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Chapter 1. General Introduction

1.1. The role of rice production

Rice (Oryza sativa L.) farming is the principal agricultural activity in many
countries around the world, particularly South and Southeast Asia countries. Rice is one
of staple foods because it provides up to 50% of the dietary calories of Asian people
(Calpe, 2006). Nearly half of the world’s population and 90% of Asian people rely on
rice every day (Hariadi et al., 2015). Rice is grown in the areas where there is access to
water resource (Batayeva et al., 2018). Most of rice production occurs in Asia which
accounts for 90% of world rice market. Recently, rice is also becoming an important
cereal food for many people in Central America, Europe and Africa (Muthayya et al.,

2014).

Global rice consumption was approximately 490 million metric tons in 2019.
Three top rice consumer countries from Asia were China (about 143.8 million metric
tons), India (97.35 million metric tons), and Indonesia (37.4 million metric
tons). Although many countries produce rice for self-consumption, there are some
countries that export to other countries to sustain food security in the world. The first
rice exporter country worldwide is India (12.5 million metric tons), followed by
Thailand (10.3 million metric tons) and Vietnam (7.0 million metric tons) in 2019
(https://www.statista.com/statistics/255947/top-rice-exporting-countries-worldwide-

2011/-21-5-2019).

In Vietnam, rice produced in the Mekong Delta contributes to 54% of the total
rice productivity and 90% of the total export volume of Vietnam (Thanh et al., 2013).
This contributes to 19% of the world’s rice market (Nations, 2015).

1.2. Rice cultivars diversity

Rice cultivars have a wide variation in the worldwide with a known two common
species such as Oryza sativa and Oryza glaberrima (Evenson & Gollin, 1994, Chang,
2003). O. sativa consists of two subgroups, japonica and indica (Zhao et al., 2010).



More than 40,000 varieties of O. sativa are cultivated widely in Asia countries. O.
glaberrima is grown in most Africa countries (Vaughan et al., 2008). The diversity of
rice can be identified based on their phenotypic differences in traits such as grain length,
color, thickness, stickiness, aroma, growing habit, and others, as well as their genetic
differences (Chang, 2003). Their diversity can also be seen on their morphological
characters and in their physiological mechanisms correlated to the adaptation or

specialization of ecosystem (Chang, 2003).

Nine rice subpopulations were classified from 3,010 rice genome accessions that
were collected from 89 countries. Comparing with geographic origins, four XI clusters
were 1dentified that were XI-1A from East Asia, XI-1B as modern varieties of diverse
origins, XI-2 from South Asia and XI-3 from Southeast Asia; three GJ clusters were
formed and these were GJ-tmp (primarily East Asian temperate), GJ-sbtrp (Southeast
Asian subtropical) and GJ-trp (Southeast Asian tropical); and single groups for the
mostly South Asian cA and cB accessions were identified. Moreover, accessions with
admixture components within XI (indica) were named XI-adm’ and GJ (japonica) were
‘GJ-adm’, and lastly was admixed group for accessions that fell between these major

groups (Wang et al., 2018).

In other classification, IRRI (2014) classified rice accessions into 12
subpopulations from 3024 variety names: indla, ind1lb, ind2, ind3, indx, japx, temp,
trop, subtrop, aro, aus, admix. Although the name of accessions group is different
between IRRI (2014) and Wang et al. (2018), the character of each group is totally the
same. Ind (indica rice accessions) was replaced for XI, trop was for GJ-trp, subtrop was
for GJ-sbtrop, aro for cB, aus for CA. These subgroup names are the ones used in the

SNP-seek database.

Knowledge on genetic diversity is the foundation of the genetic improvement of
crops (Chang, 2003). Therefore, understanding rice genetic diversity will help rice
breeders benefit on breeding and releasing new rice varieties that can adapt to climate
change, resistant to pests and diseases, and other unfavorable conditions, especially,

high grain yield or good quality.



1.3. Rice salinity tolerant studies

Rice is very important for agriculture and economics worldwide, but rice
production deal with many issues, one of them is salt stress in coastal areas (Reddy et
al., 2017). During dry season, salt will intrude from the sea to inland. Most of rice
accessions cannot grow normally where salt concentration is above 3 dSm™! (Hoang et
al., 2015), especially at seedling stage (Batayeva et al., 2018), and reproductive stage
(Quan et al., 2018). Improving rice production is urgent requirement to meet the food
demand due to population increase. Unfortunately, the rice growth land cannot increase,
whereas rice land will decrease with the increase of population and be affected by
climate change. Therefore, research on salinity tolerance of rice cultivars is very
important for agriculture worldwide. Up to now, salinity tolerance studies have been
done on three major approaches: (i) conventional breeding, (ii) marker assisted

selection and (iii) genetic engineering (Hoang et al., 2015).

Conventional breeding is the method for improving or developing of rice
cultivars by conservation on plant genome within the natural genetic boundaries of the
species (Acquaah, 2015, Gilliham et al., 2017). The purpose of this approach is to
improve yield, the quality of crop product, the agronomic suitability and the resistant
to important conditions, but focused to improve yields in normal conditions rather
than stress conditions (Gilliham et al., 2017). To achieve success in breeding, the
breeder applies general steps that will result into objectives accomplishment; these
steps include creating and/or assembly of variabilities, selection, evaluation and

finally cultivar release (Acquaah, 2015).

Marker assisted selection (MAS) for salinity tolerance study was applied from
many previous studies. MAS is the process of using DNA markers as indirect selection
criteria for selecting agriculturally important traits in crop breeding, which is used to
improve the effectiveness or efficiency of selection for the traits of interest in breeding
programs (Ashraf et al., 2012). The basic procedure for using MAS in crop breeding
for salt tolerance is as follows; (1) identification of parental lines contrasting in salt
tolerance; (2) development of mapping population; (3) identification of polymorphic

genetic markers between the parental lines; (4) development of genetic maps; (5)



screening population for salt tolerance; (6) QTL analysis and identification of markers
associated with salt tolerance; (7) conducting MAS; (8) combine MAS with
polymorphic. To make MAS successful, large populations size and high-throughput
markers are needed (Ashraf et al., 2012).

In MAS, QTL analysis has proven to be useful for the identification of genes
responsible for biotic and abiotic stress tolerance in crops, therefore, genes responsible
for salinity tolerance were identified in rice (Mittler & Blumwald, 2010). There are
many previous studies which applied QTL analysis to identify the genes or genomic
regions for salinity tolerance in rice cultivars (Flowers et al., 2000, Koyama et al., 2001,
Lin et al., 2004, Lee et al., 2007, Singh et al., 2007, Thomson et al., 2010, Islam et al.,
2011). Applying marker-assisted backcrossing (MABC) has created new salt tolerance
rice cultivars (Linh le et al., 2012). Genetic engineering has been successfully used to
characterize and transfer genes responsible for biosynthesis of different metabolites, e.g.,
proline, trehalose and polyamines from different organisms to crop plants to achieve the
targeted approach (Mitra, 2001). Nowadays, the scientists used genome-editing

approach for their breeding strategies.

Up to now, 87 genes were known for salinity tolerance in 12 chromosomes of
rice genome (Fig. 1.1). The highest number of salinity trait genes were in ChrO1 (16
genes), followed by Chr02 (15 genes).

Currently, about 2,000 samples of local and improved rice varieties in the
Mekong Delta have been collected and conserved at the Mekong Delta Research
Development Institute of Can Tho University (Viet Nam) as the genetic material for
salinity-tolerant rice breeding. Therefore, the evaluation and classification of rice

varieties is one of the solutions to deal with projected climate change in the future.

1.4. Objectives

This study focused on 99 indica rice accessions (81 landraces) collected from

10 provinces in the coastal region of Mekong Delta in Vietnam to evaluate genomic
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structure for local bioresources. I investigated genetic relationships between Mekong
Delta and neighboring countries, and genomic contribution of the landraces to the
improved varieties in the Mekong Delta rice accessions. This study also aimed to screen
and evaluate a set of MDI rice accessions for salinity tolerance at seedling stage.
Moreover, I tried to identify the relationship between phenotypes on four plant
characteristics of salt tolerance traits (plant height, root length, shoot dry weight and

root dry weight) and SNPs from RAD-seq and whole genome sequence.
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Figure 1.1. Trait genes for salinity tolerance through 12 chromosomes
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Chapter 2. Profiling SNP and nucleotide diversity to characterize Mekong
Delta rice landraces in Southeast Asian populations

2.1. Introduction

Recent advances in genomic analysis methods can be exploited to shed light on
the genetic diversity of various crops, not only that of representative major resources,
known as core collections (Gepts, 2006, Wang et al., 2014, Phan et al., 2019), but also
minor resources in local collections not yet thoroughly characterized. Such evaluation
of crop plant genomic structures may reveal useful resources and/or unique
characteristics hidden in local collections (Hermisson & Wagner, 2004, Zhu et al., 2004,
Phung et al., 2014, Penjor et al., 2016, Yousef et al., 2018, Rivera & Solis, 2019).

Genetic markers such as simple-sequence-repeat (SSR) and Restriction
Fragment Length Polymorphism (RFLP) are popular in genetic diversity analysis,
because the procedure is quite simple, the cost is affordable for labs with small budgets,
and the analysis are quite simple. Single nucleotide polymorphism (SNP)-based
genotyping is getting popular following the advance in next-generation sequencing
(NGS) technologies and lower price of NGS itself (Varshney et al., 2014, Thomson
2014). The main advantages of SNP over SSR and RFLP are, 1) it is biallelic, 2) it is
abundant in genome, and 3) the position in the genome is already known (Thomson
2014). All these advantages make it possible to compare results between different
populations and different studies produced from various laboratories.

Single nucleotide polymorphism (SNP) genotyping methods based on next-
generation sequencing and high-throughput genotyping are being applied to a variety
of crops (Yang et al., 2012, Shavrukov et al., 2014, Ray & Satya, 2014, Shah et al.,
2016, Chen et al., 2018). Because of their affordability, these newly improved methods
can be exploited for use in small research projects with limited budgets. In particular,
many currently untouched bioresource collections preserved in local institutions are
now ready for characterization (Tu et al., 2007, Yamanaka et al., 2011, Mursyidin et
al., 2018). Before characterization of these local resource collections, however, the
most appropriate methods and genomic indicators must be determined for application

in these evaluations.



Resequencing data were recently published for 3,010 rice accessions collected
from 89 countries in the gene bank of the International Rice Research Institute (IRRI)
(Rellosa et al., 2014, Wang et al., 2018). This rice 3K dataset contains over 29 million
SNPs, 2.4 million small indels, and more than 90,000 structural variants contributing
to within- and between-population variations. Population structure analysis using
ADMIXTURE software classified Asian cultivated rice into nine subgroups and three
admixture groups. The nine subgroups are four indica (XI) clusters (XI-1A from East
Asia, XI-1B of improved varieties from various origins, XI-2 from Southeast Asia);
three japonica (GJ) clusters (primarily East Asian temperate (named GJ-tmp),
Southeast Asian subtropical (named GJ-sbtrp) and Southeast Asian tropical (named GJ-
trp)); and two groups from South Asia: Aus, Boro and Rayada group (cA) and Sari-
Basmati aromatic group (cB) (Wang et al., 2018). The public release of this
polymorphism data facilitates the genomic analysis of local resources, thereby allowing
the discovery of regional characteristics related to population structure, genomic
diversity, and variation and contributing to variety improvement (Wang et al., 2018).

Rice produced in the Mekong Delta of Vietnam represents 54% of the total rice
productivity and 90% of the total export volume of that country, which is responsible
for 19% of the global rice market (Clauss et al., 2018). In the 1970s, the improved line
such as [R5 started to have been introduced from IRRI to Mekong Delta, followed by
dwarf varieties represented by IR8, IR36, and MTL30. Recent varieties with high
productivity such as OMS576, OM2451, and IR50404 have been utilized for rice
production in Mekong Delta. However, it is not clear how the local rice landraces have
contributed to the breeding of these modern varieties in the Mekong Delta. Although
the Mekong Delta is one of the largest rice-production areas in the world, the genetic
structure of rice varieties cultivated in this region has not yet been elucidated.

In this study, I focused on 99 indica rice accessions (81 landraces and 18
improved varieties) collected from coastal regions of 10 Mekong Delta provinces in
Vietnam. These materials, a selection of indica accessions from the Mekong Delta
Development Research Institute (MDI), are henceforth referred to as the MDI set (Fig.
2.2A & Table 2.1). Using SNP genotype data generated by double digest restriction-
site associated DNA sequencing (ddRAD-seq) of the MDI set, I attempted to establish



a general procedure for the evaluation of the genomic structure of local bioresources.
To achieve this objective, [ used the rice 3K dataset as a reference and performed three
different genomic analyses to assess the population structure, phylogenetic
relationships, and diversity of the MDI set. I investigated genetic relationships between
the Mekong Delta and neighboring countries and studied the genomic contribution of
landraces to improved varieties in the Mekong Delta rice accession collection. Finally,
I developed a simple method to profile local rice populations using low genetic
diversity regions. The resulting profile is available for identification purposes and for

comparison with other rice populations.

2.2. Materials and methods
2.2.1. Plant materials

Ninety-nine rice accessions, consisting of 81 local and 18 improved rice
accessions, were chosen from the gene bank of the Mekong Delta Development
Research Institute, Can Tho University, Vietnam (Table 2.1). The local rice accessions
(MDI landraces) were collected from the Mekong Delta of Vietnam, and the 18
improved rice accessions (MDI improved varieties) were obtained from the Mekong
Delta Development Research Institute. All accessions are from irrigated lowland
ecosystem. My materials did not include some Mekong Delta leading varieties such as
OMS576, OM2514, and IR50404, although I considered that the pedigrees for the 18

improved varieties used in this study may share the similar genetic structures.

2.2.2. RAD-seq library preparation

Sterilized seeds of each variety were placed in Petri dishes and germinated in an
incubator. Three days after germination, the Petri dishes were transferred into a growth
chamber, and leaves were harvested for DNA extraction from 10 plants at 7-10 days
after germination. DNA was extracted from approximately 100 mg of fresh young leaves
using a DNeasy Plant Mini kit (Qiagen, USA) following the manufacturer’s protocol.
The quantity of DNA was measured using a Thermo Scientific NanoDrop 2000
spectrophotometer (Fisher Scientific, USA), and DNA quality was checked by 1%

9



agarose gel electrophoresis.

Each DNA sample was digested with EcoRI-BglII enzymes and ligated to RAD-
seq adapter sets (Baird et al., 2008, Peterson et al., 2012). The DNA-adapter sets were
pooled into a library and sequenced on a HiSeq2500 system using the 100-bp paired-
end sequencing method (Illumina, USA).

2.2.3. ddRAD-seq data processing

The sequencing raw reads were filtered and sorted according to the original
sample names. The sequences were trimmed to a length of 100 bp (including 5 bp of the
restriction fragment plus 64 bases having a minimum quality score of 10) using
Trimmomatic (Bolger et al., 2014) with the following parameters: LEADING:19,
TRAILING:19, SLIDINGWINDOW:30:20, AVGQUAL:20, and MINLEN:51. The
high-quality reads were mapped to the Nipponbare IRGSP1.0 japonica rice reference
genome using Bowtie2 (Langmead & Salzberg, 2012) available in Galaxy
(www.http://galaxy-mel.genome.edu.au). The reads were further filtered using Picard
(http://broadinstitute.github.io/picard), and the alignments were adjusted around indels
using the IndelRealigner tool provided in Genome Analysis Toolkit v2.8 (McKenna et
al., 2010). SNP calling was performed with the UnifiedGenotyper tool in GATK v2.8
(DePristo et al., 2011). A total of 315,625 SNPs distributed across 12 chromosomes

were identified in the 99 rice accessions (Table 2.2).

2.2.4. Phylogenetic and population structure analyses

For genetic diversity analyses, the initial SNP dataset was filtered according to
the following parameters: missing call rate, 95%; minor allele frequency (MAF), 0.05;
and heterozygosity rate, 0.2. The resulting dataset of 6,369 high-quality SNPs was
filtered with missing call rate 100%, MAF (0.05) and Heterozygosity (0.02),2,301 SNPs
was identified. Compared with the SNPs of the 1,789 indica accessions in the 3K SNP
dataset (29 million SNPs), the final combined SNP dataset consisted of 2,301 SNPs for
genetic diversity analyses. PCA of the MDI set and indica accessions was performed in

TASSEL 5.2.43 (Bradbury et al., 2007), and the results were plotted using R.

10



Phylogenetic analysis was carried out using the neighbor-joining method as
implemented in TASSEL v5.2.43 (Bradbury et al., 2007), and visualization of the
resulting tree was performed using FigTree v1.43
(http://tree.bio.ed.ac.uk/software/figtree/).

Population structure analysis was performed using ADMIXTURE v1.23
(Alexander et al., 2009, Alexander & Lange, 2011). The analysis was run with a cross-
validation procedure for K =2 to 9. The lowest cross-validation error was achieved at K

=4, which was therefore chosen as the optimal number of population partitions.

2.2.5. Nucleotide diversity analysis

Using 2,031 SNPs, I performed an analysis of the nucleotide diversity of 99 MDI
rice accessions from the Mekong Delta and 412 Ind3 rice accessions from the 3K dataset
(Fig. 2.1). The 412 Ind3 rice accessions are from eight Southeast Asian countries. The
n-value is an index indicating nucleotide diversity at SNP site; the low n-value express
the low nucleotide differences among the samples. Computation of m-values for
nucleotide diversity was performed using the diversity function of TASSEL v5.2.43
(Bradbury et al., 2007) based on the sliding window option with step and window sizes

of five SNPs.
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2.3. Results and Discussion
2.3.1. ddRAD-seq of selected MDI rice accessions

The MDI set consisted of 81 landraces (MDI landraces) and 18 improved
varieties (MDI improved varieties) housed in the gene bank of the Mekong Delta
Development Research Institute, Can Tho University, Vietnam (Table 2.1). The
materials were collected from 10 provinces, all located in coastal regions of the Mekong
Delta in Vietnam (Fig. 2.2A & Table 2.1). The ddRAD-seq analysis was performed on
all genomic DNAs of the MDI set. A total of 315,625 SNPs distributed across 12
chromosomes were identified in 99 rice varieties by ddRAD-seq. This SNP dataset was
further filtered using the criteria of a 100% call rate, a 0.05 minimum allele frequency,
and a 0.02 heterozygosity rate, thereby yielding 2,301 SNPs distributed across 12
chromosomes (Fig. 2.1).

Using the 2,301 SNPs, phylogenetic relationships of the 99-accession MDI set
were examined by the neighbor-joining method (Fig. 2.2B). In the resulting
phylogenetic tree, MDI improved varieties were clearly distinguished from MDI
landraces (Fig. 2.2B). The MDI set can be divided into seven groups based on provincial
origins. However, the population structure of the MDI set as determined by an
ADMIXTURE analysis (Novembre, 2014) was best represented by four clusters (K = 4;
Fig. 2.3), but no clear clustering based on provincial origin was observed. I thus assume
that the MDI landrace accessions have been freely transferred among regions. Another
result, namely, the finding that some accessions (MDI-42: HUYET RONG LONG AN;
MDI-129: LUA DO) (Fig. 2.2B) cultivated in different regions have highly similar
genotypes based on the 2301 SNPs, also supports this point of view. The observed
clusters were consistent with the topology of the neighbor-joining phylogenetic tree (Fig.

2.2B & Fig. 2.3).

2.3.2. Integration of the MDI set with the 3K dataset

The 2,301 SNPs from the MDI set were analyzed along with the corresponding
SNPs in the rice 3K dataset published by the IRRI (Wang et al., 2018). To reveal the
relationships of the MDI accessions to those of the 3K set, I generated a phylogenetic

12



tree using these SNP data. As expected given the above results, MDI landraces and
improved varieties were distantly located from one another in the integrated
phylogenetic tree (Fig. 2.4A). The MDI landraces fell into cluster Ind3 of the 3K set,
which consisted of accessions from Southeast Asian countries (Ali et al., 2011). In
contrast, MDI improved varieties were found in cluster Ind1B, where most popular
indica varieties, such as IR42 and IR64, were included (Wang et al., 2018). To elucidate
the relationship between MDI landraces and Ind3 accessions from Southeast Asian
countries, I conducted a principal component analysis (PCA) (Reich et al., 2008) using
81 MDI landraces and 412 Ind3 accessions derived from eight Southeast Asian countries
(Cambodia, Indonesia, Laos, Malaysia, Myanmar, the Philippines, Thailand, and
Vietnam) in the 3K set (Wang et al., 2018) (Fig. 2.4B & Fig. 2.5). The PCA clustered
the 493 accessions into four groups (Figure 2.4B): a Vietham+Cambodia group with a
few accessions from Thailand, a Thailand+Laos group with a few accessions from
Myanmar, a Philippines+Myanmar group with a few accessions from Thailand and
Indonesia, and an Indonesia+Malaysia group with a few accessions from the Philippines.
These results suggested that there is correlation between genetic diversity and
geographical origin within the Ind3 subgroup. In fact, several previous reports also
showed the correlations between the genome constitutions and geographical locations
in the rice accessions distributed in Southeast Asia (Tang et al., 2010, Ali et al., 2011,
Inta et al., 2016, Pusadee et al., 2017, Wang et al., 2018). Exceptionally, the group
containing the accessions from the Philippines and Myanmar was geographically
discontinuous (Fig. 2.5).

The PCA indicated that the MDI landraces mostly belonged to the
Vietnam+Cambodia group (Fig. 2.4B), and the neighbor-joining phylogenetic analysis
distributed the MDI landraces into two clusters (Fig. 2.4C). Most of the MDI landraces
clustered together on a major branch of the tree, with the remaining ones incorporated
into a cluster containing the Cambodian accessions (Fig. 2.4C & Fig. 2.5). The MDI
landraces falling into the Cambodian group were collected from provinces close to

Cambodia, such as An Giang and Kien Giang (Fig. 2.2, Fig. 2.4C & Fig. 2.5).
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2.3.3. Nucleotide diversities of MDI landraces and improved varieties

When evaluating genetic resources, genetic diversity is an important factor,
which can be measured by nucleotide diversity. The m-value has been utilized as an
index for nucleotide diversity. The nucleotide diversity of the 99 accessions of the MDI
appeared to be representative of all MDI accessions. Using the 2,301 SNPs, I separately
analyzed the nucleotide diversities of landraces and improved varieties in the MDI set.
To estimate the genome-wide nucleotide diversity profiles of these two groups, I
performed a nucleotide diversity analysis in TASSEL v5.2.43 (Bradbury et al., 2007) by
the sliding window method, with step and window sizes of five SNPs and the entire
genome divided into 459 regions. The resulting n-value profiles of MDI landraces and
MDI improved varieties, representing the degree of nucleotide diversity at each genomic

region, were markedly different between the two groups (Fig. 2.6).

Low- and high-diversity regions were defined as those with n-values below 0.05
or over 0.45, respectively (Tables 2.3 & 2.4). In the case where the n-values used below
0.10 or over 0.40, the corresponding regions increased more than two folds of the cases
with the m-values below 0.05 or over 0.45. Therefore, I selected the regions with 7-
values below 0.05 or over 0.45 to give more stringent thresholds. MDI landraces and
improved varieties contained 15 and 18 low-diversity regions, respectively (Table 2.3),
while high diversity was correspondingly indicated in 30 and 52 regions (Table 2.4).

Figure 2.7 is a graphical representation of the two nucleotide diversity profiles
with different colors indicating nt-value levels at each five-SNP interval throughout the
genome. As shown in Fig. 2.7, low- and high-diversity regions were located in different
genomic positions between the two groups. The fact that no low-diversity regions were
rarely shared between MDI landraces and MDI improved varieties, implies that MDI
landraces and MDI improved varieties are far to each other in terms of genetic distance,
as shown in phylogenetic trees (Fig. 2.2 & Fig. 2.4A). Therefore, I assumed that these
genomic regions in MDI landraces might have little contribution to genomic structures

of MDI improved varieties.
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2.3.4. Comparisons of genetic diversities among landraces in Southeast Asian countries

Because MDI landraces were grouped with Vietnamese and Cambodian rice
accessions (Fig. 2.4C & Fig. 2.5), I assessed whether they shared similar genetic
diversity profiles. Using the same 2,301 SNPs as in the above analysis, I estimated
genetic diversities of 459 regions (every five SNPs) with 412 accessions from eight
countries in Southeast Asia (Fig. 2.8).

A pairwise Pearson correlation analysis of genome-wide nucleotide diversity
also confirmed that the profile of the MDI landraces was closest to those of accessions
from Vietnam (r = 0.69), Cambodia (r = 0.64), and Thailand (r = 0.45); in contrast, the
genome-wide nucleotide diversity profile of MDI landraces differed from that of
Malaysian (r = 0.41) and Indonesian (r = 0.25) accessions (Table 2.5). These results are
consistent with the groupings uncovered by the PCA (Fig. 2.4B).

The above-mentioned geographical groups discovered by the m-value analysis
were correlated with locations of low and high genetic diversity in the genome (Fig.
2.9). When I plotted and compared the locations of low- and high-diversity genomic
regions (1t < 0.05 and 7t > 0.45, respectively) from each accession group from the eight
Southeast Asian countries on a genomic map (Fig. 2.9), I observed a geographical
correlation pattern that resembled result obtained from the PCA (Fig. 2.4B & Fig. 2.5).

Among these genomic regions, three regions of low diversity (m < 0.05) that
were common to more than six populations from the eight countries and MDI landraces
were found on chromosomes 1 (Chr 1), 6, and 7 (Fig. 2.9, Fig. 2.8, & Table 2.3). These
three low-diversity regions were also detectable when all 493 accessions from
Southeast Asian countries and MDI landraces were comprehensively examined in
TASSEL v5.2.43 using the sliding window method with step and window sizes of five
SNPs (Fig. 2.8). In MDI landraces, but not MDI improved varieties, all three regions
were marked by low diversity (Fig. 2.7, Fig. 2.6, & Table 2.3). Consequently, these
low-diversity regions may be the result of purifying selection and may include genes
required for specific adaptation to Southeast Asian conditions. According to RAP-DB
(https://rapdb.dna.affrc.go.jp/) and Rice SNP-Seek (http://snp-seek.irri.org/) databases,
only two known genes reside in the low-diversity region of Chr 1: OsFBX7 encoding
an F-box containing protein (Hsu et al., 2004) and ZOS! encoding a C2H2 zinc-finger
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protein (Imran et al., 2016) (Table 2.6). The known gene RICE FLOWERING LOCUS
Tl (RFTI) (Komiya et al., 2008) is present in the low-diversity region of Chr 6 (Table
2.6). In contrast, no known genes in these databases could be aligned with the low-
diversity region of Chr 7 (Table 2.6). The genes present in these low-diversity regions
may be involved in specific adaptation in Southeast Asian countries; however, Sh4
(Martin & Busconi, 2000), gSH (Konishi et al., 2006), Sd/ (Ashikari et al., 2002), Wx
(Hirano & Sano, 1991), Badh2.1 (Kovach et al., 2009), and Rc (Furukawa et al., 2007),
identified as low genetic-diversity genes in analyses of the 3K set, were not included
in these three regions (Wang et al., 2018).

Aside from shared low-diversity regions, I identified seven peaks of high
nucleotide diversity with a m-value greater than 0.45 that were common to more than
six of the eight Southeast Asian subgroups (Fig. 2.9, Table 2.4). This high genetic
diversity suggests the presence of positive selection. Although I cannot currently link
the high-diversity regions to such positive selection, the fact that the high-diversity
region found at 14.1-14.7 Mb on Chr 12 was shared by all Southeast Asian groups is
surely not coincidental (Table 2.4).

In addition to shared low- and high-diversity regions, I respectively found four
and three low- and high genetic diversity regions specific to MDI accessions (Tables
2.3 & 2.4). These regions can be used to distinguish MDI landraces from other groups
collected from Southeast Asian countries. The four low-diversity regions unique to
MDI landraces comprised three regions on Chr 1 and one on Chr 7 ranging from
approximately 0.1-3.2 Mb, while high-diversity regions unique to MDI landraces were
mapped to Chr 1, Chr 4, and Chr 10. Given that more than 1,000 genes are distributed
in these regions (Table 2.3 & 2.4), I cannot presently ascertain why and how the low
and high genetic diversities of these regions are specific to MDI landraces.

Nevertheless, these characteristic regions can be used for MDI-landrace profiling.
2.3.5. Simple profiling for low genetic diversity

As shown in Fig. 2.9 and Fig. 2.8, I characterized the genetic diversities of MDI
landraces and rice populations from eight Southeast Asian countries. I especially

focused on low-diversity regions (1t < 0.05) because such regions are often associated
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with factors such as environmental adaptation, geography, and historical events
inducing genetic drift. As shown in Fig. 2.10, I developed simple profiles of these low-
diversity regions arranged in a circular layout based on the complete rice genome.
These profiles, which were constructed from the 459 five-SNP interval regions
(excluding intervals less than 500 kbp) of the 2,301 SNPs, allowed us to visualize the
genetic diversities of the nine rice groups. The outcome of these profile comparisons
was consistent with the results of our phylogenetic, principal component, and pairwise
correlation analyses. These profiles of low genetic diversity in the genome can serve as
fingerprints for local rice populations. The SNP information from the IRRI rice 3K set

can be used to compare rice populations and determine their genetic inter-relationships.

2.4. Conclusions

As demonstrated in this study, the determination of SNP compositions of
genomes of local rice populations is a powerful tool for comparing and characterizing
their population structures. Our comparison of genome-wide SNPs between MDI
landraces and improved varieties revealed their diverse profiles and different
phylogenetic relationships. Genomic structural analyses using the 3K dataset provided
by the IRRI suggested that MDI landraces belong to the Ind3 group along with other
Southeast Asian landraces, whereas MDI improved varieties clustered together with the
Ind1B group comprising modern improved varieties such as IR64. Our analyses
revealed that the genomes of MDI landraces have contributed little to those of MDI
improved varieties. Phylogenetic, principal component, and pairwise correlation
analyses demonstrated the different genetic properties of the 412 Ind3 accessions from
eight Southeast Asian countries in the 3K set and sorted them into four groups possibly
related to geography. The MDI landraces were closely related to the
Vietnam+Cambodia group but were far from the Indonesia+Malaysia group. These
relationships were also clearly reflected in the pattern of nucleotide (genetic) diversity.
Low and high n-value regions in each of the eight populations were mapped onto the
chromosomes, and those common to most of the eight populations or that were
population specific were graphically highlighted. Low n-value regions are particularly
useful as unique genomic signatures of local accessions. I thus propose that simple

17



profiling of a local rice population using low m-value regions can be used for

identification purposes.
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Table 2.1. Accession coding number, local name, origin, and species subgroup of

Mekong rice of Vietnam

Accession accession name District Province  Species
code subgroup
MDI-1 BO LIEP 2 Ca Mau Landrace
MDI-2 BA BONG MAN Ca Mau Landrace
MDI-3 LUN PHEN Thoi Binh Ca Mau Landrace
MDI-4 LUN DO U Minh Ca Mau Landrace
MDI-5 LUN PHEN HAT NHO Thoi Binh Ca Mau Landrace
MDI-6 LUN MAN Tran Van Thoi Ca Mau Landrace
MDI-7 LUN VANG Tran Van Thoi Ca Mau Landrace
MDI-8 LUN PHET U Minh Ca Mau Landrace
MDI-9 LUN HEN Thoi Binh Ca Mau Landrace
MDI-11 LUN CAN DO U Minh Ca Mau Landrace
MDI-12 LUN CAN TRANG Tran Van Thoi Ca Mau Landrace
MDI-13 TRANG PHIEU Thoi Binh Ca Mau Landrace
MDI-14 MOT BUI LUN Thoi Binh Ca Mau Landrace
MDI-15 MOT BUI LUN CA MAU Ca Mau Landrace
MDI-16 MOT BUI TRANG Thoi Binh Ca Mau Landrace
MDI-17 NANG QUOT BIEN U Minh Ca Mau Landrace
MDI-18 NEP SUA Tran Van Thoi Ca Mau Landrace
MDI-19 SOI LUN Tran Van Thoi Ca Mau Landrace
MDI-21 DOC PHUNG Binh Dai Ben Tre Landrace
MDI-22 TRA LONG 2 Ca Mau Landrace
MDI-23 BA BUI 2 Ca Mau Landrace
MDI-24 ~ NANG QUOT BIEN 1 Tran Van Thoi Ca Mau Landrace
MDI-25 MOT BUI LUN 2 Thoi Binh Ca Mau Landrace
MDI-26 MONG CHIM DEN Ca Mau Landrace
MDI-27 NAM TAI 1 Thoi Binh Ca Mau Landrace
MDI-28 MONG CHIM ROI 3 Thoi Binh Ca Mau Landrace
MDI-29 BA BUI LUN U Minh Ca Mau Landrace
MDI-30 MOT BUI 5 Tran Van Thoi Ca Mau Landrace
MDI-31 MOT BUI DO CAO CA MAU Ca Mau Landrace
MDI-41 THOM MUA 1 Ca Mau Landrace
MDI-42 HUYET RONG LONG AN Long An Landrace
MDI-43 TAINGUYEN SUA Tran Van Thoi Ca Mau Landrace
MDI-44  MTLI110 Ben Tre Improved rice
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Accession accession name District Province  Species

code subgroup
MDI-49 MTL944 Can Tho Improved rice
MDI-50 MTL560 Can Tho Improved rice
MDI-52 MTLA480 Can Tho Improved rice
MDI-53 MTL547 Can Tho Improved rice
MDI-54 MTL939 Can Tho Improved rice
MDI-55 MTL934 Can Tho Improved rice
MDI-56 MTL943 Can Tho Improved rice
MDI-57 MTL926 Can Tho Improved rice
MDI-58 MTL941 Can Tho Improved rice
MDI-59 MTL942 Can Tho Improved rice
MDI-60 MTL946 Can Tho Improved rice
MDI-61 MTL938 Can Tho Improved rice
MDI-62 MTL945 Can Tho Improved rice
MDI-63 MTL936 Can Tho Improved rice
MDI-64  MTL930 Can Tho Improved rice
MDI-65 MTL940 Can Tho Improved rice
MDI-66 MTL372 Can Tho Improved rice
MDI-67 Ba bui 1 Ba Tri Ben Tre Landrace
MDI-68 BA MUOI MUA Binh Minh Vinh Long Landrace
MDI-69 BA TUC 1 Ca Mau Landrace
MDI-70 BAY TAN Cai Nuoc Ca Mau Landrace
MDI-71 BONG VANG Kien Giang Landrace
MDI-72 CHAU HANG VO Kien Giang Landrace
MDI-75 CHUM RUOT MUON Tran Van Thoi Ca Mau Landrace
MDI-77 CHUOI My Tho Tien Giang Landrace
MDI-82 LUA CHUOI Ha Tien Kien Giang Landrace
MDI-83 NANG DUT 1 Cai Nuoc Ca Mau Landrace
MDI-85 NANG HUONG 1 Long An Landrace
MDI-86 NANG HUONG TRON Binh Minh Vinh Long Landrace
MDI-87 NANG KE An Giang  Landrace
MDI-88 NANG KEO BA TU Tra Vinh  Landrace
MDI-89 NANG KEO XIEM 2 Cau Ngang TraVinh  Landrace
MDI-90  NANG NUOOL 3 An Giang  Landrace
MDI-91 NANG PHET 3 Ca Mau Landrace
MDI-92 NANG QUOT 1 Dam Doi Ca Mau Landrace
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Accession accession name District Province  Species
code subgroup
MDI-93 NANG QUOT 2 Ca Mau Landrace
MDI-95 NEP DAI LOAN 2 Dam Doi Ca Mau Landrace
MDI-96 NEP MO 3 Dam Doi Ca Mau Landrace
MDI-97 NEP RUOI SOM 1 Ba Tri Ben Tre Landrace
MDI-98 NEP TAM SAC Long An Landrace
MDI-99 NEP THAN NONG 1 Ca Mau Landrace
MDI-100 NEP TRANG 1 Tran Van Thoi Ca Mau Landrace
MDI-101 SAI GON Hau Giang Landrace
MDI-102 SOI DO Tra Vinh  Landrace
MDI-104 TRANG CHI SUOI Ca Mau Landrace
MDI-105 TRANG CHUM LUA Tra Vinh  Landrace
MDI-106 TRANG LUN 3 Tra Cu Tra Vinh  Landrace
MDI-108 TRAU TRON Hau Giang Landrace
MDI-109 TRUNG KIEN Kien Giang Landrace
MDI-111  VOI Ben Tre Landrace
MDI-112 HAIHOANH Tra Cu Tra Vinh  Landrace
MDI-118 THAN NONG DO Ha Tien Kien Giang Landrace
MDI-119 MAKARI Ha Tien Kien Giang Landrace
MDI-120 BONG GUNG Kien Luong Kien Giang Landrace
MDI-121 NANG NONLUC Ha Tien Kien Giang Landrace
MDI-122 CHIM ROI Kien Luong  Kien Giang Landrace
MDI-123 NEP AO GIA Ha Tien Kien Giang Landrace
MDI-124 NANG COI HaTien Kien Giang Landrace
MDI-125 NHO HUONG Thanh Phu Ben Tre Landrace
MDI-126 NANG THOM CHO DAO Can Duoc Long An Landrace
MDI-127 TAINGUYEN Tan Tru Long An Landrace
MDI-128 NEP CHANHHOL Tinh Bien An Giang  Landrace
MDI-129 LUA DO Tra Cu Tra Vinh  Landrace
MDI-130 NANG TET Tra Cu Tra Vinh  Landrace
MDI-131 NANG KEO Thanh Phu Ben Tre Landrace
MDI-133 CHO BIEN Ha Tien Kien Giang Landrace
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Table 2.2. SNPs information of 99 MDI rice accessions

No. Chromosome SNPs number
1 1 37,136
2 2 32,140
3 3 33,089
4 4 27,105
5 5 24,296
6 6 26,538
7 7 24,212
8 8 23,928
9 9 19,995
10 10 20,085
11 11 25,101
12 12 22,088

Total 315,625
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Figure 2.1. The distribution of 2,301 SNPs on the 12 rice chromosomes

Horizontal line was the position of SNPs on 12 chromosomes
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Figure 2.2. Distribution and phylogenetic relationships of 99 MDI rice accessions.

A. Distribution of 99 rice accessions from the Mekong Delta of Vietnam. Rice accessions were collected
from 10 Mekong Delta provinces. The number of selected rice accessions from each province is
displayed on the map. B. Phylogenetic tree based on 2,301 SNPs from the 99 MDI rice accessions. The
neighbor-joining tree was generated using TASSEL v5.2.43. The red star indicates accessions with

different names and locations that have the same genotype.
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Figure 2.3. Population structure based on an ADMIXTURE analysis at K = 4.

Individuals are represented by vertical bars shaded in proportion to their estimated ancestry within
each cluster. No clear clustering based on geographical origin was observed. All improved varieties
(#1) were grouped into one cluster (blue); the remaining groups were Ca Mau (# 2), Kien Giang (#3),
Long An (#4), Tra Vinh (#5), Ben Tre (#6), and other provinces (# 7).
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Figure 2.4. Genetic relationships of MDI rice accessions and rice accessions from

the 3K rice genome dataset.

A. Phylogenetic tree of 1,174 indica accessions belonging to the 3K rice genome dataset and 99 MDI
rice accessions. The 3K rice genome accessions consisted of 209 Ind1A, 205 IndIB, 285 Ind2, and 475
Ind3 accessions, whereas the MDI rice dataset contained 81 landraces and 18 improved varieties. The
tree was generated by the neighbor-joining method using 2,301 SNPs common to both the 3K rice
genome dataset and the MDI dataset. B. Results of principal component analysis of 412 Ind3 accessions
from Southeast Asian countries and 81 MDI landrace accessions. The number of rice accessions from
each dataset or country is given in parentheses as follows: MDI landrace (81), Thailand (107),
Indonesia (103), Cambodia (55), Laos (47), Malaysia (37), the Philippines (24), Myanmar (23), and
Vietham (16). C. Neighbor-joining phylogenetic tree of 412 Southeast Asian Ind3 accessions and 81
MDI landraces generated from 2,301 SNPs common to both 3K rice genome and MDI datasets.
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Figure 2.5 Phylogenetic tree of 412 Southeast Asian ind3 accessions and 81 MDI
landraces.

The tree was generated by the neighbor-joining method using 2,301 SNPs common to both the 3K rice
genome dataset.
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Figure 2.6. The n-values distribution of 99 MDI rice accessions through overall

459 chromosomal regions. The distribution is separately displayed in each of the 12
chromosomes. All m-values were calculated by the sliding window method in TASSEL v5.2.43 using the
diversity tool with step and window sizes of five SNPs across 2,301 SNPs. X and Y axis indicate the

nucleotide positions of SNPs in the chromosomes and n-values, respectively.

30




Table 2.3. Low nucleotide diversity position of Ind3 from eight Southeast Asian countries and MDI rice accessions

Chr

Start
Chr
Position

End
Chr
Position

MDI-
landraces

MDI- Vietnam
impved
varieties

Cambodia Thailand Philippines

Lao

Indonesia

Malaysia

Myanmar

Groups of population

AR PR W W W W W W W W W WD NN DN DN = = = = = = = =

1732588

6840979
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15904562
19153121
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27543456
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32548335
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14760826

0
0.04781
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0.02882 0.03442

0.01096
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0.00189

0.02848

0.04101
0
0.00386

0
0.04535

0.04384

0.02643

0.02988
0
0.02102

0
0.01351

0.01779

0.04506
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Chr

Start
Chr
Position

End
Chr
Position

MDI-
landraces

MDI-
impved
varieties

Vietnam

Cambodia

Thailand Philippines Lao Indonesia Malaysia Myanmar

Groups of population

20640441
27488767
34348909
7522916
9494944
15772526
17077265
26276166
28928628
2696934
2857162
4089399
6921321
7811783
7848385
15875001
17055893
22018021
24948054
25257450
1093291
5551754
8512925
9567226
12667363
18543620
28105786
3043174
3378538
7999376

21530002
29235162
34683804
7534349
9495122
16760981
18266571
28251689
279970
2857107
2939468
4197261
7158775
7848380
7910673
16573140
17890100
23336727
24948214
25340359
2007499
7335367
8913524
12431967
15057124
20228883
28908337
3378446
3629549
9633753

0.04296
0.01716

0
0.02759

0.01719

0.04377

0.03108

0.02222
0.04183

0.02222
0.03333
0.04444

0.04902

0.03333
0

0.025

0.01167
0
0

0.025
0.00667

0.00731

0.00364

0.04706
0.01827

0.0383

0.00727
0.04936

0.01272
0.04165

0.02549

0.00557 0.02139 0.03964

0.02162
0.04809

0.00933 0.0296

0.02109

0.02311 0.03478

0.02895
0.04711

0.04308
0.04318
0.03136 0 0.01736

0.03729

0.00541
0.01224

0.042
0.03805 0.00842
0.03404
0.04898
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Chr Start End MDI- MDI- Vietnam Cambodia Thailand Philippines Lao Indonesia Malaysia Myanmar  Groups of population

Chr Chr landraces  impved
Position Position varieties
8 9858995 10494049 0.04935 1
19731626 20188425 0.03367 1
9 21667334 21773712 0.04667 0.02585 0.02555 3
10 1856192 1856297 0.03663  0.03417 0.01933 0 4
10 6648158 7544903 0 1
10 7544980 8811441 0.03238 1
11 10953051 10953365 0.04983 0.02428 2
11 27207479 27492897 0.04444 1
12 3827769 3827885 0 0.00195 2
12 8036125 8823074 0.01667 0.04385 2
Total 15 18 18 12 7 8 12 10 19 6

Note: Low nucleotide diversity (m-value < 0.05); totally 493 accessions consist of 81 MDI landraces, 412 rice accessions from 8 countries; specific
low: only low diversity in MDI landrace accessions, common low: there were at least 7 out of 9 country groups, which were low diversity.
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Table 2.4. High nucleotide diversity position of Ind3 from eight Southeast Asian countries and MDI rice accessions

Chr

Start
Chr
Position

End
Chr
Position

MDI-landraces

MDI-
impved
varieties

Vietnam Cambodia

Thailand  Philippines

Lao Indonesia

Malaysia

Myanmar

Groups of
population

I T S S S S e e e e S Y

N OO DN DN DN = === = =

415341
629555
1732588
5567340
6494349
11135634
11678041
11973354
12923023
13470899
15811683
23404047
23680919
29663902
29975496
30780843
34615953
34862054
41051577
42616776
1481244
1552775
2136297
3038048
9826487
10067105
16012297
18708392

415487
1522268
1732622
6023592
6794643

11135729
11973292
12750071
13359800
14311547
15904518
23466140
23791463
29975472
30759953
31369604
34862018
37323617
41867114
85401
1552772
2018938
3038028
3050716
9826527
10313147
16851817
19560936

0.4534
0.45519

0.49978

0.46209
0.52941

0.46209
0.48954

0.4549

0.45425

0.47647

0.51242
0.51307

0.48627
0.49804

0.45313

0.47917

0.5075
0.49417

0.46562

0.4865

0.47481

0.47029

0.47849

0.48503
0.48584
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0.46377

0.4942

0.46377

0.49855

0.46594
0.51159
0.51386

0.47391
0.49275

0.49803

0.4679 0.50144

0.4724

0.4636

0.45831

0.49084 0.46732

0.48754

0.46291

0.45968

0.50435
0.47267

0.51261

0.45075

0.45534

0.53202

0.51133

0.47579

0.49493
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Chr

Start
Chr
Position

End
Chr
Position

MDI-landraces

MDI-
impved
varieties

Vietnam Cambodia

Thailand  Philippines

Lao

Indonesia

Malaysia

Myanmar

Groups of
population

W W W W W W W W W W W W W W W W W W W W N N NN DN DD DD NN

19560993
19924630
20702120
21028826
22318113
23787092
29511049
33578837
34177132

3853849

5983456

7320375

9207810

9437892
13988304
14603742
16890883
18879291
19814642
20963412
21663955
22248728
25286084
26470091
28656654
30874284
31169703
32548382
34537887

19691196
20383553
21028794
21030158
22877691
23982182
29619186
34164910
34269184

4948986

5998011

7349686

9384873
10007036
14603612
14677220
18879288
19814541
20963393
21663855
22209289
22581548
25459768
26681986
28914254
31169650
31473739
32581892
34898837

0.45744

0.48889

0.47744
0.48071
0.49133
0.50299
0.45093
0.49623

0.49926

0.45817

0.46144

0.50588
0.49542
0.49739
0.47451

0.46993

0.52353

0.50167

0.49896

0.5
0.51083
0.51167

0.46736

0.45372

0.50079

0.46896
0.45961
0.47285
0.49909
0.50088
0.50187

0.46448

0.48391
0.49033

0.47984
0.49339

0.47395
0.4849

0.46089

0.45005
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0.4808

0.48333

0.48986
0.48043

0.46377
0.46585
0.45072

0.4971

0.45127
0.46341
0.47246
0.51377
0.46196

0.49584

0.47017
0.46531
0.48205
0.48571

0.45319

0.50879

0.46935

0.50155

0.48231

0.47071

0.46014

0.48933

0.46469

0.49723
0.51996

0.5191
0.52022
0.49634
0.46897
0.48969

0.45099
0.48221
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Chr

Start
Chr
Position

End
Chr
Position

MDI-landraces MDI-
impved
varieties

Vietnam

Cambodia  Thailand Philippines

Lao

Indonesia

Malaysia

Myanmar

Groups of
population

[« Wi Mo N N e e Y Y Y ¥ ¥ Y Y Y T R N N N e N e N N VS VS VS OS]

35307877
35901640
35915637
36102069
698689
6228188
11484525
16607874
29235181
30573131
32171643
33255660
1476072
2147600
3130049
3874356
4097179
4815845
6654199
7522916
15187459
17077265
20555311
1726063
4919772
6043420
6303577
7158778
7811783

35837909
35915546
36101974
89823
1215043
6478334
11650866
19010311
29823746
30789687
32171781
33430081
2101578
2249528
3874317
4097133
4815791
5507776
7522914
7534349
15772525
18266571
21310073
2005912
5182054
6303564
6723750
7811635
7848380

0.52157
0.51111
0.48562

0.45015
0.4549

0.45941

0.49306
0.47451

0.4817
0.49477

0.45012 0.47124

0.46904 0.4732

0.52353

0.51176

0.475

0.45167

0.49736

0.47
0.52333

0.51833
0.45313
0.45833

0.46829
0.4989
0.46241

0.48907

0.49111

0.50912

0.48882

0.47769  0.47863

0.50389

36

0.46159

0.48134

0.51027

0.45942

0.47681
0.5029
0.47029
0.47138
0.4529

0.45116

0.49648

0.49534
0.49919

0.45379

0.4777
0.46503

0.47797

0.49793

0.47316

0.49129
0.47133

0.49651

0.48348

0.45313

0.51336
0.47245
0.46881

0.46637

0.46441
0.47661

0.50976

0.45346
0.48379

0.51117

0.48379

0.52194

0.4917
0.48205

0.46245

0.50336

0.4666
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Chr

Start
Chr
Position

End
Chr
Position

MDI-landraces

MDI-
impved
varieties

Vietnam Cambodia

Thailand  Philippines

Lao Indonesia

Malaysia

Myanmar

Groups of
population

0 0 0 0 00 0 0 0 0 0 XV 0 NN NN NN NN NN YYD DYDY

7848385
8337644
8353306
10691000
16912709
19655803
25257450
25340364
27879718
774733
15060808
15575756
15575904
16264422
20972009
21144099
28105786
285313
2905388
7475257
9858995
10494122
11433716
13134093
14047352
15341697
15672318
19731626
20212901

7910673

8337791

8771191
11618394
16984804
20959464
25340359
26263837
28580644

1053247
15210706
15575887
16068606
16656924
21132761
22388616
28908337

2905371

2905470

7479269
10494049
11423794
12250178
13986575
15341572
15344039
16877193
20188425
20454380

0.48275

0.47796
0.48633
0.46522
0.46543

0.4854

0.51699

0.50261

0.45033

0.46536
0.50654
0.50327

0.485
0.49125

0.4725

0.53167
0.5275
0.515
0.52667
0.51667
0.52708
0.51208
0.48667
0.48125

0.469

0.46189

0.47508

0.496

0.46581
0.47488
0.46095

0.46639
0.48057

0.49362

0.49382
0.48814

0.45594

0.48321

37

0.48406
0.50072

0.49384

0.47428

0.51907
0.51241

0.475

0.50968
0.48086

0.46393

0.4726

0.46813

0.51065

0.48565

0.49561
0.50402

0.50138
0.4941

0.45909

0.4863

0.52174

0.46166
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Chr Start End MDI-landraces MDI- Vietnam Cambodia Thailand Philippines Lao Indonesia Malaysia Myanmar Groups of
Chr Chr impved population
Position Position varieties

8 24479317 24756546 0.49324 0.51634 0.515 0.46391  0.49997 0.49121 0.486  0.46756 8
8 24756591 25731670 0.45333 1
8 26214385 26407352 0.47247 0.46593  0.45478 3
8 27336079 27444789 0.47908 1
9 4208001 7432908 0.47582 1
9 8760534 9642993 0.45778 0.4609 2
9 11071329 11796090 0.47259 0.46462 2
9 11796099 11977311 0.46144 1
9 12120604 12120641 0.48654 0.46667 0.49697 0.47935 4
9 15158732 15508881 0.52583 0.507 2
9 20829666 21496031 0.4654 1
10 3795830 4017585 0.45096 1
10 4222311 4655647 0.4549 1
10 4660006 5179791 0.45257 1
10 5847780 6136790 0.51167 0.47912 2
10 6160262 6303176 0.50654 0.45127 0.4889 0.45257 4
10 9054963 9914992 0.45903 1
10 9914993 10733713 0.45817 0.49447 0.47866 3
10 10959003 11196737 0.46601 0.51775 0.48353 0.46275 4
10 12204147 12713101 0.48497  0.48333 0.47368 0.45124  0.45932 0.49019 6
10 12979745 13000779 0.47516  0.51583 0.49113 3
10 13866255 14798353 0.46232 1
10 22322998 22955577 0.45997 1
11 2403719 2637143 0.47624 1
11 3550757 3550814 0.525 0.50529 0.47718 3
11 3550873 4426617 0.51042 0.4647 2
11 7115419 7115521 0.48 1
11 8450433 9066992 0.47342 1
11 14368106 14998373 0.455 1
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Chr Start End MDI-landraces MDI- Vietnam Cambodia Thailand Philippines Lao Indonesia Malaysia Myanmar Groups of

Chr Chr impved population

Position Position varieties
11 16733767 17020000 0.45167 1
11 17466912 18312801 0.46209 0.47835 0.51871 3
11 18984753 20727445 0.45294 1
11 22246071 23359488 0.47587  0.47231 2
11 23359505 23359590 0.47054 0.45921 0.48438 0.51002 4
11 23359624 23901205 0.47459 0.49656 0.45368  0.47052 0.48755 5
11 26265728 26437153 0.48713 0.51583 0.46333 0.47255  0.48949 5
11 27158523 27207478 0.47572 0.4556 2
12 3622824 3782181 0.50261 1
12 3827769 3827885 0.48693 1
12 7666829 8036070 0.49383 0.46119 0.49229 3
12 9246567 10110729 0.49438 0.51187 0.47247  0.49469 4
12 14148662 14768070 0.45281 0.48644  0.48333 0.50256  0.48596 0.46063  0.50786 0.49271  0.45398 0.46126 10
12 14768079 15181603 0.46426 0.48105 0.5125 0.46633 0.492  0.50495 6
12 15757668 15834808 0.4843 0.45833  0.49561 3
12 16504611 16504667 0.50814 1
12 16504720 16504850 0.48736 1
12 16504854 16507787 0.50514 1
12 17952534 18275896 0.45319 0.45422 2
12 18275911 18368843 0.49739 0.46378 2
12 23516570 24093499 0.47331 1

Total 30 52 46 38 35 47 30 32 34 43

Note: High nucleotide diversity (m-value > 0.45), totally 493 accessions consist of 81 MDI landraces, 412 rice accessions from 8 countries, specific
high: only high diversity in MDI landrace accessions, common high: there were at least 7 out of 9 country groups, which were high diversity.
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Outer : MDI-landrace
Inner : MDI-improved varisties
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Figure 2.7. Circular genomic profiles of nucleotide diversities of MDI rice genomes.

Outer and inner circles correspond to MDI landraces and MDI improved varieties, respectively.
Numbers 1 to 12 refer to the 12 chromosomes of the rice genome, with each tick mark corresponding to
a 2-Mb interval. Nucleotide diversity levels (m-values) are color-coded as follows: red, high diversity,
blue, low diversity.
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Figure 2.8. The m-value distribution of eight subpopulations and MDI landraces

through overall 459 chromosomal regions.

The distribution is separately displayed in each of the 12 chromosomes. All w-values were calculated
by the sliding window method in TASSEL v5.2.43 using the diversity tool with step and window sizes
of five SNPs across 2,301 SNPs. In panels for each chromosome, the upper panel displays the w-value
distributions for the nine subpopulations, and the lower panel shows the mw-value distributions for a
whole of 493 accessions from the nine subpopulations. X and Y axes indicate the nucleotide positions

of SNPs in the chromosomes and n-values, respectively.
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Table 2.5 Pairwise correlation of genome-wide nucleotide diversity of ind3
accessions based on country

MDI-

Vietnam Cambodia Thailand Myanmar Philippines Laos Malaysia
landraces

Vietnam 0.69
Cambodia 0.64 0.77

Thailand 0.46 0.51 0.68

Myanmar 0.41 0.47 0.61 0.77

Philippines  0.34 0.43 0.53 0.63 0.58

Laos 0.3 0.35 0.5 0.76 0.62 0.46

Malaysia 0.26 0.33 0.43 0.59 0.48 0.52 0.37
Indonesia 0.25 0.36 0.47 0.58 0.51 0.55 038 0.76
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Figure 2.9. Circular profiles of nucleotide diversities of MDI landraces genomes

and Ind3 accessions from Southeast Asian countries

Numbers 1 to 12 refer to the 12 chromosomes of the rice genome, with each tick mark corresponding
to a 2-Mb interval. The color scale, which ranges from deep blue (<0.05) to red (>0.45), indicates the
level of nucleotide diversity based on m-values. Red and blue arrows respectively indicate high- and
low-diversity regions shared by six of eight groups representing different Southeast Asian countries.
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Table 2.6. Genes known for common low diversity of ind3 from eight Southeast

Asian countries and MDI-landraces

Chr. Name Description Position Database
(protein/locus
name)
01 LOC 0Os01g28230 Z0S1-07 - C;H, - 15814357- RAP-DB
15811683- zinc finger 15815151
15904518 protein
LOC 0s01g28300 OsFBX7 - F-box  15850967- RAP-DB
domain 15854629
containing protein
06 Os06g0157500-RFT1  RICE 2926823- RAP-DB
2857162- FLOWERING 2928474 RICE SNP-SEEK
2939468 LOCUST 1 DATABASE
07 No gene was - - RICE SNP-SEEK
9567226- identified DATABASE
12431967

Note: these genes were getting by searching trait genes in website Rice SNP-Seek Database
(http://snp-seek.irri.org).
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Figure 2.10. Simple circular profiles of low diversity in MDI landrace genomes and

Ind3 accessions from Southeast Asian countries

Red and blue arrows point to regions of low diversity (1<0.05) that are respectively common to six of
eight Southeast Asian groups or population specific.
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Chapter 3. The genome-wide association study of salinity responses

3.1. Introduction

Rice (Oryza sativa L.) is the main staple foods source for about 90% of Asian
people (Ghomi et al., 2013, Hariadi et al., 2015) and is grown in the areas where it can
access water (Batayeva et al., 2018). One of important threats of rice production
currently and in the future is salinity stress (Foti et al., 2019). Salinity stress can be
from salt intrusion from the sea in the dry season. In coastal and/or acid and semi-arid
areas, the effect of salt conditions on rice production is a major issue (Batayeva et al.,
2018). Particularly, about 50,000 ha of rice land would be affected by salinity intrusion
under the climate change and sea level rise scenario by 2050 and even 10 times more
under the worst case of the combined climate change, sea level rise and low river flows
of the Mekong Delta/River (Kontgis et al., 2019, Nhung et al., 2019). Under such cases,
a huge yield loss will happen, an estimated range of 100,000 — 1 million tons of paddies
per year (Smajgl et al., 2014). Some measures are proposed to deal with salinity
problem such as soft measures (i.e. salinity-tolerant rice varieties, adaptive rice farming
practices, adaptive rice-based farming systems, replacing rice by another more adaptive
crop), hard measure (salinity-manage structures), or the combined soft and hard
measures. The use of salinity-tolerant varieties is considered as the most efficient and

effective way (Emon et al., 2015).

Rice is relatively sensitive to salt condition (Krishnamurthy et al., 2011,
Nakhoda et al., 2012, Ghomi et al., 2013, Platten et al., 2013), especially at seedling
stage (Zheng et al., 2015, Batayeva et al., 2018). Therefore, a lot of previous studies
focused on screening and selection tolerant rice varieties on this period (Lee et al., 2003,
Kumari et al., 2008, Genc et al., 2010, Tian et al., 2011, De Leon et al., 2016, Puram et
al., 2017, De Leon et al., 2017). There are several protocols developed for screening
salinity tolerance at seedling stage. For example, growing rice varieties in nutrient
solution containing 50 mM NaCl for four weeks before evaluation (Frouin et al., 2018),

screening rice varieties in salt on concentration 6 dSm! in two days, and change to salt
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concentration of 12 dSm™! in four days (De Leon et al., 2017), or growing rice in soils
having four different salt level (50 mM, 100 mM, 150 mM and 200 mM of NaCl
(Hariadi et al., 2015).

Ahmadi et al. (2011) used 124 SNP and 52 SSR markers to identify 14
quantitative trait loci (QTLs) and 65 candidate genes related to the phenotype of salinity
tolerance of 180 japonica accessions. Yu et al. (2017) used 295 accessions (218 japonica
accessions, 72 indica accessions and five admixture accessions) to perform GWAS and
they identified 93 candidate genes related to salinity tolerance at seedling stage. In
addition, Shi et al. (2017) studied on salinity tolerance at the seed germination stage and
applied GWAS for understanding the correlation of SNP candidates and the accessions

that they could service in salt condition.

Rice plant growth responds to salinity stress via two phases: osmotic phase and
ionic phase (Munns & Tester, 2008). In salt stress, plant is rapidly affected by osmotic
pressure that inhibits growth of young leaves. If plant grows longer in salt condition, it
will face the ionic problematic issues that accelerates senescence of mature leaves
(Munns & Tester, 2008). Therefore, rice plant can adapt to salt stress in three distinct
ways: osmotic stress tolerance, Na* and/or CI” exclusion, and tolerance on tissue level

with accumulated Na* and/or CI" (Munns & Tester, 2008).

Currently, about 2,000 samples of local and improved rice varieties in the
Mekong Delta have been collected and conserved at the Mekong Delta Development
Research Institute of Can Tho University (Vietnam) as the genetic material for salinity-
tolerant rice breeding. Among these, 99 rice accessions were selected for salinity
tolerance screening, and to identify genetic basis of salinity tolerance in MDI rice.
Therefore, the evaluation and classification of rice varieties, which can tolerate salty
soil conditions, is one of the solutions to deal with climate change in the future. This
study aimed to evaluate a set of MDI rice accessions related to salinity tolerance at
seedling stage. Moreover, I would like to identify the relationship between genotype

and phenotype on salinity tolerance related traits by using SNPs from ddRAD-seq.
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3.2. Materials and methods
3.2.1. Plant materials

Ninety-nine rice accessions consisted of 81 landraces and 18 improved varieties
chosen from the genebank of Mekong Delta Development Research Institute — Can Tho

University, Vietnam (Table 2.1).

3.2.2. Screening for salinity tolerance

Seeds were put in 20 percent of Tekurindo C Flowable solution (Kumiai Kagaku
Kogyo company) at 15 minutes for sterilization and then washed with tap water (3 times),
seeds were then washed with distilled water 2 times to remove chemical. Sterilized seeds
were put in petri dish and germinated in incubator. Three days after germination, sow
those seeds in net sheet floating on distilled water in a 40-L container in green house. 4
days after sowing (DAS), solution was replaced by the standard nutrient solution. The
standard nutrient solution contained 1.12 mM NH4NO3, 0.32 mM NaH,P04.2H>0, 0.19
mM K>SO4, 0.38 mM KCI, 1.25 mM CaCl2.2H:0, 0.82 mM MgS04.7H20, 35.8 uM
Fe-EDTA, 9.1 uM Mn2S04.5H,0, 3.06 uM ZnS0O4.7H>0, 0.16 uM CuS04.5H,0, 46.2
uM H3BO3, 0.052 uM (NH4)sM07024.4H20. The solution was renewed every three days
and pH was adjusted to 5.0 every day by 1M NaOH and 0.5M HCI. At 15 DAS, the salt
stress treatment was started (add 100 mM NacCl to the nutrient solution). Just before
treatment, measure the plant height and root length of all samples. 5 days after treatment
(DAT), I measured plant height, root length and evaluated the visual reactions of plant
to salinity stress using modified Standard Evaluation System (SES) Score by IRRI
(2014) to access the salinity tolerance of each variety (Table 3.1). At 20 DAT, I scored
the SES, measured plant height, root length, and harvested samples. All plants were
washed with tap water (2 times) and then distilled water 2 times to remove salt on plant
surface. Plants were separated into two parts (shoot and root), dried at 70°C for 80 h and

weighed. The process for salinity screening was showed in Fig. 3.1.
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Table 3.1. Phenotypic features for the Standard Evaluation System (SES) scores

Score Status

Phenotypic features

1 High tolerance

2 High tolerance

3 Tolerance

4 Tolerance

5 Moderately tolerance
6 Moderately tolerance

7 Susceptible

8 Susceptible
9 High susceptible

Growth and tillering nearly normal

Growth nearly normal but there is some reduction in
tillering and one leaf whitish and rolled

Growth nearly normal but there is some reduction in
tillering and two leaves whitish and rolled

Growth and tillering reduced; three-four leaves
whitish and rolled (salt); only a few elongating

Growth and tillering reduced; most leaves whitish
and rolled (salt); only a few elongating

Growth completely ceases; most leaves dry; the latest
leaf whitish

Growth completely ceases; most leaves dry; plant
dying

Plant dying totally
Plant dead and dry
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Figure 3.1. The process for salinity treatment on nutrient solution

(4) Germinated seeds were sown in net sheet floating on distilled water; (B) plants in net sheet floating
put on nutrient solution; (C) plants in net sheet floating put on nutrient solution with 100 mM NaCl; (D)
Plants after treated 20 days on nutrient solution with 100 mM NaCl.
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3.2.3. Genome sequence data analysis

SNPs distributed across 12 chromosomes for 99 rice varieties in RAD-seq dataset
(578,704 SNPs) were filtered based on minimum call rate 60%; heterozygous rate 0.2,
minor allele frequency 0.02, resulted in 37,643 SNPs for imputation. The imputation
was performed using Beagle v5.0 (Browning et al., 2018).

3.2.4. Data analysis

For the phenotypic data of salinity tolerance related traits, the mean value of three

replications was calculated and used for genome-wide association study (GWAS).

The relative elongation of plant height and root length were calculated as follows:

Wl >

R: The relative elongation

A: (Plant height/root length 20 DAT — Plant height/root length 0 DAT) of NaCl

treatment

B: (Plant height/root length 20 DAT — Plant height/root length 0 DAT) of control

treatment.

I used TASSEL 5.2.50 (Trait Analysis by Association Evolution and Linkage) to
filter, perform principal components analysis (PCA), general Linear model (GLM). The
significant threshold was set at p <0.0001 (—logio p-value >4.0). Significant level of
marker-trait association (—logio p-value) was also assessed using g-value (FDE adjusted
p-value) by using R software (Dabney et al., 2004). SNPs with the g-value lower than
0.05 was selected as significant marker. Candidate genes (near peak SNPs) were
searched on QTL and gene database in the rice SNP seek database (Mansueto et al.,
2016).
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3.3. Results
3.3.1. Salinity tolerance of selected rice accessions

The salinity tolerance among 99 accessions was evaluated at 5, 10, 15 and 20
days after treatment (DAT). Two accessions (MDI-93 and MDI-124) did not
successfully germinate. Therefore, I tested 97 rice accessions. The detailed information
of SES score and four phenotypic traits in each accession can be seen in Supplementary
Table 1. Variation of salt tolerance among different varieties was large. Even at 20 DAT,
five accessions showed the SES score of <3, and 47 accessions had the SES of 3.0-5.0.
By contrast 28 accessions were the SES score of 8-9. As the treatment period increased,
the SES score tended to increase. At 5 DAT, the SES score of <3.0 was about 66%, and
about 34% of accessions was for SES score of 3.0-5.0. At 10 DAT, the proportion of
these accessions changed with about 28.9% (28 accessions), 57.7% (56 accessions),
11.3% (11 accessions) which was high tolerance, tolerance, and moderate, respectively.
In particular, two accessions reached a score level at 7.0-8.0 (sensitive). At 15 DAT, the
number of sensitive varieties were 10 accessions, which accounted for 10.3%, whereas,

the accessions at tolerant group was 14.4% (14 accessions) (Fig. 3.2).

3.3.2. Phenotypic characterization in salt condition

Plant height and root length elongation

There were significant differences in four phenotypic traits and SES at 20 DAT
(Fig. 3.3). Group with small SES score showed the higher relative elongation on plant
height and root length or the shoot dry weight and root dry weight. The shoot elongation
was the most affected by the NaCl condition, whereas root length elongation ratio was
the least affected (Fig. 3.3). Regarding the biomass of rice accessions at seedling stage
between two treatments (with 100 mM NaCl and without NaCl) and seven SES
categories. Shoot and root dry weight were the same trend in seven SES score groups,
the highest ratio between NaCl treatment and control treatment was in SES score<3.0,
which were about 0.5, but there were more variety on root dry weight than shoot dry

weight. Following were in SES score 3.0-4.0 in both shoot and root dry weight. The
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lowest one was in SES score 8.0-9.0, which were about 0.2 for shoot dry and root dry

weight (Fig. 3.3).
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Fig 3.2. Number of accessions in difference categories

Total 97 rice accessions with 3 replications were treated in nutrient solution which added 100 mM NaCl
at 15 days after sowing. The salinity tolerance was evaluated and recorded at 5, 10, 15, and 20 days
after treated with sodium chloride (DAT), respectively. SES score value was divided into eight
categories: 1: <2.0; 2: 2.0-3.0; 3: 3.0-4.0; 4: 4.0-5.0; 5: 5.0-6.0; 6: 6.0-7.0; 7: 7.0-8.0; 8: 8.0-9.0. Five
accessions had high tolerant with salt condition were Doc Phung, Trang Phieu, Nang Quot Bien, Mot

Bui Lun and Lun Can Trang, respectively.
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Fig 3.3. Effect of salt stress on plant morphology traits
PHE: plant height elongation; RLE: root length elongation; RW: root dry weight; SW: shoot dry weight.
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Figure 3.4. Correlation between SES score 20 DAT and the ratio of other salinity
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A) Plant height elongation ratio; B) Root length elongation ratio; C) Shoot dry weight ratio; D) Root

dry weight ratio; **. Correlation is significant at the 0.01 level.
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Correlation of phenotypic traits of 97 accessions

The SES score was significantly and negatively correlated with all the evaluated
traits at 20 DAT (Fig. 3.4). Among them, the Pearson correlation coefficient was highest
on relative shoot dry weight (0.8293), followed by relative root dry weight (0.7552), the
Pearson correlation coefficient was lowest on plant height elongation ratio (0.6799). In

the relative root length elongation, 12 accessions had the value more than 1.0 (Fig. 3.4).

3.3.3. Genome wide association study (GWAS) between phenotype of traits related to

salt tolerant rice accessions and genotype

GWAS for SES score among 99 rice accessions

Using 37,643 imputed SNPs based on ddRAD-seq data of 99 accessions and 20
whole genome accessions for reference and salinity traits of 99 rice accessions at four
stages of treatment to perform GWAS, three genomic regions were significantly
correlated with SES score at 20 DAT, which were located in ChrO1, Chr04 and Chr10,
respectively (Fig. 3.5).

Focusing on the threshold of —logio(p-value) which was more than 4.0, I identified
15 SNP markers. Five, three and seven SNP markers were located on Chr01, Chr04 and
Chr10, respectively (Fig. 3.5, Table 3.2). Significant SNP threshold is defined as
follows: (1) —log (p-value) > 4.0, (2) False discovery rate (q-value) < 0.05. Q-value was
calculated using R-software. Only one SNP marker on chromosome 1 (SO1 18015212)
was significant at the q-value <0.05 (Table 3.2).

In addition, I also classified these SNPs marker which were appeared on other three
conservational stages of screening (Fig. 3.6). In particularly, there were many significant
SNPs which appeared the same location in chromosome 10 on four SES conservational
stages (Fig. 3.6). Additionally, the SNP peak marker on chromosome 1 (SO01 _18015212)
was appeared on three out of four treatment periods (5 DAT, 10 DAT, 20 DAT) (Fig.
3.6A, 3.6B, 3.6D). Meanwhile, it was the second SNP peak for treatment 15 DAT (Fig.
3.6C).
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Fig 3.5. GWAS for salinity tolerance in 100 mM NaCl at 20 DAT

Manhattan plot for SES 20 DAT. Using 37,643 SNPs from imputation of 99 accessions and their SES

score to perform GWAS. Three chromosomes were significant correlated with SES 20 DAT, namely

chr0l,

chr04 and chri10. SNP marker at position 18,015,212bp in chromosome 01 was at the peak.
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Table 3.2. Significant SNPs for SES 20 DAT

Marker Chr Position p-value q-value
S01 11466366 1 11466366 1.10E-05 0.06901
S01 15190150 1 15190150 7.74E-06 0.06901
S01 17479548 1 17479548 1.01E-05 0.06901
S01 18015212 1 18015212 8.77E-08 0.003301
S01 18151907 1 18151907 3.85E-05 0.131747
S04 1215043 4 1215043 7.89E-06 0.06901
S04 32564790 4 32564790 1.77E-05 0.074029
S04 33255725 4 33255725 3.50E-05 0.131747
S10 5805380 10 5805380 4.58E-06 0.06901
S10 5847722 10 5847722 9.67E-05 0.242665
S10 5847733 10 5847733 9.67E-05 0.242665
S10 5847780 10 5847780 9.67E-05 0.242665
S10 5928011 10 5928011 4.41E-05 0.138334
S10 8601860 10 8601860 1.61E-05 0.074029
S10 8601916 10 8601916 1.61E-05 0.074029

Significant SNPs at the level of g-value <0.05
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Figure 3.6. GWAS for salinity tolerance of plant in 100 mM NaCl at four stages of

screening

(4) Manhattan plot for SES 5 DAT, (B) Manhattan plot for SES 10 DAT, (C) Manhattan plot for SES 15
DAT and (D) Manhattan plot for SES 20 DAT. Using 37,643 SNPs from 99 accessions and their SES
score to perform GWAS. Three chromosomes were significant correlated with SES score at four stages
of treatment, namely chr01, chr04 and chrl0. SNP marker at position 18,015,212bp in chr01 was at the
peak in three out of four stages. There were many significant SNPs in chrl0 at four treated stages.
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According the peak of significant SNPs in chromosome 01 (S01 18015212) (Fig.
3.7A), I filtered all SNPs information from 99 rice accessions with the upstream and
downstream of the peak 100kb, total filtered 27 SNPs were used for Haploview analysis.
The linkage disequilibrium (LD) block was out of the peak (Fig. 3.7 B), but the peak of
SNP was in the 3> UTR of gene LOC Os01g32830 (Fig. 3.7C). At the position of
18,015,212 bp, I identified 3 haplotypes which were C allele (major allele), A allele
(minor allele) and M (heterozygous) (Fig. 3.8A, Table 3.3). The differences among three
haplotypes were shown in Fig. 3.8A and Table 3.3, the SES score was low for accessions
had the minor allele (3.9) or heterozygous (3.1), whereas, it was high for rice accessions

had major allele (6.4) (Fig. 3.8A, Table 3.3).

In the length of 3,353bp of gene LOC Os01g32830, I found 9 SNPs that were
located in this gene from the dataset of 99 MDI rice accessions, but those of SNPs
markers were not significant with SES 20 DAT from GWAS results. Only SNP marker
SO1 18015212 was high significant (Supplementary Table 2). The p-value also
explained why the LD of their SNPs were not in the same haploblock. I also found the
peak SNP (SO1 18015212) and the peak SO1 18015102 had high LD (Fig. 3.7B).
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Figure 3.7. Analyses of the peak for salinity traits on chromosome 01

(4) Manhattan plot for SES score, (B) LD block of SNP peak and other, and (C) Gene association with
SNP peak. SNP marker in the peak of chromosome 01 was located in 18015212 bp (S01_18015212)
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Figure 3.8. SES score and shoot dry weight in three distinct haplotypes on

chromosome 01

(4) SES score for three haplotypes, (B) Shoot dry weight ratio for three haplotypes. SNP marker in the
peak of chromosome 01 was located in 18015212 bp (S01_18015212)
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Table 3.3. Haplotype information of SNP marker S01 18015212

Haplotype Allele Number of SES score Shoot dry weight
accessions ratio

Hapl C 80 6.4+0.24° 0.29+0.01°

Hap2 A 10 4.2+0.48° 0.48+0.06%

Hap3 M 9 3.1+0.17° 0.50:£0.032

Total 99

P-value 1.8¢° 7.11¢38

SES score and shoot dry weight ratio were measured for 97 accessions. One accession in Hapl and one

accession in Hap3 were not germinate. Hap: Haplotype
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Regarding the peak SNP marker in chromosome 04 (S04 1215043) (Fig. 3.9A),
20 SNPs were found within 200kb, which was including the SNP peak (Fig. 3.9B). The
LD block shows that SNPs marker was not in the same haploblock with other SNPs
around the peak (Fig. 3.9B). The peak was not located in the genic region based on IRRI
Rice SNP-Seek Database (Mansueto et al., 2016). Therefore, I did not do deep analysis

in chromosome 4.

Seven significant SNPs were classified in chromosome 10 (Fig. 3.10A), these
SNPs were block into two clusters (Fig. 3.10B). The first block was 122kb distant, which
consisted of 5 SNPs marker, and the second block had two significant SNPs (Fig. 3.10B).
Five SNPs in block 1 made 99 rice accessions into four distinct haplotypes (Fig. 3.10C,
Table 3.4). Haplotype 1 included 89 accessions which the SES 20 DAT about 5.6,
haplotype 3 also had the SES 20 DAT about 4.5 (one accession). The opposite was for
haplotype 2 (8 accessions) and haplotype 4 (one accession) which SES 20 DAT was
around 9.0 (Fig. 3.10C, Table 3.4). Two SNPs in block two made 99 rice accessions into
two distinct haplotypes. Haplotype 1 represented for 91 accessions which the mean of
SES 20 DAT about 5.7, while the SES 20 DAT of haplotype 2 was about 8.1 for eight
accessions (Fig. 3.10D, Table 3.4).
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Table 3.4. Haplotype information of significant SNPs on chr10

Haplotype Block 1 Block 2
SNP position " SNP "
§ position §
g g g g
(] [\l on S — — Q ) O [ Q
o0 @\l on o0 — O (e} O — () (e}
on o~ o~ o~ ) e N 0 N el N
S § § & E w > =S £ @
) ) ) o =) = e e =) 23|
n N " " v Z n o0 0 Z n
Hapl G C C G T 89 5.6£0.24 C A 91 5.7+0.24
Hap2 A T T A 8 8.3+0.58 T G 8 8.1£0.59
Hap3 A C C G T 1 4.5+0.0
Hap4 G T T A T 1 9.0£0.0
Total 99 99

SES score and shoot dry weight ratio were measured for 97 accessions. One accession in Hapl and one
accession in Hap?2 of block 1 were not germinate. Two accessions in Hap 1 of block 2 were not germinate.

Hap: Haplotype

69



| oooooOkL

3| ooo'ooo's

-0D0'o00" 2

(anieA-dio L607-

000'000'EZ

'| 000'000°ZE

+0DD'D00°LE

+00D0'000' 02

+DDD'D00'GL

+0DD'DOD'ER

-000'000' 2k

Fosition

00°'000' 0k

- 0D0'000° G

.| 000'000'8

.| 000'000'S

. | DD0'o00't+

| 'ooo'ooo'e

+000'000'Z

o | oooooo'+

N\

oLGL098 0LS

0981098 0LS

LLOBZ6S OLS

08//¥85 0LS

£CIIVBS 0LS

ZZl1¥85 0LS

0BE5085 015

Elock 2 (0 kh)

Block 1 (122 kb}

820

Haplotype

Haplotype

Figure 3.10. Analyses of significant SNP including the SNP peak for salinity traits

on chromosome 10

(A) Manhattan plot for SES score on chril0, (B) LD block of significant SNPs on chrl0, (C) SES score of four

(D) SES score of two haplotypes in block 2

s

haplotypes in block 1

70



Table 3.5: Candidate gene of significant SNPs from GWAS and linkage

disequilibrium (LD) in chromosome 10

No. Gene name Start End Function
position  position

1 LOC Os10gl0530 5,816,937 5,817,345 Expressed protein

2  LOC Osl10gl0540 5,821,225 5,828,147 Cysteine-rich repeat secretory protein
precursor, putative, expressed

3 LOC Os10gl0550 5,831,375 5,832,212 Hypothetical protein

4 LOC Osl0gl0560 5,833,606 5,834,262 Invertase/pectin methylesterase inhibitor
family protein, putative, expressed

5 LOC _Os10gl0570 5,837,774 5,838,500 Expressed protein
6 LOC Os10gl0580 5,841,678 5,843,555 Expressed protein

7 LOC Os10g10590 5,850,651 5,852,513 Retrotransposon protein, putative, Ty3-
gypsy subclass

8 LOC Os10gl0600 5,852,781 5,857,202 Retrotransposon protein, putative, Ty3-
gypsy subclass, expressed

9 LOC Osl0gl0610 5,862,796 5,864,638 Retrotransposon, putative, centromere-
specific

10 LOC Os10gl10620 5,866,542 5,867,341 Invertase/Pectin methylesterase inhibitor
family protein, putative, expressed

11 LOC Os10gl0630 5,874,240 5,874,905 Plant invertase/pectin  methylesterase
inhibitor ~domain containing protein,
expressed

12 LOC Os10gl0640 5,876,073 5,881,058 Retrotransposon protein, putative, Ty3-
gypsy subclass, expressed

13 LOC Os10gl0650 5,884,750 5,885,184 Retrotransposon protein, putative,
unclassified

14 LOC Osl10gl0660 5,886,846 5,889,653 Retrotransposon protein, putative, Ty3-
gypsy subclass

15 LOC Osl10gl0664 5,891,518 5,892,006 Hypothetical protein

16 LOC Os10gl0680 5,898,544 5,903,245 Transposon protein, putative, CACTA,
En/Spm sub-class, expressed

17 LOC _0Os10gl0700 5,905,926 5,908,571 Invertase/pectin methylesterase inhibitor
family protein, putative%2C expressed

18 LOC Os10gl10720 5,916,507 5,921,052 Retrotransposon protein, putative,
unclassified, expressed

Using seven significant SNPs, including the peak of significant SNP to analyze the linkage disequilibrium and
haplotype. According the block of LD, 18 genes were classified.

71



Based on Rice SNP-seek database (Mansueto et al., 2016), I found 18 possible
candidate genes located in haploblock 1 within 122kb region. The predicted functions
of the genes were retrotransposon protein (8 genes), transposon protein (1 gene),
invertase/pectin methylesterase inhibitor family protein (4 genes), cysteine-rich repeat

secretory protein (1 gene), expressed protein (3 genes), and hypothetical protein (2

genes) (Table 3.5).

GWAS for four salinity traits of 99 MDI rice accessions

I also used 37,643 SNPs to perform GWAS for four salinity traits of 99 rice
accessions. The results illustrate that plant height elongation ratio (Fig. 3.11A), shoot
dry weight (Fig. 3.11C) and root dry weight (Fig. 3.11D) were highly correlated with
genotype of 99 rice accessions. Whereas, root length elongation was not strongly

correlated with any genomic region based on Manhattan plot (Fig. 3.11B).

Related to the correlation between SES 20 DAT and phenotypic traits (Fig. 3.4),
I focused on the Manhattan plot of shoot dry weight for deep analysis because the
Pearson correlation efficiency was highest among four phenotypic traits (Fig. 3.4). The
result shows that nine chromosomes (26 significant SNPs) were highly correlated with
shoot dry weight at the threshold —log(p-value) >4.0, namely ChrO1, Chr02, Chr03,
Chr05, Chr06, Chr07, Chr08, Chr10, and Chr12, respectively (Fig. 3.12, Table 3.6).
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Figure 3.11. GWAS for salinity traits in 100 mM NaCl at 20 DAT.
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(4) Manhattan plot

for plant height elongation ratio, (B) Manhattan plot for root length elongation ratio, (C) Manhattan

plot for shoot dry weight ratio and (D) Manhattan plot for root dry weight ratio.
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Table 3.6. Significant SNPs for shoot dry weight

No. Marker Chr Pos Marker F p-value g-value
1 S01 11466366 1 11466366  15.7343  1.38E-06 0.00866
2 S01 11519675 1 11519675 11.3184  4.12E-05 0.0872
3 S01 12323483 1 12323483  21.2792  1.29E-05 0.03822
4 S01 15190150 1 15190150  15.7601 1.35E-06 0.00866
5 S01 17479548 1 17479548 16.894  5.89E-07 0.00554
6 S01 18015212 1 18015212 26.0318  1.20E-09  4.52E-05
7 S01 18151907 1 18151907 19.2347  1.11E-07 0.00209
8 S01 39153652 1 39153652  10.5281  7.79E-05 0.11895
9 S01 41153286 1 41153286  17.3323  7.12E-05 0.11895
10 S01 41153301 1 41153301 17.3323  7.12E-05 0.11895
11 SO1 41153313 1 41153313 17.3323  7.12E-05 0.11895
12 SO1 41153328 1 41153328 17.3323  7.12E-05 0.11895
13 S01 42765409 1 42765409  12.5848  1.52E-05 0.04087
14 S02 1011301 2 1011301  10.5107  7.90E-05 0.11895
15 S02 10629393 2 10629393  12.7672  1.31E-05 0.03822
16 S03 14677220 3 14677220  14.8248  2.72E-06 0.01154
17 S05 140370 5 140370  25.0127  2.76E-06 0.01154
18 S05 140371 5 140371  25.0127  2.76E-06 0.01154
19 S06_817638 6 817638  13.0633  1.04E-05 0.03822
20 S07_17260496 7 17260496  12.7625  1.32E-05 0.03822
21 S08 20886757 8 20886757 10.5281  7.79E-05 0.11895
22 S08 27066970 8 27066970  10.3254  9.18E-05 0.13291
23 S10_5805380 10 5805380 11.3057  4.17E-05 0.0872
24 S10_8601860 10 8601860 20.434  1.85E-05 0.04352
25 S10_8601916 10 8601916 20.434  1.85E-05 0.04352
26 S12 15517392 12 15517392 16.9307  5.74E-07 0.00554

Significant SNPS at the level of g-value <0.05
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Figure 3.12. GWAS for shoot dry weight in 100 mM NaCl at 20 DAT

Manhattan plot for SES 20 DAT. Using 37,643 SNPs from imputation of 99 accessions and their shoot
dry weight to perform GWAS. Chromosomes 01 was highly significant correlated with SES Shoot dry
weight. SNP marker at position 18,015,212bp in chromosome 01 was at the peak.
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In addition, the SNP peak marker in chrO1 was SO1 18015212, which was the
same position for SES 20 DAT (Fig 3.12). At this position, the shoot dry weight ratio of
C allele was lowest, at about 0.29, followed by the A allele at about 0.48, and the highest
ratio was for the heterozygous (about 0.50) (Fig. 3.8B, Table 3.3). Using g-value to
adjust the significant SNP for GWAS, the objective of this method was to conform
whether significant SNPs from GWAS analysis was significant or not at the g-value.
SNP markers can be considered as significant when the g-value <0.05. Finally, 16 SNPs
in 8 chromosomes were identified by g-value (Table 3.6). The largest number of
significant SNP was in chromosome 1 (7 SNPs), followed by chromosome 5 and 10 (2
SNPs for each), while five chromosomes (chromosome 2, 3, 6, 7 and 12) had only one

SNP (Table 3.6).

3.4. Discussions

Plant growth is influenced by salt stress (Thu et al., 2017). In salt stress, water
uptake, root length, shoot length, the fresh weight of shoot and root, dry weight of shoot
and root, and some elements were reduced (Gungor et al., 2019). One of the reasons for
growth reduction is that root elongation was deduction because of Na* could be replaced
Ca®" and it caused the rigidity of cell wall (Byrt et al., 2018). In the present study, I
conducted screening of salt tolerance hydroponically using 97 rice accessions at seedling
stage under 100 mM NaCl stress. Variations of salinity tolerance among these
accessions were large. Five accessions had highly tolerance in 100 mM NaCl, namely,
Doc Phung (known as salinity tolerant varieties in Vietnam (The et al., 2018)), Trang
Phieu, Nang Quot Bien, Mot Bui Lun and Lun Can Trang. Four salinity phenotypic traits
were highly and negatively correlated with SES score at 20 DAT, which has been also
observed in the previous study (Sexcion et al., 2009). Moreover, I found some
accessions showing low SES score (tolerant to salt condition) had the relative root
elongation more than 1.0, indicating that NaCl stimulated root elongation in these

accessions.

Manhattan plot between phenotype and genotype indicated that three

chromosomes had correlated to salinity tolerance as Chr0O1, Chr04, and ChrlO,
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respectively. Especially, in present study, chromosome 1 was the best chromosomes for
salinity traits, and SNP marker on chromosome 01 (SO1 18015212) was the best SNP
for identifying the SES score and salinity traits. Using SNP marker SO1 18015212 for
identifying gene in IRRI Rice SNP-Seek Database (Mansueto et al., 2016) and RAP DB
(Sakai et al., 2013), I found the gene LOC_0s01g32830 which the function was similar
to LrgB-like family protein, with highly correlation to SES score 20 DAT, plant height
elongation, root length elongation, shoot dry weight and root dry weight. SNP marker
SO01 18015212 is located in 3’ UTR of the gene, it may be affected on expressed protein
because the 3’ UTR have majority role on mRNA regulation of localization, translation,
and stability (Sun et al., 2017). Moreover, SNP marker SO1 18015212 is located in three
QTLs of salinity tolerance (QTAROqtl-195, QTAROqtl-196, QTAROqtl-197)
(Mansueto et al., 2016), which the function is Na" uptake, K" concentration and the ratio
between Na* and K*, respectively. Therefore, SNP marker SO1 18015212 can be used

for identifying salinity tolerance.

Regarding on chromosome 10, I identified 18 genes that they explained for SES
score of MDI rice population. In addition, four genes, LOC Os10gl10560,
LOC Os10g10620, LOC 0Os10g10630 and LOC Os10g10700 have the function of
invertase/pectin methylesterase inhibitor family protein which are known for cell wall
of plant (Nguyen et al., 2016, Byrt et al., 2018, Wang et al., 2019). In salt condition, Na*
interference in pectin cross-linking could reduce the stabilizing influence of pectin in
the cell wall and then it is likely to trigger mechanisms to rigidify the cell wall. This
mechanism may contribute to reduce root elongation in saline soil (Byrt et al., 2018).
Therefore, these genes are related for rice growth and development (Nguyen et al., 2016).
I also found eight retrotransposon protein genes, accounted for 44.4% of identified genes
in this region. Interestingly, the function of retrotransposon gene is related to stress

factors; it will be activating in stress and environmental factors (Todorovska, 2014).

Four phenotypic traits were highly negative correlation with SES 20 DAT, but
the shoot dry weight ratio was strongest correlation, therefore, I focused on performing
GWAS of shoot dry weight ratio. Manhattan plot of shoot dry weight show that SNP

marker SO1 18015212 was the strongest evidence for this trait because p-value was
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1.20E% and g-value was 4.52E%. The present study shows that SO1 18015212 was

useful for identifying salinity tolerant varieties.

3.5. Conclusions

I determined five accessions with high tolerance to 100 mM NaCl in 20 DAT,

and 47 accessions were tolerant.

The phenotypic traits of 97 accessions was affected by salt condition, therefore,
the ratio between NaCl treatment and control treatment on plant height elongation, root

length elongation, shoot dry weight and root dry weight were almost lower than 0.5.
The SES score increased with the increased of day treatment.

Genome-wide association study of traits related to seedling stage salinity
tolerance was highly significant in chrO1 and chrl0. I found five genes that high
correlation to salinity tolerance were LOC Os01g32830, LOC Os10gl10560,
LOC 0Os10g10620, LOC Os10g10630 and LOC_0Os10g10700.
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Chapter 4. Summary

Rice (Oryza sativa L.) farming is the principal agricultural activity in many
countries, particularly, South and Southeast Asia countries. Rice is a staple food because
of directly feeding more people than any other cereals. Nearly half of the world’s
population and 90% of Asian people rely on rice every day. In Vietnam, rice produced
in the Mekong Delta contributes to 54% of the total rice productivity and 90% of the
total export volume of Vietnam. Currently, about 2,000 samples of local and improved
rice varieties in the Mekong Delta have been collected and conserved at Mekong Delta
Development Research Institute (MDI) - Can Tho University (Viet Nam) as the genetic

material for salinity tolerance rice breeding.

In this study, I used 99 indica rice accessions collected from 10 provinces in the
coastal region of Mekong Delta in Vietnam to evaluate the genomic structure and
screen salinity tolerance at seedling stage. Moreover, I would like to identify the
relationship between genotype and phenotype on salt-traits by using SNPs from RAD-

seq and whole genome sequence.

1. Profiling SNP and nucleotide diversity to characterize Mekong Delta rice

landraces in Southeast Asian populations

After double digest restriction-site associated DNA sequencing of the 99 rice
accessions and subsequent filtering; 2,301 SNPs were generated and used in subsequent
analyses. Within the 3K dataset, MDI landraces fell into an Ind3 cluster consisting of
accessions from Southeast Asian countries, while MDI improved varieties were
grouped in cluster Ind1B. A principal component analysis suggested that geographical
location strongly affects phylogenetic relationships of Southeast Asian rice accessions,
and the MDI landraces were placed into a Vietnam+Cambodia group. The genomic
distribution of m-values representing the nucleotide diversity of each population also
reflected these phylogenetic relationships and suggested a genetic adaptation to
Southeast Asian locations. To display the characteristics of local populations, I

constructed a genomic map as a simple profile representing low n-value regions. My
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simple profiling using low m-value genomic regions was able to reveal regional
characteristics of rice genomes and should be useful for identifying local rice

populations.

2. The genome-wide association study of salinity responses

A total of 99 accessions were phenotyped and genotyped against salinity
tolerance at seedling stage in 100 mM sodium chloride (NaCl) under hydroponic
conditions. After growing the accessions for 20 days under NaCl stress, I found 5 highly
tolerant, 47 moderately tolerant, 17 sensitive and 28 highly sensitive accessions. The
standard evaluation system (SES) was applied to evaluate the salinity
tolerance/sensitivity for the examined accession. The strong correlations were observed
between the SESs and relative elongation values of the shoot height, root length, shoot
and root dry weights under NaCl treatment at 20 days after treatment (DAT). Based on
genome wide association study (GWAS), I found three genomic regions in chrO1, chr04,
and chr10, which located QTLs related to salinity traits. Particularly, chrO1 and chr10
were highly associated with SES score at all 4 treatment periods; 5 DAT, 10 DAT, 15
DAT and 20 DAT. I also found Doc Phung cultivar that was extremely tolerant to salt

stress at 20 DAT. This cultivar is useful for salinity tolerance breeding programs.
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Supplement

Supplementary Table 1. SES score and salinity traits of MDI's rice accessions

No. Accessions SES  SES SES SES Plant Root Shoot  Root

code 5 10 15 20 height length weight weight
DAT DAT DAT DAT elongation elongation ratio  ratio

ratio ratio

1 MDI-1 3.50 4.50 5.50 9.00 0.12 0.21 0.14 0.16
2 MDI-2 3.33  5.00 5.67 8.33 0.10 0.20 0.16 0.19
3 MDI-3 233 3.67 4.00 5.00 0.16 1.17 0.27 0.31
4 MDI-+4 3.00 3.33 4.00 5.00 0.15 0.37 0.29 0.29
5 MDI-5 2.00 3.00 3.33 3.67 0.17 1.17 0.31 0.33
6 MDI-6 2.00 233 3.33 3.67 0.08 0.96 0.37 0.43
7 MDI-7 2.50  3.50 4.50 9.00 0.03 0.34 0.23 0.21
8 MDI-8 2.00 2.00 3.00 3.50 0.36 1.14 0.54 0.50
9 MDI-9 2.50  3.50 4.50 7.50 0.19 0.17 0.21 0.21
10 MDI-11 333 3.67 3.67 4.00 0.21 0.80 0.28 0.25
11 MDI-12 2.00 2.00 3.00 3.00 0.40 0.69 0.44 0.36
12 MDI-13 2.00 233 2.33 2.33 0.50 1.20 0.45 0.51
13 MDI-14 2.00 233 2.67 2.67 0.77 1.09 0.50 0.51
14 MDI-15 233  3.00 3.00 3.67 0.24 0.79 0.35 0.36
15 MDI-16 2.00 333 4.00 5.00 0.35 1.03 0.40 0.40
16 MDI-17 2.00 2.00 2.33 2.67 0.35 1.07 0.56 0.71
17 MDI-18 3.50 4.50 6.00 8.00 0.04 0.22 0.24 0.19
18 MDI-19 3.00 3.33 3.33 3.33 0.53 0.69 0.75 0.86
19 MDI-21 2.00 2.00 2.00 2.00 0.59 1.08 0.83 0.95
20 MDI-22 3.00 3.33 3.33 3.33 0.18 0.71 0.36 0.42
21 MDI-23 4.00 533 7.00 9.00 0.18 0.02 0.17 0.17
22 MDI-24 333 333 3.33 3.33 0.29 1.68 0.56 0.73
23 MDI-25 3.00 4.50 5.00 7.50 0.12 0.36 0.26 0.31
24 MDI-26 233  3.00 3.67 4.00 0.18 0.44 0.43 0.56
25 MDI-27 3.50 4.50 5.00 9.00 0.08 0.09 0.19 0.24
26 MDI-28 3.00 4.00 4.67 8.33 0.11 0.09 0.32 0.28
27 MDI-29 2.50  4.50 6.50 7.50 0.12 0.36 0.29 0.37
28 MDI-30 3.50  5.00 7.50 9.00 0.17 0.06 0.13 0.14
29 MDI-31 233 333 3.33 3.67 0.42 0.58 0.40 0.40
30 MDI-41 2.67 4.00 4.33 7.33 0.06 0.42 0.18 0.17
31 MDI-42 2.00 2.67 3.00 3.67 0.14 1.02 0.39 0.46
32 MDI-43 333 6.00 7.00 9.00 0.09 0.22 0.16 0.15
33 MDI-44 3.00 3.50 4.00 4.00 0.33 0.72 0.50 0.46
34 MDI-49 3.00 4.50 5.00 8.00 0.16 0.15 0.21 0.18
35 MDI-50 233 3.67 4.00 5.33 0.13 0.31 0.27 0.25
36 MDI-52 2.00 3.00 3.00 3.33 0.16 0.98 0.39 0.43
37 MDI-53 233 333 4.00 5.67 0.19 0.85 0.27 0.28
38 MDI-54 3.00 3.33 4.00 4.67 0.31 0.46 0.31 0.30
39 MDI-55 233 333 4.00 4.67 0.23 0.94 0.39 0.44
40 MDI-56 2.00 3.00 3.00 4.00 0.38 0.57 0.46 0.48
41 MDI-57 2.00 3.00 3.33 4.33 0.21 0.18 0.45 0.39
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Accessions SES SES SES SES Plant Root Shoot Root

code 5 10 15 20 height length  weight weight
DAT DAT DAT DAT elongation elongation ratio ratio
ratio ratio

42 MDI-58 233 3.00 3.67 4.00 0.20 0.72 0.47 0.49
43 MDI-59 2.00 2.00 2.67 3.33 0.35 1.35 0.47 0.65
44 MDI-60 2.00 250 3.00 3.50 0.18 0.06 0.49 0.36
45 MDI-61 233 333 3.33 3.67 0.18 0.16 0.43 0.32
46 MDI-62 233  3.00 3.33 4.33 0.16 1.03 0.40 0.45
47 MDI-63 233 3.67 3.67 4.33 0.20 0.64 0.32 0.41
48 MDI-64 233 4.00 4.00 433 0.11 0.16 0.30 0.29
49 MDI-65 2.67  3.00 3.33 3.33 0.24 0.47 0.39 0.39
50 MDI-66 233 3.00 3.33 3.67 0.24 0.59 0.42 0.47
51 MDI-67 3.50  4.50 4.50 9.00 0.19 0.20 0.26 0.28
52 MDI-68 2.67 333 4.00 7.67 0.13 0.31 0.32 0.30
53 MDI-69 2.50  3.50 4.00 5.00 0.22 0.97 0.41 0.39
54 MDI-70 3.00 533 6.00 8.67 0.13 0.22 0.15 0.15
55 MDI-71 333 4.67 4.67 8.33 0.05 0.21 0.31 0.36
56 MDI-72 333 4.67 5.00 8.33 0.05 0.14 0.24 0.27
57 MDI-75 3.00 3.67 4.33 4.67 0.13 0.03 0.35 0.27
58 MDI-77 4.00 5.00 5.00 5.00 0.16 0.62 0.29 0.31
59 MDI-82 3.00 4.00 4.33 4.67 0.19 0.81 0.39 0.39
60 MDI-83 3.00 4.00 4.00 4.0 0.13 0.80 0.31 0.32
61 MDI-85 3.00 4.00 4.00 4.00 0.16 0.53 0.32 0.30
62 MDI-86 3.00 4.00 4.33 5.00 0.10 0.76 0.30 0.37
63 MDI-87 4.00 5.00 5.67 8.33 0.04 0.01 0.12 0.12
64 MDI-88 2.67  3.00 3.00 3.33 0.40 1.28 0.61 0.77
65 MDI-89 5.00 6.67 8.33 9.00 0.03 0.01 0.08 0.13
66 MDI-90 2.00 233 2.67 3.33 0.07 0.22 0.51 0.50
67 MDI-91 450  7.50 9.00 9.00 0.05 0.05 0.10 0.12
68 MDI-92 3.50  4.00 6.00 7.00 0.02 0.37 0.19 0.22
69 MDI-95 3.00 3.67 5.33 7.00 0.04 0.38 0.32 0.28
70 MDI-96 433 633 7.33 9.00 0.06 0.13 0.12 0.11
71 MDI-97 3.00 4.00 4.50 5.00 0.28 0.19 0.33 0.30
72 MDI-98 4.67  7.67 8.67 9.00 0.08 0.01 0.15 0.21
73  MDI-99 2.67  3.67 4.33 7.33 0.07 0.40 0.43 0.40
74 MDI-100 3.00 3.67 4.67 6.67 0.08 0.39 0.34 0.37
75 MDI-101 3.67 4.67 6.67 7.67 0.17 0.05 0.25 0.30
76 MDI-102 3.00 4.00 4.67 6.67 0.12 0.70 0.42 0.43
77 MDI-104 3.50  3.50 3.50  4.00 0.23 0.48 0.48 0.40
78 MDI-105 2.50  3.00 4.00 4.0 0.12 1.03 0.33 0.36
79 MDI-106 333 5.67 7.00 9.00 0.04 0.05 0.17 0.19
80 MDI-108 4.67  7.00 8.33 9.00 0.03 0.01 0.09 0.13
81 MDI-109 3.50 4.50 5.50 8.50 0.05 0.48 0.31 0.30
82 MDI-111 4.50  7.00 9.00 9.00 0.02 0.00 0.11 0.17
83 MDI-112 4.67  7.00 8.67 9.00 0.06 0.00 0.11 0.18
84 MDI-118 2.00 2.67 3.33 3.33 0.25 0.65 0.54 0.68
85 MDI-119 3.67 5.00 6.00 9.00 0.13 0.16 0.17 0.21
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No. Accessions SES SES SES SES Plant Root Shoot Root

code 5 10 15 20 height length  weight weight
DAT DAT DAT DAT elongation elongation ratio ratio
ratio ratio

86 MDI-120 333 533 8.00 9.00 0.01 0.21 0.14 0.17
87 MDI-121 4.67  6.67 8.67 9.00 0.03 0.02 0.15 0.20
88 MDI-122 333 4.67 5.00 8.67 0.10 0.17 0.18 0.21
89 MDI-123 2.50  3.00 3.50 3.50 0.29 0.84 0.57 0.88
90 MDI-125 2.67  3.67 4.00 5.67 0.19 0.05 0.41 0.38
91 MDI-126 2.00 3.00 4.00 5.00 0.11 0.21 0.35 0.41
92 MDI-127 333 4.00 4.33 6.33 0.11 0.48 0.32 0.38
93 MDI-128 3.50  5.00 7.00 9.00 0.07 0.11 0.16 0.21
94 MDI-129 2.67  3.00 3.33 3.67 0.17 0.98 0.39 0.46
95 MDI-130 3.00 3.50 4.00 5.00 0.08 0.78 0.26 0.28
96 MDI-131 2.67  3.00 3.33 4.33 0.36 0.57 0.51 0.64
97 MDI-133 3.67 4.00 4.67 8.33 0.06 0.49 0.21 0.28

SES: System evaluation standard for salt injury

DAT: Days after treatment

Supplementary Table 2. Identifying SNPs in gen LOC_Os01g32830

No. Marker Chromosome Position p-value
1 S01 18015061 1 18015061 0.14295
2 S01 18015064 1 18015064 0.04291
3 S01 18015102 1 18015102 0.04567
4 S01 18015198 1 18015198 0.56886
5 S01 18015202 1 18015202 0.27401
6 S01 18015212 1 18015212 8.77E-08
7 S01 18015432 1 18015432 0.99389
8 S01 18015476 1 18015476 0.49492
9 S01 18015478 1 18015478 0.49388

Position: 18013675..18017027 (3353bp) (- strand)
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