RN

Reference 271 AGTTGGAAATTGTGGCTTCACTCCAGTAAATGAGAATATGATTATCTTTCAGAAGAACTCCATTCTTCTATTGCTAATTC 350

Alt Allele 321 TTCCTCAGATACTAGCAGGAAATACATTATTTGCACCATGCTTGAGATTAATGGTGTGGTCACTTGAGAAGATTACCGGA 400
FEREERRERrErr et e ee et e e e e e e e e e et e e e e e e et e e e e e e e e e rreeenl

Reference 351 TTCCTCAGATACTAGCAGGAAATACATTATTTGCACCATGCTTGAGATTAATGGTGTGGTCACTTGAGAAGATTACCGGA 430

Alt Allele 401 AAAAAGGATTGTCGTTACATTCTTGAATATCCAAAGGCCATTGGATATAAACATCTTATGAGTACCAGGGAAAGTGTTTA 480
PECEERERE e et e e e e e e e e e e e e e e e e e e e et e e b e e e el

Reference 431 AAAAAGGATTGTCGTTACATTCTTGAATATCCAAAGGCCATTGGATATAAACATCTTATGAGTACCAGGGAAAGTGTTTA 510

Alt Allele 481 TTTGACTTTAACAGTTGTGAGCTTGATCATTCTGCAAACCGTATTGTT 528
PECEERERE e e e e e e e e e e e el

Reference 511 TTTGACTTTAACAGTTGTGAGCTTGATCATTCTGCAAACCGTATTGTT 558

Figure 5.2. Chromatogram and alignment OsHKT1;3
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Chromatogram

CC GG CG COG CG OCG CG CCGC ATCG ACCGCT TCTTCACCG CCG T GT CGGCCGCC A OGC TG TCAAG CATG T GCACC G TCG A GATGG AGG TGTT CTCCAACG
©C GG CG CCG CG OCG CG CCGC #TCG ACCGCT TCTTCACCG CCG T GT CGGCCGCC % 06 C TG TCGAG CGTG T OCACC G TCG A GATGG AGG TGTT CTCCACCGE

100

CATGG ACAG ATCCC GG CGCGTCGAGAGCCACG G OG ACG TOG CGCT CG CCG ACATCG ACG GCG GC GACGT CG A G
CATGG ACAG ATCCC GG CGCGTCGAGAGCCACG GOG ACG TOG CGCTCGCCG ACATCG ACG GCG GC GACGT CG A G

20

CG A GCCGACGCCG CCCGATGG ACGCGG AC ACGC TG CGG C ACAATGC GG TG CGCGC GE TG TTCT AC AT CG TG CTCGCC ATC TT GG CG G TEG TG CACGT CG TCG

CG %~ GCCG ACGCCG CCC GATGG ACGCGG AC ACGCTG CGG C s

AATGCGG TG CGCGC GC TG TTCT #C AT CG TGCTCGCC ATC TT CGCGG TGG TG CACGT CG TCG

301

403

Chromatogram

TccccaG ©eT o CGCCCGG CG AOGCG AGCAGE TACGCCGCG ACGGCCACEG CGTC G ~
CGCCCGG CG ~OGCG AGCAGE TACGCCGCG ACGGCCA GGG, OGT C T

A GATGGCGA GC ACG AT

G CAG AACAGCG CGCGE ACCGC ATTG T GEC GE AGCGT GTC CGC GTCCATC GG GCGG CETCG GCT CG CCGE CTCCT CTCCCE ACG ACGE TCG G GTT C TCG ACG
GTTT AACAGAG CGCGC ACCGC ATTG T GCC GC AGCGT GTC CGC GTCCATC GG GCGG CGTCG GCT CG CCGE CTCCT CTCCCG ACG ACG TCG G GTT C TCG ACG

T CGCCGCCGTCG ATGTCGGCG » GC GCG ACGT CGCCGTG GC TCTCG ACG CGC CG GG ATC TGTC CATG GC GTOG CTCC G AGC TTGGACCACTTG G ACGCG AG
T CGCCGCCGTCG A TGTCGGCG » GC GCG ACGT CGCCGTG GC TCTCG ACG CGC CG GG ATC TGTC CATG GC GTOG CT CC G AGC TTGGACCACTTG G ACGCG AG

198

CCCCACGAGCG AGACGAACACE TCGCC GCCG AGG AGCATCAG GACGGT GAGCACC ACGAGE T6GE CCGTTG G AGAACACC TCCATCTCGACGG TGGACATGS T
CCCCACGAGCG AGACGAAC ACE TCGCC GCCG AGG AGCATC AG GACGGT GAGCACC ACGAGE TGS CCGTTGG AG ARCACC TCCATCTCGACGG TGGACATGE T

CGACACCGTEE CGE CC GACAC GGCG GTGAAGAAGE GG TCGATEC GGCGE GECEC GGCG CC GGG EC TCCC GE ACC TT GA GE ACCCCG AGE AGGT
CGACACCGTGG CGG CC GACAC GGCG GTGA .~ AGC GG TCGATGC GGCGC GEGCGE GGCE CC GG GC TCCC GC ACC TT GAGE ACCCCG AGG AGGC

=
-
Alignment
Alt Allele 1 CCGGCGCCGCGCCGCGCCGCATCGACCGCTTCTTCACCGCCGTGTCGGCCGCCACGCTGTCAAGCGTGTCCACCGTCGAG 80
FORRRRER R e e e e e e e e e ety v penrrrnrrnnnny
Reference 31 CCGGCGCCGCGCCGCGCCGCATCGACCGCTTCTTCACCGCCGTGTCGGCCGCCACGCTGTCGAGCATGTCCACCGTCGAG 110
Alt Allele 81 ATGGAGGTGTTCTCCACCGGCCAGCTCGTGGTGCTCACCGTCCTGATGCTCCTCGGCGGCGAGGTGTTCGTCTCGCTCGT 160
FORRRRRREE R e v e e e e e e e rrreenennny
Reference 111 ATGGAGGTGTTCTCCAACGGCCAGCTCGTGGTGCTCACCGTCCTGATGCTCCTCGGCGGCGAGGTGTTCGTCTCGCTCGT 190
Alt Allele 161 GGGGCTCGCGTCCAAGTGGTCCAAGCTGCGGAGCGACGCCATGGACAGATCCCGGCGCGTCGAGAGCCACGGCGACGTCG 240
FORRRRE R e e e e e e e e ey
Reference 191 GGGGCTCGCGTCCAAGTGGTCCAAGCTGCGGAGCGACGCCATGGACAGATCCCGGCGCGTCGAGAGCCACGGCGACGTCG 270
Alt Allele 241 CGCTCGCCGACATCGACGGCGGCGACGTCGAGAACCCGACGTCGTCGGGAGAGGAGGCGGCGAGCCGACGCCGCCCGATG 320
FORERRE R e e e e e e e et e e e nrrrnnnd
Reference 271 CGCTCGCCGACATCGACGGCGGCGACGTCGAGAACCCGACCTCGTCGGGAGAGGAGGCGGCGAGCCGACGCCGCCCGATG 350
Alt Allele 321 GACGCGGACACGCTGCGGCACAATGCGGTGCGCGCGCTGTTCTACATCGTGCTCGCCATCTTCGCGGTGGTGCACGTCGT 400
FORRRRER R e e e e e e e e e ety
Reference 351 GACGCGGACACGCTGCGGCACAATGCGGTGCGCGCGCTGTTCTACATCGTGCTCGCCATCTTCGCGGTGGTGCACGTCGT 430
Alt Allele 401 CGGCGCCGTGGCCGTCGCGGCGTACGTGCTCGCGTCGCCGGGCGCGAGGCGGACGCTGGGGGACAAGTCGCTGAACACGT 480
(R R N N N RN NN
Reference 431 CGGCGCCGTGGCCGTCGCGGCGTACGTGCTCGCGTCGCCGGGCGCGAGGCGGACGCTGGGGGACAAGTCGCTGAACACGT 510
Alt Allele 481 GGACGTTCGCGGT 493
teerrnrrnneed
Reference 511 GGACGTTCGCGGT 523

Figure 5.3. Chromatogram and alignment OsHKT1;4
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Chromatogram

98

198

296

3%

497

ACACATAGG AGAGAAATGAGT TCTCT GG ATG
ACACATAGG AGAGAAATGAGT TCTCT GG ATG

CCACTACT CCTA GATATG ACG AGTTTAAAAGGATC TACCACCTT TTCCTT TTCCATGCACA CCCATTCTG GCT CCAACTGCTGT ACTT CCF CT TCATCTC
CCACTACT CCTA GATATG ACG AGTTTAAAAGGATC TACCACCTT TTCCTT TTCCATGCACA CCCATTCTG GCT CCAACTGCTGT ACTT CCF CT TCATCTC

CCTCTTG GGTTT CTTG ATGCTG AAAGCTCTGCCG ATG AR
CCTCTTG GGTTT CTTG ATGCTG AAAGCTCTGCCG ATG AR

C A TGGTGCC G A GG CCCATG G ACTTGGACCTGATCTTCACG TCGG TG TCG GCG A
C ATGG TGCC G A GG CCCATG G ACTTGGACCTGATCTTCACG TCGG TGTCG GCG A

88
55

CG ACGG TG TCG A GC ATGG TC G CC GTCG AGATGG AGTCC TTCTCCAACTCCCAGCTCCTCCTCATCACCCTCCTCATGCTGCTTGG TGG TG AGG TC TT CA
CG ACGG TG TCG A GC ATGG TC G CC GTCG AGATGG AGTCC TTCTCCAACTCCCAGCTCCTCCTCATCACCCTCCTCATGCTGCTTGG TGG TG AGG TC TT CA

CCAGC ATCCTT GGCCTCTACT TCACCAACGCCAA GTACTCCTA CA AAAAC GATATCTG TTG ITTGT G TATAAATAG OCC TAACATGECTT OC TAG TT CC TA T
CCAGC ATCCTT GGCCTCTACT TCACCAACGCCAA GTACTCCTA CG S GG GE AG GGTGGG CCG GAT GT G GATAAATAG OCC TA ACATGGCTC OG TAG TT CC TR T

AAACAACAAG TG TGAG ACAACCC A7G A &G A GAC ACA TAGG G AGAG TG AGT TCTCTG G ATGCC T ACTC & AG AT ATGACGIGT TT AAA GIIC TACTATC T
AAACAACAAG TG TGAG ACAACCC A7G A XA AGACACA TAGG G AGAG TG AGT GCTCTG G ATGCC T ACTC & AG AT ATGACGIGT TT AAA GIIC TACTATC T

TTTAC TTTT CATGCARCA CCCTCTGTGG AC: A GT GGGGTA TTC TNC TT CC € TCCC G
TTTGT TT TT CATG CAMCA CWTMCRCGTC CRG G CT GMWWMC GTT TNA MM AA @ TCCT T

S
=
Chromatogram
MG MGG NMGGOErG T GGG MGG IGETAG GCAGTITE G G A ACE A TCCATCT CEG NCCGCEG CCATGC TC G CLCCG TOG TCG CCG nCHCCG A CG TG /LG AT
"% G CT M AGECGrC CL GETC CTCCTCAT MGCCTIC TCGTGGT 5CCTGTTGCT GEGGTY TEC ACGA GE WA CCETE G OF TCG ACG ACACCG ACG CC ALGTT
—

199

301

609 505 408

€7 GG TCC AN GTCCATG GG CC TCGGCACCATGC TGG TCTTCATCGGC AGAGCTTTCAGC ATCAAGAAACCCAAGAGGG A GATG ANG AGG A AGTA CAGC AG TT
€A GG TCC AT GTCCATE GG CC TCGGC ACC ATEC TGG TCT TCATCGGC AG A GCTTTCAGC ATCAAGAAACCCANGAGGE A GATE MG AGG A AGTACAGC AG TT

GGAGCCAGAATGGGTGTGCATGG AAAAGGAAAAGGTGGTAGATCC TTTTAAACTC GTCATATC TAGGAGTAGTG GCATC CAGAGAACT CATTT CTCT @ TAT
GGAGCCAGAATGGGTGTGCATGG AAAAGGAAAAGGTGGTAGATCC TTT TAAACTC GTCATATC TAGG AGTAGTG GCATC CAGAGAACT CATTT CTCT & TAT

CTGTTT CGTTECT TG GETTTTCTCACACT TG TTGT TTATAC GAATTAGG ALGCCATG TTAGCGGCTATTTATACACAAACAACA GATATTG TT TG TT G TG TG AT
GTGTTT CCTTCT TG CECTTITTCTCACACT TGTTCT TTATAG GAATTACC AAGCCATE TTAGCGECCTATTTATACACAAACAACA GA TATTC TT TG TT G TG TC AT

CAC TGT A TG TGGG GTTACC AGG TGCTG TG AGE AC ACAACAA AC M TATECTG TTG TT TG TG TATAAATAG CCCT A € TC CG /€ TGA TT € TAT AL ACGAC MG
CAC TGT A TG TGGG GTTACC AGG TGCTG TG AGEC AC ACAACAAAC M TATCTG TTG TT TG TG TATAAATAG CCCT A A GC C& G TGA TT € TAT AL ACGAC MG

TETGAGA AAACCCANG ANCGANAC ICATAGG AG AGAAATG /G TT CT CTGG A TG CAACT ACT OC T/G A TA TG ACG /G TATGA AL G ATCTACCAC G TTTCCT TTTC
TGTGAGA AAACCCANG ANCGAMAC IC ATAGG G AGAAATG /G TT CT CTGG A TG CAACT ACT CC T/G A TA TG ACG /G TATGA AL G ATCTACCAC G TTTCCT TTTC

Ao O e PaTLWar N el PN —.
A € ACACG CATT CBA CTC GA CTGC T8 TACIT CGTC TCATCT CCC TC TGGA TO\ € TGA T8 €TG MGACT CTG CAG ATG TAG AC /G CATGA TG CTG A G C
AU € ACACA CATT CBT CTC GA CIGC 6 TACIT CGTC TCATCT CCC TC TGGA THA € TGA TG CTG MGCT CTG CAG ATG TAG AC /G CATGL TG CTG A G C
TTATG ACITAG AC 10 AT T CACGT T CG AGA TG AM T CT CCC
. TGATG ACITG. AC TT AT ¥ CACGT TCG AGA THC AK T CA TWT
Alignment
Alt Allele 1 ATAAATAGCCCTAACATGGCTTCCTAATTCCTATAAACAACAAGTGTGAGAAAACCCAAGAAAGAAACACATAGGAGAGA 80
(RN N R R N N N N N AN NN R NN NN NN
Reference 31 ATAAATAGCCCTAACATGGCTTCCTAATTCCTATAAACAACAAGTGTGAGAAAACCCAAGAACGAAACACATAGGAGAGA 110
Alt Allele 81 AATGAGTTCTCTGGATGCCACTACTCCTAGATATGACGAGTTTAAAAGGATCTACCACCTTITTCCTITICCATGCACACC 160
R N N N R R A RN RN NN NN terrrrrrenerernnnl
Reference 111 AATGAGTTCTCTGGATGCCACTACTCCTAGATATGACGAGTTTAAAAGGATCTACCACCTTITTCCTITICCATGCACACC 190
Alt Allele 161 CATTCTGGCTCCAACTGCTGTACTTCCTCTTCATCTCCCTCTTGGGTTTCTTGATGCTGAAAGCTCTGCCGATGAAGACC 240
(IR R N N R R N R N N R R N N N A N R AR AN AR AN NN}
Reference 191 CATTCTGGCTCCAACTGCTGTACTTCCTCTICATCTCCCTCTTGGGTTITCTTGATGCTGAAAGCTCTGCCGATGAAGACC 270
Alt Allele 241 AGCATGGTGCCGAGGCCCATGGACTTGGACCTGATCTTCACGTCGGTGTCGGCGACGACGGTGTCGAGCATGGTCGCCGT 320
(RN R N R R N R N NN RN RN R NN}
Reference 271 AGCATGGTGCCGAGGCCCATGGACTTGGACCTGATCTTCACGTCGGTGTCGGCGACGACGGTGTCGAGCATGGTCGCCGT 350
Alt Allele 321 CGAGATGGAGTCCTTCTCCAACTCCCAGCTCCTCCTCATCACCCTCCTCATGCTGCTTGGTGGTGAGGTCTTCACCAGCA 400
(IR R N R N R N N N R N R N A A AR AR AN NN}
Reference 351 CGAGATGGAGTCCTTICTCCAACTCCCAGCTCCTCCTCATCACCCTCCTCATGCTGCTTGGTGGTGAGGTCTTCACCAGCA 430
Alt Allele 401 TCCTTGGCCTCTACTTCACCAACGCCAAGTACTCCTACGSAGRCG-RKATSKGTCGKWTIGTGGATAAATAGCCCTAACAT a79
trrrrernrnrennrrernrerenerernnnernnnnd [N} et Trreelr rnernnnernnerennl
Reference 431 TCCTTGGCCTCTACTTCACCAACGCCAAGTACTCCTACA-AGARGARKGTSKGCTGKWTIGTGTATAAATAGCCCTAACAT 509
Alt Allele 480 GGCTYCGTAGTTCCTATAAACAACAAGTGTGAGACAACCCAAGAGCAAGACACATAGGAGAGAGATGAGTKCTCTGGATG 559
R N N N e N N NN RN NN
Reference 510 GGCTYCCTAGTTCCTATAAACAACAAGTGTGAGACAACCCAAGATCGAGACACATAGGAGAGAGATGAGTKCTCTGGATG 589
Alt Allele 560 CCACTACTCGTAGATATGACGAGTTTAAAGATCTACTATCTTTTAYTTTTCATGCAACACH 620
(AR N R N R A R R RN AN N
Reference 590 CCACTACTCGTAGATATGACGAGTTTAAAGATCTACTATCTTITIGYTTTTCATGCAACACH 650

Figure 5.4. Chromatogram and alignment OsHKT1;5
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Chromatogram

€T G €TG /MG CT TC TCG G GGG TE AMETCTTTEC TTTCTTT CECTAGE CCTCATE CTTAC ACTG AAC CAT A AGCACA A CCCAG AGTTTTCAGEG G ACANG
€T G €CTG /G CT TC TCG G GGG TG AMGTCTTTG TTTCTTT CCTAGG CCTCATG CTTAG ACTG AAGCGT A AGCACA A CCCAG AGTTTTCAGGG G ACAAC

G TCAGTTCAGTTCCTATCG AGCTTG ATACAATCAAC T CGGC AL GE ACTG TG ATA AGT TG TG AAGA GCTG CAGE TGG AAGC AGCAAT T CC TG AAGTTCCAT ©
G TCAGTTCAGTTCCTATCG AGCTTG ATACAATCAACTCGGEC AL GE ACTG TG ATA AGT TG TG AAGA GCTG CAGE TGG AAGC AGCAAT T CC TG AAGTTCCAT ©

TT CC ACC ATT AAGGATT TG A AGAGG AGC AAGCGCCrG AGGTGG TTCTTAGGATTTGTAGTCTT CAGE TATTT TG TTGTGATCC A TG TC GCTG GCTT TCTGE
TTCC ACC ATT AAGE ATTTC A ACACE AGC ALGCEC COre AGEGTEC TTCTTAGCCATT TG TAGTCTT CACGC TATTTTE TTGTGATCC A TG TC GCTE GCTT TCTGC

TGGTTCTCTG GTACATA AGTC GTG TC TCATCTEGCAAAAGC TCC ACTG AMGAAGAAAGEE ATCA ACAT TGC ACT CTTC TCATTCTC GG TCACAGTC T CC TCGT
TGGTTCTCTGAGTACATA AGTC GTGTC TCATCTECAAAAGC TCC ACTE AAGAAGAANGGE ATCA ACAT TGC ACT CTTC TCATTCTC GG TCACAGTC T CC TCAT

TTGCGAATEG TG GG GCTCA TACC GACBGAA TG AGAACATABG CAATCTT CTCCAAG AN CCBGACE TCCT CC T CC TG TT CATCG GC CAG A TT CTT G C AGBC AM
TTGCGAATGTGGG GCTCG TG CC GACGAATG AGAACATGGC AATCTT CTCCAAG AN CCGGGCE TCCTCC T CC TG TT CATCG GC CAG A TT CTT G C AGGC An

401

TAC ACTT TACCCTCTCTTCC
TAC ACTT TACCCTCTCTTCC

NVACANNANAANYYYVYVY

501

Chromatogram

GG CCGATG AT CAGG AGG AGS AGGCCCGGG TTCTTGG AGAAGATG CCATG TTCTCA TTC GTCG GCACG A GC CCCACATT CGCAR ACG AGG AG ACTG
GG CCGATG AT CAGG ~ GG 7G5 ~GGCCCGGG TICTTGGE AGAAG/ITGE OCATG TTCICT TIC GACG GCACE A GC CCCACATT CGCAM ACG AGG AG ACCG

TG ACCGAGAATG AGAAGAGTGCAATGTTG ATCCC TT TCTTCTTCAGTEG AGCTT TTGCAGATG AGACACG ACET ATG TACC AG AG AARCC AGCAG ARAGCC
TG ACCGAGAATG AGAAGAGTGCAATGTTGATCCC TT TCTTCTTCAGTGG AGCTT TTGC AGATG AGACACG ACTT ATG TACC AG AG AACC AGCAG AAAGCC
~
s
AGC G ACATGG ATC ACAACAA AATAGCTG AAGACTACAAAT CCTAAGAACC ACC TCAGG CGCTTGCT CCTCTTCAAATCCTTAATGGTGG ARGATGGA ACTTC
AGC G ACATGG ATC ACAACAA AATAGCTG AAGACTACAAATCCTAAGAACC ACC TCAGG CGCTTGCT CCTCTTCAAATCCTTAATGGTGG ARGATGGA ACTTC
~
=3

AGG AATTG CTGCTT CCAGC TGCAGC TCTTCACAACTTATCAC AGTGCTTGCCGAGTTGATTG TATCAA GCTCGATAGG AACTG AACTG ACC TTGTC CCCTG A
AGG AATTG CTGCTT CCAGC TGCAGC TCTTCACAACTTATCAC AGTGCTTGCCGAGTTGATTG TATCAA GCTCGATAGG AACTG AACTG ACC TTGTC CCCTGA

AAACTCTGGGTTGTGCTTA TG GTTCAGTCTA AGCATG AGGCCTAGG AAAGAAACAAAGAC TTCACCC CCGAGAAGC ATCAGC AGTGTAATAACC AC AR TTT
AAACTCTGGGTTGTGCTTA TG GTTCAGTCTA AGCATG AGGCCTAGG AAAGAAACAAAGAC TTCACCC CCGAGAAGC ATCAGC AGTGTAATAACC AC AA TTT

401

GTGAGC TTGAGAGAACCT
GTGAGC TTGAGAGAACCT

502

Alignment

Alt Allele 1 GGCCGATGATCAGGAGGAGGAGGCCCGGGTTCTTGGAGAAGATTGCCATGTTCTCTTTCGACGGCACGAGCCCCACATTC 80
L N N N N N RN
Reference (revcomp) 31 GGCCGATGATCAGGAGGAGGAGGCCCGGGTTCTTGGAGAAGATTGCCATGTTCTCATTCGTCGGCACGAGCCCCACATTC 110
Alt Allele 81 GCAAACGAGGAGACCGTGACCGAGAATGAGAAGAGTGCAATGTTGATCCCTTTCTTCTTCAGTGGAGCTTTTGCAGATGA 160
PErrrrrnrnrerr veererrrrerrrrrnrerrrererrrrrrerrrrrrrerrrrrrerrrrrrrerrrennrrnnd
Reference (revcomp) 111 GCAAACGAGGAGACTGTGACCGAGAATGAGAAGAGTGCAATGTTGATCCCTTTCTTCTTCAGTGGAGCTTTTGCAGATGA 190
Alt Allele 161 GACACGACTTATGTACCAGAGAACCAGCAGAAAGCCAGCGACATGGATCACAACAAAATAGCTGAAGACTACAAATCCTA 240
PR e e e e e e e rrrrrrrrrrrnennnened
Reference (revcomp) 191 GACACGACTTATGTACCAGAGAACCAGCAGAAAGCCAGCGACATGGATCACAACAAAATAGCTGAAGACTACAAATCCTA 270
Alt Allele 241 AGAACCACCTCAGGCGCTTGCTCCTCTTCAAATCCTTAATGGTGGAAGATGGAACTTCAGGAATTGCTGCTTCCAGCTGC 320
PR e e e rrrrerrrrrrrerrrennnened
Reference (revcomp) 271 AGAACCACCTCAGGCGCTTGCTCCTCTTCAAATCCTTAATGGTGGAAGATGGAACTTCAGGAATTGCTGCTTCCAGCTGC 350
Alt Allele 321 AGCTCTTCACAACTTATCACAGTGCTTGCCGAGTTGATTGTATCAAGCTCGATAGGAACTGAACTGACCTTGTCCCCTGA 400
[ R N N NN RN NN
Reference (revcomp) 351 AGCTCTTCACAACTTATCACAGTGCTTGCCGAGTTGATTGTATCAAGCTCGATAGGAACTGAACTGACCTTGTCCCCTGA 430
Alt Allele 401 AAACTCTGGGTTGTGCTTATGGTTCAGTCTAAGCATGAGGCCTAGGAAAGAAACAAAGACTTCACCCCCGAGAAGCATCA 480
[ N N N RN NN
Reference (revcomp) 431 AAACTCTGGGTTGTGCTTATGGTTCAGTCTAAGCATGAGGCCTAGGAAAGAAACAAAGACTTCACCCCCGAGAAGCATCA 510
Alt Allele 481 GCAGTGTAATAACCACAATTTGTGAGCTTGAGAGAACCT 519
trrrrrerrrrrrerrrreererrerrereerenreend
Reference (revcomp) 511 GCAGTGTAATAACCACAATTTGTGAGCTTGAGAGAACCT 549

Figure 5.5. Chromatogram and alignment OsHKT2;1
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Chromatogram

AM GAAGAG MTGCCT CLAAT ACTT AGTGTTTGTGGTGCT GG C/f ACATG ATCACTATT CTTGTCACTGGTTC TCTATTGGTGTTCATGT ACATAGCTC
AR GAAGAG MTGCCT CLAAT ACTT AGTGTTTGTGGTGCT GG C/I ACATG ATCATTATT CAAGTCACTGGTTC TCTATTGGTGTTCATGT ACATA GCTC

ATGTT TCAA GT GCTA GA GATG TG CTAACAAGG ARAAGCATCAAC AARAGCTCTCTT CT CGATATCGGTCACAG TCTCCTCATTCACAAATG GAGGG TTATTG
ATGTT TCAA GT GCTA GA GATG TG CTAACAAGG ARAAGCATCAAC AAAGCTCTCTT CT CGATATCGGTCACAG TCTCCTCATTCACAAATG GAGGG TTATTG

8
CC GACA AATG AGAGTATGGCTG TATTCr CCTC” ACAATGGCCTCCTGTTGCTACTCATT GG CCAG ATTCT TGCAG GCAGC ACACTG TTC X TG TGTTTCT
CC GACA AATG AGAGTATGGCTG TATTCr CCTCH ACAATGGCCTCCTGTTGCTACTCATT GG CCAG ATTCT TGCAG GCAGC ACACTG TTC (X TG TGTTTCT
(=23
=
GAGGTTGGTGATATGGGCATTG AGAGE ACTAAGATI AATAAAAGCTG AAGAGCCTG 'CTTCATGATG A ACAACAGCAGCGCAGTAGGTTTCAGTCACCTGC
GAGGTTGG TG ATATGGGCATTG "G A GG CTAAGATI A ATAAAAGCTG A AGAGCCTG 'CTTCATGATG A ACAACAGCAGCGCAGTAGGTTTCAGTCACCTGC
8
@
TGCCTAACTTGCAGACAATATTTCTTGCA GCTG TGG AGGTTGCTTTTGT AGCC A TG "CAGTCATCC TCTTCTGCTG
TGCCTAACTTGCAGACAATATTTCTTGC A GCTG TGG AGGTTGCTTTTGT AGCC " TG "CAGTCATCC TCTTCTGCTG
S
Alignment
Alt Allele 1 AAGAAGAGATGCCTCAAATACTTAGTGTTTGTGGTGCTGGCATACATGATCACTATTCAAGTCACTGGTTCTCTATTGGT 80
R R AR RN RN
Reference 31 AAGAAGAGATGCCTCAAATACTTAGTGTTTGTGGTGCTGGCATACATGATCATTATTCTTGTCACTGGTTCTCTATIGGT 110
Alt Allele 81 GTTCATGTACATAGCTCATGTTTCAAGTGCTAGAGATGTGCTAACAAGGAAAAGCATCAACAAAGCTCTCTTCTCGATAT 160
R N N N m NN RN RN
Reference 111 GTTCATGTACATAGCTCATGTTTCAAGTGCTAGAGATGTGCTAACAAGGAAAAGCATCAACAAAGCTCTCTTCTCGATAT 190
Alt Allele 161 CGGTCACAGTCTCCTCATTCACAAATGGAGGGTTATTGCCGACAAATGAGAGTATGGCTGTATTCTCCTCAAACAATGGC 240
R N N N NN RN
Reference 191 CGGTCACAGTCTCCTCATTCACAAATGGAGGGTTATTGCCGACAAATGAGAGTATGGCTGTATTCTCCTCAAACAATGGC 270
Alt Allele 241 CTCCTGTTGCTACTCATTGGCCAGATTCTTGCAGGCAGCACACTGTTCCCTGTGTTTCTGAGGTTGGTGATATGGGCATT 320
PEELEEREEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ey
Reference 271 CTCCTGTTGCTACTCATTGGCCAGATTCTTGCAGGCAGCACACTGTTCCCTGTGTTTCTGAGGTTGGTGATATGGGCATT 350
Alt Allele 321 GAGAGGACTAAGATTAATAAAAGCTGAAGAGCCTGACTTCATGATGAACAACAGCAGCGCAGTAGGTTTCAGTCACCTGC 400
R NN RN RN RN
Reference 351 GAGAGGACTAAGATTAATAAAAGCTGAAGAGCCTGACTTCATGATGAACAACAGCAGCGCAGTAGGTTTCAGTCACCTGC 430
Alt Allele 401 TGCCTAACTTGCAGACAATATTTCTTGCAGCTGTGGAGGTTGCTTTTGTAGCCATGACAGTCATCCTCTICTGCTG 476
L N RN RN RN RN
Reference 431 TGCCTAACTTGCAGACAATATTTCTTGCAGCTGTGGAGGTTGCTTTTGTAGCCATGACAGTCATCCTCTTCTGCTG 506

Figure 5.6. Chromatogram and alignment OsHKT2;3
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Chromatogram

100

200

T ICALAMG CAACCTCCACAG CTG CAAG AAMT ATTG TCTGCAAGTT AGG TA GCAGG TG 'CT G AAACCT ACTG A GCTGCTGTIG TTCATCATG AAGTCTGG
T ICALAMG CAACCTCCACAG CTG CAAG AAMT ATTG TCTGCAAG TT AGG TA GCAGG TG /CT G AAAACT ACTG AGCTGCTGTIG TTCATCATG AAGTCTGG

CTCTTCAGCTTTTGCTAATCTTAGTCCTCTCAATG CCCATATC ACCAACC TCAGAAACATAGGG AGC AGTG TGCT GCC TGCAAG AATCTGGCC GATG AGT
CTCTTCAGCTTTTGCTAATCTTAGTCCTCTCAATGCCCATATC ACCAACC TCAGAAACATAGGG AGC AGTG TGCTGCC TGCAAGAATCTGGCCGATG /GT

.mu.ummuuAmuumuHm T L L e o ey e

AGCAACAGG AGGCCATTGTTTG AGG AGAATACAGCC ATACTCTCATTTG TCGGCAATAACCCTCCATTTGTAAATG AGG AGACTGTG ACCG ATATTGAG AR
AGCAACAGG AGGCCATTGTTTG AGG AGAATACAGCC AT ACTCTCATTTGTCGGCAATAACCCTCCATTTGTAAATG AGG AGACTGTG ACCG ATATTGAG AL

GAGAGCTTTGTTGATGCTTTTCC TTGTTAGCACATCTCTAGCACTTGAAACATGAGCTATG TACATGAACACCAATAGAGAACCAGTG ACAAG AATAATAA
GAGAGCTTTGTTGATGCTTTTCCTTGTTAGCACATC TCTAGCACTTGAAACATGAGCTATGTACATGAACACCAATAGAGAACCAGTG ACAAG AATAATAL

-
(=]
«®
TCATGTATGCC AAC ACCACAAACACT AAGTATTTGTGGCACT GOCTCTTG AA A A CTG T/6 AATCCCGCTCGGCAGCTNATGG 66 TGA T G TAC/GCEA
TCATGTATGCCAACACCACAAACACT AAGTATTTGTGGCAGT GOCTCTTGAA AATTAMN CCTGTAGTTGAWGAGCTNKAAATGATCC GCAWTAMWC
e ,
< DANNAANNANANAANNANN NAN NN A
Alignment
Alt Allele 1 TACAAAAGCAACCTCCACAGCTGCAAGAAATATTGTCTGCAAGTTAGGTAGCAGGTGACTGAAAACTACTGAGCTGCTGT 80
FECREEERREEE e e e e e e e e e b e e e e e e e e e e e e e e e e e e e e e e e e e e e Cere e ey
Reference (revcomp) 31 TACAAAAGCAACCTCCACAGCTGCAAGAAATATTGTCTGCAAGTTAGGTAGCAGGTGACTGAAACCTACTGAGCTGCTGT 110
Alt Allele 81 TGTTCATCATGAAGTCTGGCTCTTCAGCTTTTGCTAATCTTAGTCCTCTCAATGCCCATATCACCAACCTCAGAAACATA 160
FECREREEEEEEE e ettt r e e b e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ey
Reference (revcomp) 111 TGTTCATCATGAAGTCTGGCTCTTCAGCTTTTGCTAATCTTAGTCCTCTCAATGCCCATATCACCAACCTCAGAAACATA 190
Alt Allele 161 GGGAGCAGTGTGCTGCCTGCAAGAATCTGGCCGATGAGTAGCAACAGGAGGCCATTGTTTGAGGAGAATACAGCCATACT 240
PECRECEEEEEEE e e et e e e b e e e e e e e e e e e e e e e e e e e e e e e e b e e e ey
Reference (revcomp) 191 GGGAGCAGTGTGCTGCCTGCAAGAATCTGGCCGATGAGTAGCAACAGGAGGCCATTGTTTGAGGAGAATACAGCCATACT 270
Alt Allele 241 CTCATTTGTCGGCAATAACCCTCCATTTGTAAATGAGGAGACTGTGACCGATATTGAGAAGAGAGCTTTGTTGATGCTTT 320
FECREEEEREEE e e e et r e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ey
Reference (revcomp) 271 CTCATTTGTCGGCAATAACCCTCCATTTGTAAATGAGGAGACTGTGACCGATATTGAGAAGAGAGCTTTGTTGATGCTIT 350
Alt Allele 321 TCCTTGTTAGCACATCTCTAGCACTTGAAACATGAGCTATGTACATGAACACCAATAGAGAACCAGTGACAAGAATAATA 400
PECREEEEEEEE e e e e e e et b e e e e e e e e e e e e e e e e e e e e e e e e e e e e ey
Reference (revcomp) 351 TCCTTGTTAGCACATCTCTAGCACTTGAAACATGAGCTATGTACATGAACACCAATAGAGAACCAGTGACAAGAATAATA 430

Alt Allele 401

Reference (revcomp) 431

ATCATGTATGCCAACACCACAAACACTAAGTATTTGTGGCACTGCCTCTTGAAAA 455
FECREREEREREr e e e e e e e e e e e e e e e e eeerr el
ATCATGTATGCCAACACCACAAACACTAAGTATTTGTGGCAGTGCCTCTTGAAAA 485

Figure 5.7. Chromatogram and alignment OsHKT2;4
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5.4.2. Guide RNA (gRNA) Design of HKT Gene Family

The gRNA is a short synthetic RNA composed of a scaffold sequence necessary for
Cas-binding and a user-defined 20 nucleotide spacer sequence that determines the genomic
target to be modified. Designing gRNA was the primary work for CRISPR/Cas 9 Genome
editing. Some important criteria were maintained to design gRNA. They were; GC content
should be 40% to 60%, guide sequence should be 20 base pair in length, position and number
of mismatches should not be near the seed region. There are a couple of online tools available
for designing gRNA. For this study, ‘CRISPR-direct’ (Naito et al., 2015) and ‘CRISPR-P’
(Lei et al., 2014) was used to design gRNA. Exon 1 sequence of HKT genes families were
used as target for designing gRNA and highly specific sequences were selected as target
(Fig. 5.8). These gRNAs were ordered from “Synthego Corporation” as it offers high quality

synthetic gRNA.

5.4.3. Targeted Cleavage of HKT Genes in vitro

As the first step, CRISPR/Cas9 RNPs were tested to check if the gRNAs properly
cleave the targeted genomic sites or not. In the current study, all of the seven gRNAs cleaved
the target regions of the HKT gene families. The total size of the PCR product for
OsHKT1;1, OsHKT1;3, OsHKT1;4, OsHKTI;5, OsHKT2;1, OsHKT2;3 and OsHKT2;4
was 550 bp, 615 bp, 583 bp, 504 bp, 611 bp, 580 bp and 514 bp, respectively. But the
cleavage site of the seven HKT genes was different from each other due to having different
protospacer adjacent motif (PAM) site (Fig. 5.9-5.12). In this current study, only cleavage

site was confirmed by the in vitro RNP test.
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CRI ?E r¥direct — rational design of CRISPR/Cas target.

Enter an accession number (e.g. NM_006299) or genome location (e.g. hgl19:chr7:900000-901000): (&
| retrieve sequence |

or Paste a nucleotide seque: nce: @
>OSHKT1;1

GAAGACTTATCTGACAGGCAACTCTGGGTTCTGATCCTTCTGATGCTA
ATGGGAGGAGAGGTGTTCACATCAATGCTAGGGCTCTACT TCAACAATGCCAATGCCAAC
AGAAATGAGAACAGCCAGAGAAGTTTACCT TCAATCAGCTTGGACATTGAATTCAACAGT
CCTGCAAACAATGGGGATCACAAAATTACGGAATGTGGCCAATCAGAAGAAACTATGTCG—
caa

= ©

or upload sequence file: (2| Choose File | No file chosen

PAM sequence requirement: | NGG | (e.a. NnGG, NRG) @

Specificity check: Rice (Oryza sativa ssp. japonica) g . O DP - 1.0 (Oct, 2011) o ~ | @
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fend = 20mer+[PAM| (total 23mer) G0 1 TC 20LC S omer sites +PAM © +PAM = +PAM
36-58 - TCTGATGCTAATGGGAGGAG [gRNA] 50.00 % 72.48 °C - 1 [detail] 1 [detail] 430 [detail]
Showing 1 to 1 of 1 entries (filtered from 21 total entries) First | | Previous | |1 | | Next | | Last

Analysis  Jobs Submitted at

BLASTN {8 BLASTN against Oryza satva Japonica Group IRGSP-1.0 (Genomic sequence) Vewnsus]  02082019,00585T) F /< §

Figure 5.8. gRNA design by CRISPR-direct

The next step will be to go for protoplast assay or isolation to transform the RNP
products into the isolated protoplast via PEG-mediated transformation. Then, the DNA will
be isolated from the protoplasts by using an appropriate method possible CTAB method
(Doyle, 1991) of DNA extraction and DNA concentration will be determined through a
Nanodrop spectrophotometer. After DNA extraction, CRISPR/Cas9 RNP nuclease activity
will be determined in the protoplast by the PCR/RE assay. Then the RNP will be delivered
via gene gun or particle bombardment into the rice (Presidio) calli or shoot apical meristem

(SAM).
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Conventional breeding approaches (e.g. backcrossing) take a long time to develop a
desired crop variety; therefore, working at the genomic level is a promising way to save time
and resources to develop a new variety having desired characteristics. Multiplex genome
editing could simultaneously target more than one gene and mutated plants can be produced
by introducing CRISPR/Cas 9 plasmid into the plant cells. Moreover, a DNA-free genome
editing system has been developed via Cas9-gRNA RNP complex to pre-validate the
functionality and efficiency of CRISPR-Cas9 system for targeting specific genes like HKT
(Liang et al., 2017, 2018; Mehravar et al., 2019). It is a very simple and rapid method of
validation before delivering the genes into the particular organ like shoot apical meristem

(SAM) or calli and no other CRISPR components need to deliver separately.

Undigested OsHKT1; 1 and OsHKT1;3

Digested OsHKT1; 1 and
OsHKT1;3

/\\

1 kb Marker

Figure 5.9. in vitro cleavage with Cas9 nuclease and gRNA; Lane 1: 1kb plus marker,
Lane 2: wuncut PCR product of OsHKTI1;1, Lane 3: PCR product of
OsHKT1;1+Cas9+gRNA, Lane 4: Uncut PCR product of OsHKT1;3 Lane 5: PCR product
of OsHKT1;3+Cas9+gRNA.
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Undigested OsHKT1; 4 and OsHKT1;5

Digested OsHKT1; 4 and OsHKT1;5

500 kb

100 kb

1 kb Marker

Figure 5.10. in vitro cleavage with Cas9 nuclease and gRNA; Lane 1: 1kb plus marker,
Lane 2: wuncut PCR product of OsHKTI1;4, Lane 3: PCR product of
OsHKT1;4+Cas9+gRNA, Lane 4. Uncut PCR product of OsHKT1;5 and Lane 5: PCR

product of OsHKT1;5+Cas9+gRNA.
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Undigested OsHKT2; 1 and OsHKT2;3

Digested OsHKT2; 1 and OsHKT2;3

500 kb

|

|

100 kb

1 kb Marker

Figure 5.11. in vitro cleavage with Cas9 nuclease and gRNA; Lane 1: 1kb plus marker,
Lane 2: wuncut PCR product of OsHKT2;1, Lane 3: PCR product of
OsHKT2;1+Cas9+gRNA, Lane 4. Uncut PCR product of OsHKT2;3 and Lane 5: PCR
product of OsHKT2;3+Cas9+gRNA.

Undigested OsHKT2;4

Digested OsHKT2;4

500 kb

jii

—_— —

1 kb Marker

100 kb

—

Figure 5.12. in vitro cleavage with Cas9 nuclease and gRNA; Lane 1: 1kb plus marker,
Lane 2: wuncut PCR product of OsHKT2;4, Lane 3: PCR product of
OsHKT2;4+Cas9+gRNA.
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5.5. Summary and Conclusion

Enhanced agricultural production through innovative breeding technology is
urgently needed to feed the ever-growing population and improve their nutrition worldwide.
The advancement in biotechnology and molecular breeding brought tremendous changes in
agricultural productivity across the globe. Over the past few years, advances in
CRISPR/Cas9 genome editing enabled efficient targeted modification in most agricultural
crops and widely adopted in rice, wheat, maize, soybean, potato etc. mainly for generating
mutants. Among the cereals, rice is grown and consumed widely. But due to climate change,
abiotic stress like salinity posing threat to productivity. Since rice plant is highly sensitive
to the higher concentrations of sodium and its uptake causes Na* toxicity and osmotic stress,
it is imperative to understand the molecular mechanisms of salt tolerance genes particularly
HKT genes to develop improved rice varieties for food security of the population living in
the saline prone environment. Therefore, the present study was conducted to target seven
gene members of HKT gene family of sodium transporters via multiplex CRISPR/Cas9
based DNA free genome editing that offers less off-target effects when using CRISPR/Cas9
RNPs because they are degraded rapidly after entering into the plant cells and the desired

mutants can be readily obtained in the To generation, which saves time and money.

In this study, appropriate gRNAs targeting seven gene members were designed and
pre-validated by CRISPR-Cas9 ribonucleoprotein (RNP) complex. The results showed that,
each of the genes was cleaved in an appropriate manner. The results suggest that such a
delivery of CRISPR reagents into cells will ensure that no foreign DNA will integrate into

the genome as the system relies on transient activity of the Cas9/gRNA complex. It is

237



indispensable to pre-validate the gRNA efficacy for in vivo applications such as delivery of

CRISPR reagents through particle bombardment.
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6. CONCLUSIONS

Globally, salinity is the most prevalent and widespread problem in agricultural
productivity. Rice is one of the most important cereal crops that feed about half of the world.
The reproductive stage of the crop is sensitive to biotic and abiotic stress as it depresses grain
yield much more than any other stages. In this study, two large number of BC;F> population
(588 and 624 lines) derived from the crosses between a sensitive variety, BRRI dhan28 and
two salt tolerant varieties, CSR28 and Hasawi were evaluated under a salinity stress of EC
10 dS/m to identify quantitative trait loci (QTLs) for salinity tolerance at the reproductive
stage of rice. Continuous 20 days salt stress was applied at the reproductive stage to 435
BCiF> progenies each derived from the crosses, CSR28 x BRRI dhan28 and Hasawi x BRRI
dhan28 and about 200 progenies were grown under non-stress (control) conditions. Among
the salt-stressed progenies, 46% plants from CSR28 x BRRI dhan28 and 28% from Hasawi
x BRRI dhan28 were classified as tolerant, and the rest as sensitive based on their SES score
and grain yield. About 45% each of the extremely tolerant and highly sensitive progenies
from both crosses were used for QTL mapping. The findings and conclusions drawn from

this study are summarized below:

The agronomic and yield related traits evaluated for salinity stress were plant height
(PH), productive tillers (PT), panicle length (PL), number of filled spikelets (NFS), number
of unfilled spikelets (NUFS), percent filled spikelets (PFS), percent unfilled spikelets
(PUFS) and grain yield (GY). In addition, sodium-potassium (Na'/K") ratio was also
evaluated. Almost all the traits differed significantly under salinity stress over those obtained

under non-stress conditions, except the percent filled grains of Hasawi x BRRI dhan28, and
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grain yield of CSR28 x BRRI dhan28. But all the traits of the tolerant and sensitive progenies

for both the crosses under salt stress differed significantly.

Both the percent filled grains and its reduction due to salinity stress were higher
among the progenies of Hasawi x BRRI dhan28 than CSR28 x BRRI dhan28. The grain
yield of tolerant progenies from the cross, CSR28 x BRRI dhan28 grown under salinity stress
differed significantly over the progenies grown under control condition, but the yield
difference was not significant among the progenies of Hasawi x BRRI dhan28. Yield
reduction between tolerant progenies of CSR28 x BRRI dhan28 and Hasawi x BRRI dhan28
grown under salinity stress and control condition was 15.8% and 8.6%, respectively
indicated the superiority of the Hasawi x BRRI dhan28 progenies in developing salt tolerant
varieties. The correlation analysis indicated positive and significant (p<0.001) correlation
between grain yield and the number of filled spikelets, percent filled spikelets and productive
tillers and significantly negative (p<0.001) correlation with the SES score and percent

unfilled spikelets of the BCiF2 progenies derived from both the crosses.

A total of 15 and 48 QTLs related to agronomic and yield components under salinity
stress were identified through inclusive composite interval mapping (ICIM) of the crosses,
CSR28 x BRRI dhan28 and Hasawi x BRRI dhan28, respectively using ICIMapping
software 4.2. Total size of the genetic linkage map for CSR28 x BRRI dhan28 was 1428.69
cM and it was 1556.57 cM for Hasawi x BRRI dhan28, constructed using 116 and 6209 SNP
markers, respectively. The QTLs were identified in all the traits except in the productive

tillers of the progenies from CSR28 x BRRI dhan28.
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In the progenies of Hasawi x BRRI dhan28, most of the QTLs were found in
productive tillers, panicle length, no filled spikelets and grain yield and most of them were
located on chromosome 3 and 6. But no QTLs were found on chromosome 5 and 10 for this
cross. In contrast, only chromosome 1, 3 and 10 had QTLs for different traits of the progenies
from CSR28 x BRRI dhan28, but no QTLs was found in nine chromosomes (chromosomes

2,4,5,6,7,8,9, 11 and 12) in this cross.

Among the 15 QTLs detected in CSR28 x BRRI dhan28; two QTLs each were
identified for plant height and percent filled spikelets, and one each for panicle length,
number of filled and unfilled spikelets and grain yield. The largest outcome on phenotypic
variation (14.5%) was identified on chromosome 10 for grain yield having a LOD value of
4.24. The tolerant parent, CSR28 contributed by additive effects to the QTLs for plant height,
panicle length, number of filled and unfilled spikelets, percent filled spikelets and grain
yield. But both the parents (BRRI dhan28 and CSR28) contributed alleles for plant height

and percent filled spikelets.

In Hasawi x BRRI dhan28, eight QTLs for grain yield, seven QTLs each for panicle
length and number of filled spikelets, six QTLs for productive tillers, three QTLs each for
plant height and percent filled spikelets and a solo QTL for the number of unfilled spikelets
were identified. The largest effect on phenotypic variation (27.03%) was identified on
chromosome 1 for plant height with a LOD value of 14.87. Both tolerant (Hasawi) and
sensitive (BRRI dhan28) parents contributed alleles to the QTLs for all traits except the plant

height.
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In both crosses, all the data were statistically confirmed with permutation analysis of
1000 times at 5% level of significance. Although more QTLs were identified in Hasawi x
BRRI dhan28, but a few of them were statistically confirmed. Out of 48 QTLs in Hasawi x
BRRI dhan28; two each for plant height, panicle length and percent filled spikelets, and three
QTLs for productive tillers were statistically confirmed. In contrast, two QTLs for plant
height and one each for number of filled spikelets, percent filled spiklets and grain yield

were statistically confirmed for the progenies of CSR28 x BRRI dhan28.

This study suggested that genomic regions on chromosome 10 affects salinity
tolerance at reproductive stage through an increase in number of filled spikelets, percent
filled spikelet and grain yield of CSR28 x BRRI dhan28 progenies. These QTLs were
mapped between the flanking markers, K id10005402 and K id100006100 at 75.93 cM
(18.73-19.83 Mb). Candidate gene analysis indicated that a rice nuclear gene, Rf-/
(chromosome 10 at 19.4 Mb) and basal transcriptional factor gene, OsjlIOBTF3
(chromosome 10 at 18.69 Mb) was found near the identified QTLs in this study. And for
Hasawi x BRRI dhan28, chromosome 3 affects salinity tolerance through increasing
productive tillers, number of filled spikelets and grain yield, positioned between the flanking
markers, CM020684.1 6731611 3 and CM020684.1 6810365 at 27.08 cM (~ 6.7 Mb). The
identified QTLs were located near the sterile gene S34(t) mapped in between 2.43-10.0 Mb
on chromosome 3. These loci are a good target for marker-assisted selection aimed at
improving salinity tolerance. In addition, two QTLs for plant height for both crosses were

located near the novel semidwarf (Sd-1) gene.
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The QTLs identified in this study for reproductive-stage salt tolerance need to be fine
mapped before they can be directly used to accelerate marker-assisted selection in future
breeding programs to increase selection efficiency. The identification of the genes

constituting these major QTLs would help to understand the molecular mechanisms.

Since rice plant is highly sensitive to the higher concentrations of sodium and its
uptake causes Na* toxicity and osmotic stress; it is imperative to understand the molecular
mechanisms of salt tolerance genes, particularly HKT genes to develop improved rice
varieties for food security of the population living in the saline prone environment. Genome
editing of HKT gene families with CRISPR/Cas9 enable efficient targeted modification in
rice. This study targeted seven gene members of HKT gene family via multiplex
CRISPR/Cas9 based DNA free genome editing which is time efficient. All the gRNAs were
validated with in vitro RNP complex for future research work on gene editing of HKT gene
family. Designing and pre-validating appropriate guide RNAs (gRNA) are indispensable for

further steps like in vivo applications and gene delivery into a desired variety.
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