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Rice (Oryza sativa L.) holds significant importance as a primary food source
globally. In Asia, the production of rice plays a crucial role in enhancing food security.
Salinity poses a substantial constraint on plants like rice, leading to a reduction in their
growth and overall productivity. The advancement of transcriptomics in agriculture has
provided a powerful tool for understanding the molecular processes in crops, contributing
to the development of more resilient, productive, and sustainable agricultural systems. The
transcriptomic approach in rice using two rice lines with close genetic relationships, but
different salt tolerance ability, CSSL16 and KDML105 combined with single nucleotide
polymorphism (SNP) gives the new insight in identifying the salt-tolerant genes and
produces 9 candidates genes. LOC_0s01g64870, OsBTBZ1, OseERD4, LOC_01g73110,
and OsSub34 consistently showing the increment trend of gene expression in both early (0
— 48 h after stress) and late (0 — 9 d after stress) response during salt stress.

OsBTBZ1 was chosen to validate its involvement in salt tolerance through the
creation of revertant lines, REV1 and REV2, in the Atbt3 Arabidopsis mutant. Additionally,
overexpressed lines, OE1 and OE2, were generated in the wildtype lines to investigate the
impact of elevated OsBTBZ1 expression on salt tolerance. The phenotyping under salt
stress (150 mM NaCl), ABA 1 pM, and mannitol 150 mM were conducted. The
germination, root length, fresh weight, Chl a, Chl b and carotenoid contents were chosen to
describe the function of OsBTBZ1. Under salt and ABA treatment, the Atbt3 mutant
exhibits the highest reduction in all examined parameters, which were counteracted by
OsBTBZ1 expression. In addition, the exposure in mannitol resulted a comparable decrease
in weight, root length, and photosynthetic pigment content across all tested lines.
Furthermore, the expression of OsBTBZ1 in both the WT and Atbt3 mutant backgrounds
demonstrated enhanced tolerance to abiotic stress, specifically under salt and ABA stress
condition. Based on these data, OsBTBZ1 is more responsible for the tolerance in salt stress
rather than osmotic stress. The observed restoration of phenotypes in the mutant line upon
introducing OsBTBZ1 expression also occurred under ABA treatment, pointing to the
involvement of the ABA-dependent pathway in OsBTBZ1 function.
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CONTENTS OF DISSERTATION

The dissertation begins with an introductory section that outlines the
background by providing insights into the underlying reasons for the research,
its specific goals, the scope of the study, and the expected outcomes. Following
the introduction, the dissertation is divided into two main chapters, Chapter 1l
and Chapter 111, which represent the core research publications.

Three transcriptome datasets in seedling stage, second leaves of booting
stage and flag leaves of booting stages were used to figure out the dynamics of
gene expression during high salt condition. Three different analyses were
employed to obtain the responsible gene namely gene co-expression network
(GCN), two-state co-expression with clustering coefficient (CC), and weighted
gene co-expression network (WGCN). The LOC Os01g61010 (OsNodulin),
LOC 0s01g64870, LOC_Os01g66890 (OsBTBZI), LOC Os01g67370,
LOC 0s01g72210 (OsERD), LOC 0s01g71190 (OsPSB28),
LOC 0s01g73110, LOC 0s04g03050 (OsSub34), and LOC_Os06g46799
(OsPeroxidase) were the chosen genes to be further validated using qRT-PCR.
The result of first objective was detailed in the paper entitled “Combining
Genome and Gene Co-expression Network Analyses for the Identification
of Genes Potentially Regulating Salt Tolerance in Rice” presented in
chapter I1.

The second paper entitled “OsBTBZ1 Confers Salt Stress Tolerance in
Arabidopsis thaliana” was the continuation of the first paper by expanding the
searching of genes containing the BTB domain. Four BTB genes, OsBTBZ1,
OsBTBZ2, OsBTBN3, and OsBTBN7, showed differential expression under salt
stress. Furthermore, OsBTBZ1 and OsBTBZ2 contained the BTB and
Transcription Adaptor putative zinc finger (TAZ zF or zF-TAZ) domains that
relate to plant growth and stress response, whereas OSBTBN3 and OsBTBN7
contain the non-phototropic hypocotyl3 (NPH3) domain that mostly responds
to light. OsBTBZ1 gene was found to be closely related to salt-responsive



protein in protein-protein interaction result. Then, it was further examined its

function through complementation test in Arabidopsis model plant.



CHAPTER |
RATIONALES

Rice, scientifically known as Oryza sativa L., plays a crucial role as a
primary food source on a global scale. In Asia, rice production has been a
principal concern to be improved to fulfill food security. Salinity is identified as
a major obstacle for plant growth, leading to decreased growth and productivity
in various plant species, including rice (Flowers, 2004). Furthermore, excessive
salt levels have detrimental effects on grain yield, panicle length, spikelet
number per panicle, seed weight per panicle, and the weight of 1000 grains
(Khatun & Flowers, 1995; Zeng, 2000). Salinity in soils can arise naturally or
be induced by human activities through continuous irrigation with low-quality
groundwater (Shahid et al., 2018). The main characteristic of saline soil is its
high concentration of soluble salts with Ca*?, Mg*?, Na*, K* as cations and SO4°
2, CI, HCOg,, CO3?, and NOs as anions, with electrical conductivity (EC) > 4
dSm (Fahad et al., 2019). The high concentration of salt can affect plant
physiology, ion toxicity on plant cells, changes in plant growth, and decrement
of photosynthetic rate (Roychoudhury et al., 2011). Salt tolerance is an intricate
mechanism evolved by plants to withstand the harmful impacts of salt stress.
The ability of plants to endure high salt levels is contingent on the alteration in
gene expression, where a numerous of genes are induced to generate specific
proteins and metabolites.

The chromosome segment substitution line 16 (CSSL16) of rice is
considered a salt-tolerant line. 511 differentially expressed sequence (DEseq)
genes at the seedling stage, 520 DEseq genes in the secondary leaves, and 584
DEseq genes in the flag leaves at the booting stage were found when the
transcriptome data of the CSSL16 line under normal and salt stress conditions
were compared. A comparison of the transcriptomic data of the CSSL16 line
under normal and salt stress conditions revealed 511 differentially expressed
sequence (DEseq) genes at the seedling stage, 520 DEseq genes in the
secondary leaves, and 584 DEseq genes in the flag leaves at the booting stage.

Moreover, 92 genes were identified based on gene co-expression network



(GCN), two-state co-expression with clustering coefficient (CC), and weighted
gene co-expression network (WGCN) analysis. Out of 92 genes, only 9 genes
show the single nucleotide polymorphism (SNPs) between ‘KDML105’ and
CSSL16. The expression study was be performed to validate all those nine
genes. LOC Os01g61010 (OsNodulin), LOC Os01g64870, LOC Os01g66890

(OsBTBZI), LOC 0Os01g67370, LOC 0s01g72210 (OsERD),
LOC Os01g71190  (OsPSB28), LOC Os01g73110, LOC Os04g03050
(OsSub34), and LOC Os06g46799 (OsPeroxidase).

Furthermore, LOC_0s01g66890 (OsBTBZ1) and LOC_0s01g72210 (OsERD)
appear in all three analysis methods.

The Bric-a-Brac, Tramtrack, and Broad Complex BTB domain with TAZ
zinc finger and Calmodulin-binding domains (OsBTBZ1) gene will be further
characterized since it contains an important domain, a BTB domain. BTB was
reported to participate in plant responses to abiotic stresses, ubiquitination, and
development. In addition, based on subcellular prediction, only
LOC Os01g66890 (OsBTBZI) resides in the nucleus and possibly regulates
many downstream genes related to salt stress. CaBPM4 (Capsicum annuum
BTB-POZ and MATH domain protein) from pepper was shown to be up-
regulated in salt stress exposure (He et al., 2019). Arabidopsis thaliana Stress-
Induced BTB protein 1 (AtSIBP1) was demonstrated to be a positive regulator
for salinity responses in Arabidopsis (Wan et al., 2019). MdBT2 of apple
responding the nitrate by its interaction with MdCIbHLH1 transcription factor
and ubiquitinates this protein via the ubiquitin/26S proteasome pathway (Zhang
et al., 2020). (Robert et al., 2009) reported BT1, BT2, BT3, BT4, BT5
performed crucial roles in gametophyte development of Arabidopsis.
Furthermore, the combination of BTB with TAZ (Transcription Adaptors Zinc
finger) is a feature that is present only in plants (Gingerich et al., 2007).
SIBTB18 in tomato contains the TAZ domain and shows a dramatic increment
in cold, salt stress, and oxidative stress (Li et al., 2018). Genes containing the
BTB TAZ domain might exhibit a diverse role and part in various mechanisms

in responding to salt stress.



To delve deeper into the involvement of BTB proteins in salt stress, an
analysis of three transcriptomic datasets was conducted. Four BTB genes,
OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7, showed differential expression
under salt stress. Significantly, OsBTBZ1 was specifically differentially
expressed during the seedling stage, while the other genes showed differential
expression during the booting stage. The STRING database indicated that
OsBTBZ1 had stronger associations than other abiotic stress-related proteins
compared to other BTB genes. Notably, OsBTBZI exhibited its highest
expression levels in the sheaths of young leaves. Further supporting the idea of
its involvement in transcriptional regulation, the OsBTBZ1-GFP fusion protein
was localized within the nucleus. The Arabidopsis mutant line b¢3 displayed
sensitivity to NaCl and abscisic acid (ABA) but showed no susceptibility to
mannitol.

The germination and growth of the mutant lines were adversely affected
by NaCl and abscisic acid (ABA). Additionally, introducing the ectopic
expression of OsBTBZ]1 reinstated normal phenotypes in the 3 mutant line and
boosted the growth of wild-type Arabidopsis in stress conditions. These results
indicate that OsBTBZI is a salt-tolerant gene, operating within ABA-dependent
pathways.



OBJECTIVES

There are two main objectives in this research :

. To validate gene expression of the predicted salt tolerant genes obtained from
transcriptome analysis

. To characterize of OsBTBZ1 gene by using Arabidopsis as the heterologous

system



SCOPE OF RESEARCH

In this research, the gene expression study of the predicted salt tolerant
genes was determined to validate the result of transcriptomic data. Then, the
expression of BTBZ1 gene was conducted by quantitative PCR technique to
determine the tissue-specific expression pattern. The second is a
complementation study inbt3 mutant, anull BT3 allele in Arabidopsis.
Revertant and ectopic expression lines in wild type (WT) Arabidopsis were
generated using transgenic technology mediated by Agrobacterium tumefaciens.
The phenotyping study of the transgenic lines with OsBTBZ1 expression were
performed to have a deep understanding of the gene function in salt-stress
conditions. Several physiological parameters such as shoot and root length,
fresh weight, dry weight, photosynthetic pigment contents were determined in

wild type, bt3 mutant, revertant, and ectopic expression lines.



EXPECTED BENEFITS

This research aims to obtain conclusive data of the pivotal role of the
OsBTBZ1 gene in regulating plant defense mechanisms under salt stress.
Elucidating the functions of the gene contributes to salt tolerance will enable
the breeder or plant scientist to optimize the potential development of salt-

resistant rice varieties in the years to come.
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Abstract:

Salinity stress tolerance is a complex polygenic trait involving multi-molecular
pathways. This study aims to demonstrate an effective transcriptomic approach
for identifying genes regulating salt tolerance in rice. The chromosome segment
substitution lines (CSSLs) of ‘Khao Dawk Mali 105 (KDML105) rice
containing various regions of DH212 between markers RM1003 and RM3362
displayed differential salt tolerance at the booting stage. CSSL16 and its nearly
isogenic parent, KDML105, were used for transcriptome analysis. Differentially
expressed genes in the leaves of seedlings, flag leaves, and second leaves of
CSSL16 and KDML105 under normal and salt stress conditions were subjected
to analyses based on gene co-expression network (GCN), on two-state co-
expression with clustering coefficient (CC), and on weighted gene co-
expression network (WGCN). GCN identified 57 genes, while 30 and 59 genes
were identified using CC and WGCN, respectively. With the three methods,
some of the identified genes overlapped, bringing the maximum number of
predicted salt tolerance genes to 92. Among the 92 genes, nine genes,
OsNodulin, OsBTBZI, OsPSB28, OsERD, OsSub34, peroxidase precursor
genes, and three expressed protein genes, displayed SNPs between CSSL16 and
KDML105. The nine genes were differentially expressed in CSSL16 and
KDML105 under normal and salt stress conditions. OsBTBZ1 and OsERD were
identified by the three methods. These results suggest that the transcriptomic
approach described here effectively identified the genes regulating salt tolerance
in rice and support the identification of appropriate QTL for salt tolerance
improvement.

Keywords : transcriptome analysis, gene co-expression network, salt-tolerant

genes, rice, clustering co-efficient
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1. Introduction

Salinity is a major environmental stressor that affects rice production
worldwide. Salt stress decreases crop yield and limits agricultural productivity
(Munns, 2002), particularly in non-irrigated farmlands by triggering two
primary effects on plants, osmotic stress, and ion toxicity (Boyer, 1982). In
most rice cultivars, the seedling and early booting stages are the most sensitive
to salt stress (Lafitte et al., 2007). High concentrations of sodium ions are
toxic to most plants (Dionisio-Sese & Tobita, 2000). A combination of ion
toxicity and osmotic stress inhibits growth and affects plant development or
cause cell death (Hasegawa et al., 2000; Zhu, 2002). Moreover, these factors
affect enzyme activities, which lead to a reduction in photosynthetic rate,
metabolism, growth, and development; additionally, pollen germination may
also be affected, lowering fertility. These effects contribute to the lower yield
of crops exposed to salt stress (Abdullah, 2001).

Salt tolerance is a polygenic trait, and although several genes
regulating salt tolerance have been identified, there are still some genes
regulating salt tolerance in different rice varieties that are yet to be identified.
Thai jasmine rice or ‘Khao Dawk Mali 105’ (‘KDML105’) rice is one of the
most popular Thai rice cultivars among consumers. The high quality
KDML105 grains are produced in rain-fed farms in the northeastern part of
Thailand, and the farmlands are characterized by high soil salinity (2-16
dS.m™). Drought tolerant line was developed by generating chromosome
substitution lines (CSSLs) in the KDML105 rice genetic background (Kanjoo
et al., 2012). The introgressions in these CSSLs contain drought-tolerant
quantitative trait loci (QTL) on chromosome 1 and were engineered via
marker-assisted breeding by crossing KDML105 to a drought-tolerant donor,
DH212. CSSL16, a CSSL from this population, exhibited salt tolerance when
compared to other CSSLs and KDML105 at the vegetative and seedling stage
(Chutimanukul, 2018b).

RNA-seq has been widely used to investigate transcriptomes under

biotic and abiotic stress conditions in several plants ((Garg et al., 2014; Song
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et al., 2014). High-throughput information can be analyzed to understand plant
responses at the transcriptional level using various methods. The gene co-
expression network (GCN) is a simplified method used in investigating the
biological functions of genes under different conditions using the node degree
or hub centrality. GCN analysis was applied to identify the gene modules that
regulate drought tolerance (Sircar & Parekh, 2015), salt tolerance
(Chutimanukul, 2018b), and osmotic stress tolerance (Nounjan et al., 2018).
However, this type of network is an undirect graph, which contains nodes
corresponding to genes and edges representing neighborhood relations (Lee et
al., 2004; Stuart, 2003). Recently, the analysis of complex data is being carried
out using high-performance computing systems. Consequently, the clustering
coefficient method was developed to identify genes in plants or animals
exposed to different environments (Zhang & Horvath, 2005).

In the analysis of network topological features, the node degree is one
of the most generally used analytical techniques to identify the connection
between the number of hub genes and neighboring nodes in the network. The
consideration of the important genes can refer to the high number of
neighboring nodes. The local density of the connection, referred to as the
clustering coefficient (CC), is the measurement of the local density that
quantifies the network’s tendency of the connections (Ravasz et al., 2002;
Watts & Strogatz, 1998). Furthermore, CC was developed from a simple
binary network to a weighted network to fulfill the prediction constant degree
of any real-world network (Humphries & Gurney, 2008). There have been
reports of CC in GCN datasets from yeast and cancer microarrays (Zhang &
Horvath, 2005). Moreover, the data analysis of degree on weighted gene co-
expression network (WGCN) can be used to construct the signed gene co-
expression network to define transcriptional modules (Horvath, 2011). This
technique can identify the hub genes in plants or animals subjected to different
conditions and the genes responsible for human diseases (Horvath, 2011,
Mukund & Subramaniam, 2015; Riquelme Medina & Lubovac-Pilav, 2016).

To perform the expression network analysis for the identification of

genes regulating salt tolerance in rice, we used the expression datasets from a
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single pair of rice lines with similar genetic backgrounds, but different levels
of salt tolerance. Therefore, we selected the CSSL population because the
lines share a similar genetic background but possess different levels of salt
tolerance. To create an expression network, transcriptome datasets of the
selected lines at seedling and booting stages were used to identify the major
(hub) genes responsible for salt tolerance, as these two stages are the most
susceptible to salt stress in rice.

In this study, we compared various CSSLs with different size segments
of the putative abiotic stress tolerance genomic region to validate the salt
tolerance of CSSL16 at the booting stage. The transcriptome data from leaves
at the seedling stage, second leaf, and flag leaf at the booting stage of CSSL16
were analyzed using GCN, CC, and WGCN to predict the major genes
responsible for salt tolerance. The expression of some predicted genes was

investigated in both salt-tolerant and susceptible lines.

2. Materials and Methods
2.1 Plant materials

Rice (Oryza sativa L.) seeds of CSSL lines (CSSL10, CSSL14, and
CSSL16) with ‘KDML105” rice genetic background, and their parents
(DH212 and KDML105) were obtained from the Rice Gene Discovery Unit
(RGDU), National Center for Genetic Engineering and Biotechnology
(BIOTEC), Thailand. CSSL16 contained the full segment of the putative salt
tolerance region between RM1003-RM3362 (Chutimanukul et al., 2018Db),
while CSSL10 contained the segment between RM1003-RM6827, and
CSSL14 contained the segment between RM3468-RM3362 (Figure 2.1). The
three CSSL lines, CSSL10, CSSL14, and CSSL16, were compared with
KDML105 and DH212 for salt stress responses. Then the best CSSL candidate

for salt tolerance was selected for transcriptomic analysis.

2.1 Determination of the photosynthetic rate and yield components of the
lines at booting stage

2.2.1 Plant growth condition
CSSL10, CSSL14, CSSL16, and their parental lines, ‘KDML105’and

DH212 were grown in plastic pots containing soil. We supplied the necessary
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nutrients by applying Bangsai nutrient solution (1:100) to the soil. At the
booting stage, 75 mM NaCl was added to the nutrient solution of the treatment
groups, but not to the control group. The addition of NaCl increased the soil
EC to 8 dS.m™, thus inducing salt stress. The experiment was performed in
randomized complete block design with four replicates. Three plants per
replicate were used for collecting the data. Analysis of variance was
performed, and means were compared with Duncan’s multiple range test.

2.2.2 Measurement of Physiological Parameters

After 6 days of salt-stress at the booting stage, standard physiological
responses, such as net photosynthetic rate (Pn), stomatal conductance (gs),
internal CO. concentration (Ci), transpiration rate (E), Fv/Fm, and performance
index (Pi), were evaluated. In parallel, every 3 days from day 0 to 9 during
salt-stress treatment, we classified rice responses using the standard evaluation
system (SES) of rice (IRRI, 1996). After 9 days of salt stress, the saline
solution was washed out to reduce soil salinity to 2 dS.m™. Plants were then
grown until seed harvest and yield components were determined.

At day 6 of salt stress, we measured gas exchange parameters in the
middle portion of the flag leaves using a portable photosynthesis system (LI-
6400 XT; LI-COR, Lincoln, NE). We used three plants per group as a
replicate. The leaves were examined under the following conditions: 500
mmol m2 s* air flow per unit leaf area, 1,200 mol m~2 s photosynthetically
active radiation (PAR) at leaf surface, leaf temperature ranged from 31.0 to
35.0°C, and a CO. concentration of 380 mol mol. F./Fm and Pi were
measured according to the recommended procedures of FMS 2 (Hansatech,
King’s Lynn, UK). Leaves were dark-adapted for 40 min using dark-adapted
leaf clips before measurement.

2.2.3 Experimental design and statistical analysis

The study was laid out in a completely randomized design (CRD), with
four replicates per treatment group (samples from three plants in a group
constituted a replicate). Data of physiological parameters were subjected to

analysis of variance (ANOVA) and significant means were compared using
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Duncan’s multiple range tests (DMRT) by using SPSS version 21 (IBM Corp,

Armonk, USA). Values were considered statistically significant at p < 0.05.

2.3 ldentification of the putative salt tolerant genes via transcriptome
analysis

2.3.1 RNA extraction and sequencing
To identify the genes regulating salt tolerance in rice, we focused on

transcriptome analysis of CSSL16, which had the highest salt tolerance in the
seedling and booting stages. Three replicates were used for each condition
(CSSL16 grown under normal condition and under salt stress (75 mM NaCl
treatment), respectively). Leaf tissues were collected at the seedling and
booting stages. We harvested leaf samples from 21 days old seedlings after O
and 2 days of salt stress, while flag leaves and second leaves were harvested at
the booting stage on daysO and 3. Leaves from the seedlings, flag leaves, and
second leaves of untreated plants were used as the control. Three biological
replications were conducted for this experiment. Total RNA was extracted
from the leave samples using plant RNA purification reagent (Invitrogen,
USA), and contaminated genomic DNA was removed with DNasel
(Invitrogen). cDNA libraries were constructed using the KAPA Stranded
RNA-Seq Library Preparation Kit from Illumina R© (Kapa Biosystem, USA).
All short reads with a size of ~300 bp were selected and connected with
adaptors. Thereafter, all fragments were enriched by PCR for 12 cycles. The
cDNA libraries were sequenced using Illumina Next-Generation sequencing
(Mumina, USA).

For transcriptome analysis, all short-sequence reads were classified
into the right category and QC was performed using a pipeline created by
Missirian et al. (2011). The transcriptome sequences were uploaded to the
NCBI database with BioProject ID, PRINA507040. The sequence reads were
aligned and mapped to the rice genome database (Ouyang et al., 2007) using
Bowtie2 (Langmead & Salzberg, 2012). The DESeq program (version1.24.0)
was used to identify differentially expressed genes (Anders & Huber, 2010).
Genes with p-value < 0.01 were identified as differentially expressed genes.
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2.4 ldentification of marker genes by GCN and CC analysis
The read count of the RNA-Seq was analyzed and normalized using

the DESeq package in software R (Anders & Huber, 2010). We constructed
the gene co-expression network of the rice lines under normal and salt stress
conditions at the growth stages (Suratanee et al., 2018), and these constructs
were combined as whole-state networks. The expression levels of whole-state
networks were mixed. The edges in the network were recognized by
calculating and selecting gene pairs with highly correlated (r > 0.9) levels of
expression. Node degree is the number of edges connected to a node in a
network, and clustering coefficient is a measure of the proportion of true
connections and the number of all possible connections among neighbors of a
gene node. The nodes represent the investigated genes, and the edges represent
the significant co-expression level of any of the gene pairs. GCN identifies
genes by using the degree or hub centrality. The clustering coefficient (CC) is
a common measure of the true proportion of the link between the gene nodes
and neighbors. The original clustering coefficient (small-world network)
(Watts & Strogatz, 1998) is as follows:

2_j 2_q=i (@G alig)aig))
kilki — 1)

C) =
1)

C(i) varies from 0 to 1. aj is a binary value from the connection
between node i and node j. The degree of node i is ki. If all neighbors of i are
themselves connected to another, CC equals 1, and if the neighbors of i do not
connect to each other, CC equals 0. Based on a real-world network, their
nodes are mostly connected with some level of strength connections or
weights. Moreover, the clustering coefficient for a weighted graph was

constructed from the total weights of the neighbors (Onnela et al., 2005).
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Figure 2.1 The chromosomal segment substitution line of CSSL10,
CSSL14, and CSSL16 with regions between RM1003 and RM3362
markers on chromosome 1. Some genes with putative functions,
Nodulin (LOC_0s01g61010), BTBZ1 (LOC_0s01g66890), PSB28
(LOC_0s01g71190), and ERD (LOC_0s01g72210), are included.

2.5 ldentification of marker genes by weighted co-expression network
(WGCN)

For WGCN, the connection of the network has its own values as a
binary network of 0 or 1. Therefore, a weighted degree is the sum of all edges
connecting the given node and neighbors. A weighted graph of the clustering
coefficient is obtained by taking the geometric mean of the total weights of its
neighbors (Onnela et al., 2005). Moreover, these connection weights can be
positive or negative. While O represents no connection with neighbors, 1
represents the highest connection with all neighbors. The formula for using the
real weights in the network is as follows:

1
L2 X warwapwig |
Crealweight(l) = ki(ki — 1)
i\Ki

)
The weight of the edge connecting nodes i and j is wij. The connection
weights can be categorized as positive or negative. The value of Creaieignt (i) IS
distributed in the range [0, 1], where 0 means that there were no neighbors to
connect to each other, and 1 means that there were high connections with
neighbors. This formula was used to calculate the clustering coefficient for the
real weights in the network, while the original formula was performed using a

cut-off for the weight estimation into a binary class.
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To clarify the analysis of GCN, CC, and WGCN, Figure 2.2 shows an
example of a gene co-expression network in the form of a binary network
(Figure 2.2A) and in the form of a weighted network (Figure 2.2B). Gene
identification by GCN analysis involves calculating the degree for each gene
in the binary network in Figure 2.2A. Then, the highly connected nodes are
recognized as marker genes. Therefore, G1 with degree of 4, G> with degree
of 6, and Gz with degree of 4 have more connections than the other genes
and are identified as important markers. On the other hand, gene
identification of CC explores the possibility of connections among the
neighbors of a certain node. There are no connections among the neighbors
of G1 and among the neighbors of Gs, while there is one connection among
the neighbors of G2. Therefore, the CC values of G1 and Gs are zero while
the CC value of G2 is 1/15 since 15 is the total number of all possible
connections among the six neighbors.

Gene identification by WGCN involves the direct calculation of a
weighted degree, that is the sum of all edge weights for a certain node in
Figure 2.2B. With the use of weighted network, there are more edges with
known strength as more information needs to be considered. Thus, the
weighted degree of G: is 4.6, the weighted degree of G2 is 5, and the
weighted degree of Gz is 4.3. Comparing with the degree values above, the
weighted network indicates that Gi1 is more important than Gs while they

have the same level of importance in the binary network.

2.6 Validation of the salt tolerant candidate genes by gene expression
analysis

To validate regulation of salt-tolerance candidate genes by gqRT-
PCR, CSSL16, which had the highest salt tolerance at the seedling and
booting stages, was compared with KDML105. The seeds of CSSL16 and
KDML105 were soaked in water to induce germination. After 7 days, the
seedlings were transplanted to nutrient solution (Udomchalothorn et al.,
2014) with three replicates (three seedlings per replicate). Subsequently,
after 7 days, the seedlings were transferred to nutrient solution without

NaCl (control) and nutrient solution containing 75 mM NaCl (treatment
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group). Seedlings were harvested after salt stress treatment for 0, 3, 6, 12,
24, and 48 h for the early response and for the late response, seedlings were

harvested on days 0, 3, and 6 of treatment.
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Figure 2.2 Examples of a binary gene co-expression network (A) and a
weighted gene co-expression network (B) consisting of three observed
genes (in orange) and 13 genes (in gray). The edges in the network (A) are
recognized by calculating and selecting gene pairs with highly correlated (r
> 0.9), while the edges in the network (B) are weighted by the absolute
values of the correlation.

2.7 Gene expression analysis
Total RNA was extracted from the shoots of seedlings from the control

and treatment groups using GENEzol GZR100 (Geneaid Biotech, Taiwan).
The RNA was treated with DNase | (Thermo Scientific, USA) and converted
into cDNA. cDNA synthesis was performed using an Accupower RT premix
(Bioneer Inc., Alameda, USA). The synthesized cDNA was used as template
for the PCR. gRT-PCR was conducted using Luna Universal gPCR master
mix M3003L (New England Biolabs Inc., USA).

Quantitative RT-PCR reactions were conducted on three technical
replicates for each sample. No template (NTC) was used as a negative control,
and EF-la primers (Chutimanukul et al., 2018b) were used as an internal
control to standardize

the equal template in the reaction. Gene sequences were obtained from
the rice genome database (Ouyang et al., 2007) and then submitted to Primer3
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to generate specific primers for the nine selected genes (Table 1). Relative
gene expression was determined by qRT-PCR. The PCR conditions were as
follows: an initial denaturation step at 95° C for 60 s, followed by 35 cycles of
denaturation at 95¢ C for 15 s, annealing steps with the temperature shown in
Table 1 for 30 s, and continued with an extension step at 75 C for 30 s. The
melt curve and plate read were set at 60-94- C with increasing temperature at
the rate of 5o C per 5 s. Average cycle threshold (Cq) values of all genes were
normalized to the level of EF-1a reference genes in the same sample and then
used to measure relative gene expression by following the 11Ct method as
described by Pfaffl (2001). The gene expression analysis was interpreted
based on the relative expression levels, and SPSS software was used for the
analysis of variance (p < 0.05).

2.8 Analysis of Arabidopsis mutant lines for salt stress responses
The selected mutant seeds were ordered from Arabidopsis Biological

Resource Center (ABRC). The homozygous mutant lines were screened
according to SALK T-DNA primer design. The homozygous mutant lines
used in this experiment were bt3, psb28, AT5G45310, sbt3.3, sbt3.4, and per3
mutants. Col-Owild type (WT) was used as a control. The evaluation of salt
stress response was performed with a complete randomized design with three
replicates. Each replicate contained 20 seedlings. Mutant lines and WT seeds
were sterilized and germinated for 7 days after stratification at 4°C for 48 h.
Then, 7-day-old seedlings were transferred to the freshly prepared MS
medium with or without 100 mM NaCl addition. After 7-day incubation under
light intensity of 35 mmol.m™2.s%, 16/8 light/dark cycle at 22 C, dry weight
was measured with 15 plants per treatment. Photosynthetic pigment contents
were determined from 5 plants per treatment according to (Wellburn, 1994).
The absorbance at A470, A646.8, and A663.2 were measured to determine
Chlorophyll a, chlorophyll b and carotenoid contents by using the following

equations:
Chlorophyll a (Chl a) content = 12.25A663.2 — 2.79As46 8 (3)
Chlorophyll b (Chl b) content = 21.5As46.8 — 5.1 Ass3.2 4)

Total carotenoids = (100A470 — 1.82 Chl a — 85.02 Chl b)/198 5)
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2.9 Putative promoter analysis
The putative promoter region (2 kb upstream from coding region) of

OsBTBZ1 gene of KDML105 and CSSL16 was retrieved from PRINA659381.
Sequence alignment was performed by using Needle tool via EMBOSS. Cis-

elements were searched against PLACE database (Higo et al., 1999).

Table 2.1 Quantitative RT-PCR rice primers.

Name/annotation Sequence 5'a3' Product size Position Annealing temperature

LOC_0s01g61010 (Noduiin) FW CCGCGAAAAGTGGCTACTCCA 101 bp 1,179-1,282 60.0°C
RV AAAGAAGTCCCGCTGGTTGAG

LOC_0s01g64870 FW CGAGCAGTTTGCCAGGTTGAAT 183 bp 974-1,156 61.5°C
RV AGCCTTTGGAATGCAAGCTCCT

LOC_0s01g66890(BTBZ1) W TTCCTGCCTGCAAGGGCATC 172 bp 1,108-1,280 61.5°C
RV TCCTTGAAATGCCTACAGAGGGG

LOC_0s01g67370 W GGCGGATTTACCGAACATATTTGA 173 bp 260-432 60.5°C
RV TGTCAGCCAGGAAGGTTGGA

LOC_0s01g72210 (ERD) W GGTTCTAACAAGCTTTGGGTGC 141 bp 562-703 61.5°C
RV TTGGTCAGGCCGTTTCCTGT

LOC_0s01g71190 (PSB28) W GATGCCCCGCAGGTTCGTC 170 bp 218-387 60.0°C
RV GGTGCCCTGGATGAACTGGA

LOC_0s01g73110 W CCGATGGTGATGGTTGGCTG 180 bp 160-339 61.0°C
RV CCGATCCAGCTTGCGCTCT

LOC_0s04g03050 (Sub34) FW TGTGGTTATCACCTTGGGCG 124 bp 1,164-1,287 61.0°C
RV ATTGTCGGCATTGCAGTCGT

LOC_0s06g46799 {Peroxidase) FwW CCTCTCCTCCTTCCAGAGCAA 97 bp 629-725 61.0°C
RV GCTGAACGAGTTGCAGTGCG

EFta FwW ATGGTTGTGGAGACCTTC 127 bp 1,326-1,435 60.0°C
RV TCACCTTGGCACCGGTTG

3. Result

3.1 CSSL16 sustained photosynthetic responses under salt stress at
booting stage.

The physiological study showed that the net photosynthesis rate (Pn) of
the flag leaves of the rice lines under normal grown condition was not
significantly different (Figure 2.3A). However, the P, of the second leaves of
the lines were significantly different, with the second leaves of ‘KDML105’
recording the highest P, values, while the second leaves of CSSL14 grown
under normal conditions had the lowest P, values.

Salt stress caused a decrease in the Py of the flag leaf and second leaf
of the lines (Figure 2.3B). The flag leaves of CSSL10, CSSL16, and DH212
had significantly higher Py, than those of ‘KDML105* and CSSL14, while the
second leaves of CSSL10 had similar Py values to those of ‘KDML105* and
DH212. A similar response was also found in stomatal conductance (Figures

2.3 C, D). The C; levels of rice grown under normal conditions were not
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significantly different; contrarily, the Ci levels of both flag leaves and second
leaves of rice lines grown under salt stress were significantly different with the
second leaves of CSSL16 recording the highest Ci level (Figures 2.3 E, F).
The transpiration rate of these plants was consistent with their gs (Figures 2.3
G, H).

Salt stress did not affect the PSII efficiency (Fv/Fm) of the flag leaves
(Figures 2.4A, B). Additionally, the Pi’s of the flag leaves were not
significantly different under normal growth condition; contrarily, salt stress
significantly affected the Pi’s of the flag leaves, with CSSL14 recording the
highest Pi, while ‘KDML105’ recorded the lowest. The second leaves of
CSSL16 recorded the highest P; both under normal growth condition and
under salt stress, while the second leaves of ‘KDML105’ had the lowest Pj
both under normal growth condition and under salt stress. Overall, the Pi’s of
the second leaves of the rice lines were significantly different both under
normal growth conditions and under salt stress (Figures 2.4C, D). During the
first 6 days and after 9 days under salt stress conditions (Figure 2.5), CSSL16
and DH212 had significantly lower SES than the other lines.

3.2 CSSL16 had higher yield components than that did ‘KDML105’ and
other CSSLs

After exposing the rice seedlings to salt stress at 8 dS.m™* for 9 days,
soil salinity was reduced to 2 dS.m™ and the plants were grown under this
condition until grain harvest. The yield components of the different lines were
determined after harvest (Table 2.2). Results showed that rice lines with
KDML105 genetic background recorded higher tiller numbers per plant than
the corresponding, introgression-free line DH212. Salt stress decreased tiller
numbers per plant, panicle numbers per plant, panicle length, total seed
number, and number of filled grains per plant. Moreover, shoot fresh weight,
dry weight, and height were affected by salt stress (Table 2.2). CSSL16 had
the highest tiller numbers per plant, panicle number per plant, total seed
number per panicle, filled grain, and seed number per plant, compared to the

other lines. Based on gas exchange parameters, PSII efficiency and yield



23

component, CSSL16 was the most tolerant line under high salt stress at the
booting stage. This suggested that the presence of the whole QTL region was
required to achieve the best tolerance, implicating the action of two or more

genes Therefore, CSSL16 was chosen for transcriptome analysis.
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Figure 2.3 Gas exchange parameters, net photosynthesis rate [Pn, (A,B)],
stomatal conductance [gs , (C, D)], internal CO2 concentration [Ci, (E,F)],
and transpiration rate (E, G, H) of flag leaves and second leaves of CSSL10,
CSSL14, CSSL16, ‘KDML105* and DH212 under normal and salt stress
conditions. Values are represented as mean = SE (n = 4). Different letters
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above bars indicate significant difference between lines at p < 0.05. “ns”
indicates no significant difference.
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Figure 2.4 Maximum PSII efficiency (Fv /Fm ) (A, B) and Performance index
(Pi) (C,D) of flag leaves and second leaves in CSSL10, CSSL14, CSSL16,
‘KDML105” and DH212 under normal and salt stress conditions. Values are
represented as mean + SE (n = 4). Different letters above bars indicate
significant difference between lines at p < 0.05. “ns” indicates no significant
difference.
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indicate significant difference between lines at p < 0.05. “ns” indicates no
significant difference.

3.3 Transcriptomics profile of CSSL16 rice at seedling and booting stages

To identify genes regulating salt tolerance in rice, we analyzed the
transcriptome of three seedling leaves, and from the flag and second leaves of
CSSL16 plants exposed to normal growth condition and salt stress,
respectively. Gene expression was examined by RNA sequencing of the leaves
of seedlings at 0 and 2 days of treatment. At the booting stage, RNA
sequencing was performed from flag leaf and second leaf samples at 0 and 3
days of treatments. We identified 511 differentially expressed genes in the
leaves of the seedling, while 520 and 584 differentially expressed genes were
identified in the second leaf and flag leaf, respectively (Supplementary Files 1,
2). More than 50% of the differentially expressed genes were downregulated
by salt stress at the seedling stage and in the flag leaves at the booting stage.
Contrarily, <50% of the differentially expressed genes were downregulated by
salt stress in the second leaf.

We used the Clue Go tool to screen gene ontology (GO) terms that were
significantly enriched by the DEGs. The results showed that genes enriched in
biological processes, such as response to inorganic substances, oxygen-
containing compounds, alcohol, heat, and temperature stimulus were
downregulated in the leaves of the seedlings, while the genes involved in cell
wall biogenesis, cellular glucan metabolism, and glucan metabolism were
upregulated (Supplementary Figure 1). We compared the transcriptomes of the
second leaf before and after 3 days of salt stress. The GO enrichment analysis
of the second leaf indicated a significant upregulation of genes regulating
temperature and heat responses, and the sizes of cellular components and
anatomical structures (Supplementary Figure 2), while genes enriched in
cellular chemical homeostasis and chemical homeostasis were downregulated.
When the plants were exposed to salt stress, the upregulated genes were
enriched in response to heat and temperature stimulus (Supplementary Figure
3).
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Table 2.2 Yield components of CSSL10, CSSL14, CSSL16, ‘KDML105’ and
DH212 grown under normal or salt stress conditions (8 dS.m™) at booting

stage for 9 days.
Yield componentst Condition Rice lines F-test
CSSL10 CssLi14 CSSLi6 KDML105 DH212
Tiller number per plant Normal 14.25 + 0.852 15 £1.772 16.75 + 0.632 13.25 + 0.852 85+ 1190
Salt stress 10.25 + 0.85°¢ 12 £0.712 14 +£1.08% 12.25 +0.47%0 7.75+£1.03°
Panicle number per plant Normal 9.25 + 0.85° 975+ 0.857 1454 0.292 10.25 + 0.95° 854+ 1550
Salt stress 7.75 £1.11 925 +£0.95 11 +£1.47 9.75 + 1.11 7656 +1.19 ns
Panicle length (cm) Normal 27.78 £ 0542 26.14 + 0.330 24.98 +0.29°¢ 25.06 + 0.17% 2731 £0.212
Salt stress 24.31 +0.47° 2412 + 0.36° 23.49 + 0.26° 21.46 £ 0.53° 26.92 +£0.26°
Total seed per panicle Normal 130.25 + 3.940¢ 116.75 £ 4.31° 152.25 + 3.682 124.25 £ 5.78° 143.75 + 4.40%0
Salt stress 121.50 £ 4.130 114.75 £ 1.75° 142.75 £ 4.052 113.5+£3.10° 134.75 + 2.63%
Filled grains per plant Normal 91.76 +£0.48° 945 +2.10° 130.256 £ 2.252 109.75 4+ 5.20P 114.25 + 4850
Salt stress 74.25 + 2,501 75 +£1.684 117 £ 3.03° 90.25 £+ 2.29° 08.25 + 2.87°
100 Seeds weight (g) Normal 1.804+0.07° 190+ 0.10° 1.92 4 0.04° 22040102 2.08 + 0.02%
Salt stress 11440150 1.67 +0.082 1.65+ 0.072 1.85+0.072 155 +0.16%
Plant height (cm) Normal 178.26 £ 2.62°2 171.75 £5.2120 156 + 8.95° 121.25 +£ 3.36° 164.75 + 4.193
Salt stress 1525+ 2.752 160 + 5.05* 139 4+ 2.68° 109.5 + 0.65° 152.75 + 2.56°
Shoot fresh weight (g) Normal 179.26 £ 8.012 147.5+10.133 157.7 + 10.40% 116.22 + 11.540 132.19 £ 22.070
Salt stress 138.5 +7.053 11825 + 11.44 125.75 £12.30 86.5+ 1337 117.256 £ 16,12 ns
Shoot dry weight (g) Normal 28.74 £2.19 28.67 £2.10 32.76 +£0.96 2466 £1.27 29.07 £2.27 ns
Salt stress 24.49 + 1.41b¢ 27.30 4 1.0220 20.01 £ 0532 2213+ 0.88° 27.94 4+ 1.7120

T Values are represented as mean = SE (n = 4). Different letters indicate
significant difference between lines at p < 0.05. “ns” indicates no significant
difference. * Significant difference at p < 0.05.

3.4 Combining the gene co-expression network analysis with SNP
information can identify salt tolerant genes.

The co-expression networks under salinity and normal conditions were
constructed by calculating the correlation of the expression levels of DEGs in
the plants (leaves of the seedlings, flag leaves, and second leaves). Genes that
were highly correlated (r > 0.9) under normal condition were used to construct
the normal-state network. Similarly, genes that were highly correlated under
salinity stress were used to construct the salinity-state network. We found 579
DEGs in the normal-state network and 573 DEGs in the salinity-state network.
The results showed that the network created from expression data under
normal conditions had higher number of nodes, edges, connection per node,
and average degree than those of the network created from the expression data
under the salt stress condition. The genes involved in salt tolerance were
selected from genes with high connections per node under salt stress

conditions and low connections per node under normal conditions. Fifty-seven
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candidate genes (Supplementary File 2) were selected. Most of the selected
genes were on chromosome 1. Four of them, LOC_0s01g64870,
LOC_0s01g66890, LOC_0s01g67370, and LOC_0s01g72210 were located
in the salt/drought tolerant QTL reported by Kanjoo et al. (2012).
LOC 0s01g72210 and LOC_0s01g67370 encoded unknown expressed
proteins, while LOC _0Os01g66890 was annotated as BTBZ1 and
LOC_0s01g72210, was annotated as a protein part of the early response to
dehydration (ERD) protein. Both BTBZ1 and ERD displayed SNPs between
CSSL16 and ‘KDML105’ in the promoter, 5’UTR, exons, introns, and 3’UTR.

We analyzed the distributions of the clustering coefficients for the
binary network by comparing a dense local cluster between salt stress and
normal conditions. The clustering coefficient analysis identified 30 genes
involved in salt tolerance (Supplementary File 3). Four genes were located in
the salt/drought tolerant QTL (Kanjoo et al., 2012), LOC_0s01g61010,
LOC_0s01966890 (BTBZ1), LOC_0s01g72210 (ERD), and
LOC_0s01g73110. The CC analysis identified BTBZ1 and ERD, which were
also identified by GCN analysis. LOC_0s01g61010 was annotated as
encoding a Nodulin, while LOC_0s01g73110 encoded an unknown expressed
protein.

Furthermore, we identified 59 genes using weighted co-expression
network  analysis  (Supplementary  File 2). LOC_0s01g64870,
LOC_0s01g66890 (BTBZ1), LOC_0s01g71190, LOC_0s01g72210 (ERD),
and LOC_0s04g03050 were located in the salt/drought QTL (Kanjoo et al.,
2012; Kanjoo, 2011; Koyama et al., 2001). Moreover, three out of the five
genes (LOC_0s01g64870, BTBZ1, and ERD) were identified by both the co-
expression network and clustering coefficient analyses. The other three genes
included LOC_0s01g71190 (PSB28), which was annotated to encode the
protein involved in photosystem Il reaction center, while LOC_0s04g03050
and LOC_0s06g46799 encoded subtilisin (OsSub34) and peroxidase

precursor, respectively.
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WGCN WGCN

Figure 2.6 Venn diagram (A) showing the number of salt-responsive genes
from co-expression network analysis (blue circle), Clustering coefficient
analysis (red circle), weighted co-expression network analysis (green circle),
and Venn diagram (B) showing number of salt-responsive genes containing the
SNPs in each method analysis

Table 2.3. Salt-tolerant genes consistently predicted by GCN, CC, and WGCN

Locus Annotation

LOC_0s01g66830 (BTBZ1) BTBZ1—Bric-a-Brac, Tramtrack, and Broad
Complex BTB domain with TAZ zinc finger and
Calmodulin-binding domains, expressed

LOC_0s01g72210 (ERD) Early-Responsive to Dehydration protein-related,
putative, expressed

LOC_0s02g08100 AMP-binding domain containing protein, expressed

LOC_0s02g46950 cytochrome bgf complex subunit, putative,
expressed
expressed protein

LOC_0s03g56720 Cytochrome bgf complex subunit, putative,
expressed

LOC_0s06g288630 Expressed protein

LOC_0s07g02540 HLS, putative, expressed

LOC_0s09g26880 Aldehyde dehydrogenase, putative, expressed

LOC_0s09g39910 ABC transporter, ATP-binding protein, putative,
expressed

LOC_0Os11g42500 Dirigent, putative, expressed

Figure 2.6A displays a Venn diagram of the genes identified using the
three network analyses. The blue, red, and green circles included genes
identified by GCN, CC, and WGCN, respectively (Figure 2.6A). In total, we
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identified 92 genes using the three methods. Among the genes, 10 were
identified by each of the three methods (Table 2.3). The co-expression
network of 92 genes identified by GCN, CC, and WGCN is shown in Figure
2.7. The 10 genes, identified by these three techniques (GCN, CC, and
WGCN), are displayed as red circles.

Using SNPs found in CSSL16 and ‘KDML105’, the number of genes
identified by GCN, CC, and WGCN were 4, 4, and 6, respectively (Figure
2.6B). Together with the three methods of transcriptome analysis and SNP
information of the salt tolerant and susceptible lines, we identified nine genes,
which were responsible for salt tolerance in rice (Figure 2.6B and Table 2.4).
Two out of these genes, which are LOC_0s01g66890 (BTBZ1) and
LOC_0s01g72210 (ERD), contain SNPs between CSSL16 and ‘KDML105’
rice. In addition, these two genes are connected to each other in the network
(Figure 2.7). We hypothesize that the nine genes were responsible for the salt
tolerance of CSSL16 compared with KDML105 rice.

3.5 Significantly different expression levels of the candidate genes in
CSSL16 after salt-stress treatment.

To examine the salt-tolerance candidate gene expression, we used
gRT-PCR to study the expression response to salt stress of the nine genes in
Table 4. After growing rice seedlings for 14 days, 75 mM NaCl was added to
the nutrient solution. We compared their expression in CSSL16, the salt-
tolerant genotype, and in its salt-susceptible parent, ‘KDMLI105’. The
comparison was performed in two sets of experiments to investigate the early
(0, 3, 6, 12, 24, and 48 h after stress) and late (0, 3, and 6 days after stress)
responses. After 6 days of salt stress, morphology of the plants is displayed in
Figures 2.8 A, B. For early stress responses, OsNodulin expression did not
vary much during this period of salt stress (Figure 2.9 A), while
LOC_0s01g64870 expression in the salt-treated CSSL16 after 12 h of salt
treatment was increased to more than 7-fold higher than treated KDML105
(Figure 2.9B). The expression levels of OsBTBZ1 (Figure 2.9 C),
LOC 01967370 (Figure 2.9 D), and OsPeroxidase (Figure 2.9 1) in the salt-
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treated CSSL16 were also significantly higher than those of the salt-treated
KDML105 after 12 h of the treatment, while the expression levels of OSERD
(Figure 2.9 E), LOC_01g73110 (Figure 2.9 G), and OsSub34 (Figure 2.9 H) in
CSSL16 was dramatically higher than KDML105 after 6 h of salt stress. It is
worth mentioning that the expression of OsBTBZ1, OsERD, OsSub34, and
LOC 01973110 was induced more than 15-fold by salt stress in the early
response. The expression level of OsPSB28 (Figure 2.9F) was higher in
CSSL16 after 6 and 48 h of stress, but the level of expression was fluctuating
and did not show much difference during this early response.

For the late response, the expression of Nodulin (Figure 2.10 A),
LOC_0s01g64870 (Figure 2.10B), BTBZ1 (Figure 2.10C), LOC_0s0167370
(Figure 2.10D), and PSB28 (Figure 2.10 F), increased significantly in
CSSL16, but decreased in KDML105 at 3 days of exposure to salt stress.
However, the expression of ERD (Figure 2.10E) and LOC_0Os01g73110
(Figure 2.10G) increased in both CSSL16 and KDML105 at 3 days of salt
stress. After 6 days of salt stress, the expression of Nodulin,
LOC_0s01g64870, and BTBZ1 was still higher in CSSL16 compared with that
of KDML105, but the expression of LOC 0s01g73110 decreased, while the
expression of ERD increased. After 6 days of salt stress, the expression of
ERD increased by more than 4.5 and 4 fold in CSSL16 and KDML105,
respectively. The expression of OsSub34 was reduced by salt stress in both
lines, however, this decrease was more pronounced in CSSL16 than that in
‘KDML105” (Figure 2.10H). Peroxidase increased after 6 days of salt stress in
both lines (Figure 2.101). The results suggest that the nine candidate genes

may be involved in salt tolerance in rice.



31

L ] @ -
@
e " _LOC_Q509g26880
Soae o s .
LOC_Qyo3gssT20, ﬁé)c Q509239910
LOC _@7:;01540.‘ 25 - ] B
L ot / .
. ¢ / {
" /  ele
» & \ @
A & \
o @ \ P P \“ , @
LOC 28630
AR T 106 N , .
| A S \
° \ ‘; i\ ‘ LOCQ511g42500
VLA ‘\‘] 4 Py ‘\’ *
@ 1A ‘./ \ ; ° \ ® GCN
\ P (e b e / LOC_G§02g08100 @ CC
L \ | e/ e
‘ e 1\ // s WGCN
. A A o _ "
LOC_Qg02¢45950 Bl § d ® GCNandCC
@ \ T AR i .
e \| o G AN P ® CCand WGCN
\ &~ ™
* NI A 'S @ GCN and WGCN
. [ e BET @
Loc_&m‘;'f:no \ / @

/ o ® GCN, CC, and WGCN
LOC_ Q401266898 o

Figure 2.7 The co-expression network of 92 marker genes identified by GCN,
CC, and WGCN. Ten genes in red were detected by all methods and the
connections among them were shown in darked lines. All gray lines represent
the connections among these 92 marker genes.

3.6 The predicted genes have the potentials to function in salt tolerance
In order to investigate the potential of these predicted genes for

functioning in salt tolerance, Arabidopsis mutant lines containing T-DNA
insertion in the genes orthologous to the predicted rice genes, were analyzed
for their salt responsive phenotypes. Due to the dramatically higher induction
at early response of OsBTBZ1, OsSub34, and LOC_01g73110, the Arabidopsis
mutants of their orthologous genes (Table 2.4), namely bt3, sbt3.3, sbt3.4, and
at5g45310 mutants, were analyzed. Although OsERD4 displayed high level
during early induction, the erd4 mutant was not included in this analysis
because no homozygous insertion lines could be obtained. Finally, the psb28
and per3 mutants were included in this experiment and Col-0 wild type (WT)
was used as a control.

Under normal growth condition, sbt3.4, psb28, and per3 mutants

showed significantly higher dry weights than WT, while the bt3 mutant had
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significantly lower dry weight. The photosynthetic pigment contents were also
different among these lines. The at5g45310 mutant displayed a similar
phenotype to the WT, and so did sbt3.3, except that sbt3.3 had higher Chl a
content than the WT (Table 2.5).

Salt stress caused dry weight reduction in the WT, but it had decreased
effects on the sbt3.3, sbt3.4, at5g45310, per3, and psb28 mutants. A negative
effect of salt stress on dry weight was detected in the bt3 mutant, with more
than 60% reduction in dry weight. Salt stress conditions caused the reduction
of photosynthetic pigments content in all lines, especially the bt3 mutant,
whose photosynthetic pigments content was decreased more than 65%.
Interestingly, the carotenoid content in sbt3.3 and per3 mutants was
dramatically decreased by salt stress (more than 80% reduction), but both
mutants displayed better Chl b maintenance than the WT (Table 2.5). These
changes in salt stress responses in these mutant lines, when compared to WT,
suggest a role for these genes in salt stress adaptation in Arabidopsis and
reinforce the hypothesis of functions of these gene families in other plant
species, including rice.

Because the bt3 mutant displayed the highest growth inhibition and
photosynthesis pigment reduction and the OsBTBZ1 gene was highly-induced
under salt stress, we focused on its promoter. We compared putative
regulatory sequences 2 kb base pairs upstream from the coding region of
OsBTBZ1 in the KDML105 and CSSL16 accessions analyzing it for putative
regulatory cis-elements (Supplementary Figure 4).

Three ABA responsive elements (ABRES) are located within 250 base
pairs upstream of the gene. Moreover, four MYC binding sites, which
represent water-stress responsive elements, are located within this region, and
two out of four overlapped with the ABREs. Beyond this region, —251 to
—2,000 bp, 12 more MYC binding sites are found. The MYB transcription
factor was also reported for water stress and salt stress regulation (Ponce et al.,
2021). Five MYB binding sites are located in the putative regulatory sequence
of OsBTBZ1 gene.
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Two elements that are found only in the putative regulatory region of
CSSL16’s OsBTBZ1 gene, but not in ‘KDML105’s are an endosperm-specific
element (AAAG) and GAGA-binding site. The insertion and base substitution
in KDML105 eliminate the two elements found in CSSL16. This
polymorphism may contribute to the difference in OsBTBZ1 gene expression

level in these two rice lines.

Table 2.4. Putative salt tolerance genes predicted by GCN, CC, and WGCN
containing SNPs between CSSL16 and ‘KDML105’ rice

Locus Annotation Types of network analysis Orthologous gene in Arabidopsis
LOC_0s01g61070 (Nodulin) Nodulin, putative, expressed CGC -

LOC Os01g648/0 expressed protein GCN, WGCN ATG71240

LOC_0s01g66890 (BTBZ1) BTBZ1—Bric-a-Brac, Tramtrack, and GCN, GC, WGCN AT1G05690 (BT3)

Broad Complex BTB domain with TAZ zinc
finger and Calmodulin-binding domains,

expressed
LOC_0s01g67370 Expressed protein GCN AT3G59300
LOC _0s01g71190 Photosystem Il reaction center PSB28 WGCN AT4G28660 (PSB28)
protein, chloroplast precursor, putative,
expressed
LOC_0s01g72210 (ERD) Early-responsive to dehydration GCN, CC, WGCN AT3G54510 (ERD4)
protein-related, putative, expressed
LOC_0s01g73110 Expressed protein CC AT5G45310
LOC_0s04g03050 0OsSub34—Putative Subtilisin homolog, WGCN AT1G32940 (SBT3.5)
expressed AT1G32950 (SBT3.4)
AT1G32960 (SBT3.3)
AT4G10510
AT4G10540 (SBT3.8)
AT4G10550

LOC_Os06g46799 Peroxidase precursor, putative, expressed WGCN AT1G05260 (PER3)
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Figure 2.8 Fourteen day-old KDML105 and CSSL16 seedlings after growing
in nutrient solution in nomral condition or supplemented with 75 mM NaCl for
6 days (A,B) and the seedlings that were soil-grown and treated with 75 mM
for 12 days (C) or grown in normal condition (D).
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Figure 2.9 Gene expression analysis of nine candidate genes, Nodulin (A),
0s01g64870 (B), BTBZ1 (C), Os01g67370 (D), ERD (E), PSBS28 (F),
0s01g73110 (G), Sub34 (H), and Peroxidase (1) in CSSL16 and KDML105
under normal and salt stress conditions after 0, 3, 6, 9, 12, 24, and 48 h of
salt stress. *indicates the significant difference among mean of the gene
expression at p < 0.05.
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Figure 2.10 Gene expression analysis of nine candidate genes, Nodulin (A),
0s01g64870 (B), BTBZ1 (C), Os01g67370 (D), ERD (E), PSBS28 (F),
0s01g73110 (G), Sub34 (H), and Peroxidase (I) in CSSL16 and KDML105
under normal and salt stress conditions at day 0, 3, and 6 of salt stress.
*indicates the significant difference among mean of the gene expression at p<
0.05.

4. Discussion

In the present study, the results of the gas exchange parameters and
yield components indicated that CSSL16 was more resistant to salt stress than
KDML105 at the booting stage, as it recorded higher Pn and yield components
than KDML105 (Table 2.2). This was consistent with the previous reports in
rice at the seedling and vegetative stages examined under salt tolerance
(Chutimanukul et al., 2018a; Chutimanukul, 2018b). Salt-tolerant rice varieties
can maintain their photosynthetic ability after a short period of salt stress
(Moradi & Ismail, 2007), however, shoot biomass may decrease (Bhowmik,
2009; Krishnamurthy et al., 2009). In the present study, we documented higher
stomatal conductance in CSSL16 than in ‘KDML105’, which may have
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contributed to the higher net photosynthetic rate observed in CSSL16 (Figures
1B, D). Robinson (1988) reported that stomatal conductance and transpiration
rate adaptation were the most important mechanisms for salt tolerance.
Although the Pn of the second leaves of CSSL16 was lower than the Pn of the
second leaves of KDML105, the tiller number per plant and filled grain
number of CSSL16 were higher than those of KDML105 after salt stress.
These results suggest that photosynthetic activity in the flag leaves contributed
more to grain filling than that of the second leaves. However, salt stress during
the booting stage did affect the overall yield of the rice lines (Table 2.2).

Studies in various plant species have shown that salt stress results in a
decrease in Fv /Fm (Huang et al., 2014; Martins et al., 2020; Sun et al., 2021).
A reduction of Fv /Fm can be used as an indicator of photo-inhibition in
stressed plants (Hichem, 2009). In the present study, the Fv /Fm values of the
flag leaves were unaffected by salt stress at the booting stage. (Lisa et al.,
2011) reported an increase in the expression of photosynthesis-related genes in
salt tolerant rice cultivars. In the present study, photosynthesis was sustained
in the CSSL16 at the vegetative stage under salt stress and this may be due to
the higher expression of the PsbS1 gene encoding the chlorophyll binding
protein in photosystem Il (Chutimanukul, 2018b). Contrarily, the ‘KDML105’
rice had the lowest Pn, suggesting that it was the most susceptible compared
with the other lines. Pi refers to the quantum efficiency of primary
photochemistry, the concentration of reaction centers, and excitation energy
conversion in electron transport (Melis, 1999; Strasser, 2000). At the booting
stage, CSSL14 and CSSL16 had higher Pi values under salt stress (Figure
2.3F), indicating that they were able to maintain the quantum efficiency of
primary photochemistry. A comparison of the three methods of transcriptomic
analysis showed that WGCN identified the highest number of salt tolerance
candidate genes, while CC identified the lowest number of candidate genes.
Among the 92 genes identified by the three methods, nine genes contained
SNPs in CSSL16 and KDML105. The expression level of the nine genes was
different in CSSL16 and KDML105, consistent with the notion that they may
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be involved in regulating salt tolerance. Moreover, seven of the genes were
located in the salt tolerance QTL (Kanjoo et al., 2012) as in Figure 2.1.

The expression analysis of these nine genes within 48 h (Figure 2.8)
showed much higher induction in OsBTBZ1, OsERD, LOC_0s01g73110, and
OsSUB34 genes, when compared to the expression at later stages (Figure 2.9),
suggesting that these four genes may function in the early response to salt
stress. Therefore, we have tried to investigate the roles of these genes in salt
stress tolerance by using the Arabidopsis mutant with T-DNA insertion in
these orthologous genes. Unfortunately, we cannot obtain homozygous of
Arabidopsis mutant with T-DNA insertion in ERD4 at this moment. We also
investigate the Arabidopsis mutant with T-DNA insertion in PSB28 and Per3
gene. The decrease in photosynthetic pigments and changes in dry weight
response in the mutant lines support the role of the genes in salt tolerance.

Some of the nine genes were reported to be involved in stress
responses. LOC_0s01g61010 (Nodulin) encodes a member of a family of
highly conserved proteins involved in regulating membrane transporters.
Nodulin contributed to water permeability under osmotic stress in soybean
(Wallace et al., 2006). Moreover, Nodulin stimulated phosphorylation to
regulate the process of cellular transport during osmotic adaptation in soybean
exposed to salt or drought stress (Guenther et al., 2003). LOC_0s01g73110
has not been characterized. However, the function of LOC_0s01g73110 was
investigated using the AraNet and RGAP database identified its homolog in
Arabidopsis as AT5G45310, whose product is involved in the biosynthesis of
abscisic acid (ABA) (Sircar & Parekh, 2015). LOC_0s01g67370 Arabidopsis
ortholog, AT3G59300, encodes a pentatricopeptide-repeat (PPR) superfamily
protein. Some PPR proteins in Arabidopsis have been associated with abiotic
stress responses, including oxidative stress and ABA responses (Liu et al.,
2016). PSB28 was found to be associated with photosystem Il reaction center
and water splitting in light-dependent reactions Suorsa and Aro (2007)
reported the molecular function of PSB28. The PSB28 rice mutant identified
from the T-DNA insertion population exhibited a pale green plant (Jung et al.,
2008). The expression of PSB28 was reduced under water stress and heat
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stress in tomato seedlings (Zhang et al., 2018) and Populus tomentosa (Ren et
al., 2019), respectively. Moreover, Kosmala et al. (2009) found that expression
of the PSB28 gene responded to cold stress in Festuca pratensis. These results
indicated that PSIl and PSI were suppressed under stress conditions.
Consequently, the accumulation of PSB28 might enhanced the electron
transport rate and photochemical efficiency.

OsSub34 encodes a subtilisin protein associated with serine peptidase.
Subtilisin contributes to plant responses under biotic and abiotic stress, organ
abscission, senescence, and programmed cell death (Schaller et al., 2018). In
rice, LOC_0s06g46799 encodes a peroxidase precursor that is highly
responsive to various abiotic stress stimuli and plays an important role in the
regulation of reactive oxygen species (ROS) by converting H.O. to water
(Hiraga et al., 2001). Hiraga et al. (2001) identified a group of genes that
encodes redox regulation-related proteins, including ascorbate peroxidase,
peroxidase precursor, glutathione synthetase, and glutathione S-transferase, in
rice exposed to drought stress. Moreover, Chutimanukul (2019) reported that
CSSL16 had higher peroxidase activity than that did KDML105 under salt
stress at the seedling stage, which supports the role of LOC_0s06g46799 in
the present study.

Table 2.5. Dry weight per plant, chlorophyll a, chlorophyll b and carotenoid
contents of 14 day-old Col-0 wild type, bt3, sbt3.3, sbt3.4, at5g45310, psh28,
and per3 mutants grown in MS medium or MS medium supplemented with
100 mM NaCl for 7 days

Line Dry weight* (mg/pl) Chlorophyll a* (ng-mg~" FW) Chlorophyll b* (ng-mg=" FW) Carotenoid* (g-mg~' FW)
Normal Col-0 0.471 4 0.062% 0.482 + 0.039° 0.179 £ 0.028% 0.149 + 0.0012
bt3 0.379 +0.025 0.378 + 0.0224 0.203 + 0.003* 0.138 + 0.006"
sht3.3 0.496 +0.020¢ 0.525 +£0.028% 0.189 + 0.036% 0.177 £0.003
sht3.4 0.667 +0.089° 0418 £0.011° 0.166 4 0.004 0.133 £ 0.007%
atbgd5310 0.467 +0.039% 0.480 + 0.008° 0.164 + 0.005° 0.161 +0.0012
psb28 0.604 £ 0.072¢ 0.512 + 0,016 0.180 4 0.0022 0.117 40,005
perd 0.704 + 0.008% 0.354 4+ 0.033¢ 0.105 + 0.005° 0.102 + 0.016¢
Salt stress Col-0 0.416 + 0.023¢ 0.222 £ 0.009¢ 0.068 £ 0.0079 0.070 £ 0.008°
bt3 0.147 £0.0169 0.077 £0.013" 0.031 £0.02° 0.044 +0.021%
sht3.3 0518 £0.015¢ 0.213 4 0.036¢ 0.116 + 0.05° 0.030 + 0.0469"
sht3.4 0.768 +0.02% 0.231 +0.010¢f 0.107 + 0.008° 0.038 +0.0059"
atbg45310 0.460 + 0.015% 0.109 + 0.033 0.088 4 0.004% 0.058 + 0.015¢
psb28 0.667 £0.095° 0.243£0.012¢ 0.099 £0.011« 0.045 £ 0.008¢
perd 0.713 £ 004 0.162 £ 0.0179 0120+ 0.007¢ 0.015 4 0.004"
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Figure 2.11. Hypothetical model for the function of the predicted genes
obtained from the combining of genome and gene co-expression network
analysis.

BTBZ1 and ERD are proposed to be the genes with the highest
correlation with salt tolerance in the rice lines, as both were predicted by three
methods of gene co-expression network analysis. Additionally, BTBZ1 and
ERD contained SNPs in CSSL16 and KDML105 and both genes were located
in the salt/drought QTL previously identified by (Kanjoo, 2011). Consistent
with a joint requirement for both genes for optimal stress tolerance, CSSL10
and CSSL14 carry, respectively, either the BTBZ1 or the ERD allele of DH212
and neither displays the full tolerance phenotype of CSSL14. BTBZ1 belongs
to the BricA-Brac/ Tramtrack/ Broad Complex (BTB) protein superfamily
(subfamily C1) and contains a TAZ zinc finger and calmodulin binding
domain. The homologous gene in Arabidopsis, AtBT3, encodes a nuclear
CaM-binding protein. The expression of AtBTs can be triggered by stress
stimuli (Du & Poovaiah, 2004). BTB-ZF proteins are known as the POK,
POZ, and Kriippel zinc finger proteins (Deweindt, 1995). Moreover, Stogios et



40

al. (2005) reported that the BTB domain is a protein - protein interaction motif
that is involved in cellular functions, including transcriptional regulation,
cytoskeleton dynamics, ion channels, and targeting proteins for ubiquitination.
Moreover, BTB-ZF genes constitute a supergene family encoding proteins that
are thought to be transcription factors. Additionally, the analysis of protein-
protein interactions from the Predicted Rice Interactome network (PRIN)
indicated that the BTBZ1 protein interacted with a cullin protein
(LOC_0s02g51180), which may be involved in the degradation of the target
protein through the ubiquitin/proteasome pathway (Figueroa et al., 2005).
Several reports have described the important role of BTB proteins in
developmental programs, defense, and abiotic stress responses (Prasad et al.,
2010; Weber & Hellmann, 2009). Nutrient, stress, and hormone responses
were regulated by AtBT2 in Arabidopsis (Mandadi et al., 2009). However, an
ortholog of the BTBZ gene in Arabidopsis (AT1G05690) was involved in plant
development (Robert et al., 2009).

ERD was associated with early response to dehydration, which could
be rapidly induced during drought stress and other abiotic stresses. ERD is a
member of a large gene family, whose protein products are associated with
triphosphate (ATP) dependent proteases, heat shock proteins (HSPS),
membrane proteins, proline, sugar senescence-related genes, chloroplasts,
biosynthesis, protein transporters, dehydrogenase, and ubiquitin extension
proteins (Kiyosue, 1994; Simpson et al., 2003; Taji et al., 1999). Borah et al.
(2017) reported that “Dhagaddeshi rice,” a drought-tolerant cultivar, had
higher expression levels of ERD1 and responded faster than the susceptible
cultivar (IR20) to drought stress. Moreover, Liu et al. (2009) found that the
ERD4 gene played a key role in the adaptation of maize to the early stages of
stress and enhanced the plant’s tolerance to abiotic stress conditions. In
transgenic tobacco, the overexpression of ERD15 increased the efficiency of
PSIl (Fv /Fm ) through the protection of cellular membranes (Ziaf et al.,
2011). Additionally, transgenic Arabidopsis plants overexpressing the BJERD4
gene from Brassica juncea displayed increased tolerance to salt stress and
drought, while the Bjedr4 knockdown lines were susceptible to salt and
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drought stress (Rai et al., 2017). Therefore, ERD may contribute to salt
tolerance in rice.

The bt3 Arabidopsis mutant showed the highest reduction in growth
and photosynthesis pigment content, while in rice, more than 20-fold induction
of OsBTBZ1 gene was detected after 48 h of salt stress treatment. This is
consistent with the cis-regulatory elements found in the putative OsBTBZ1
promoter (Supplementary Figure 4), which include 3 ABREs, 5 MYB binding
sites, and 16 MYC binding sites. Many MYB proteins regulate salt tolerance
through regulation of the ABA signaling pathway (Wang et al., 2021). Both
MYB and MYC proteins function as the transcriptional activators in ABA
signaling in Arabidopsis (Abe et al., 2003). Together with this literature
information our finding support an OsBTBZ1 contribution to salt tolerance
phenotype of CSSL16. The upstream region of OsBTBZ1 consists of multiple
ERD binding sites. We identified OSERD as one of the key genes because it
was highly induced prior to OsBTBZ1 (45-fold induction) in CSSL16, while it
was up-regulated only 25-fold in KDML105. Therefore, the interaction
between OsBTBZ1 and OsSERD and their involvement in salt tolerance in rice
should be further characterized.

Due to insertion and base substitution in the putative promoter region
of OsBTBZ1 in KDML105, GAGA binding site was detected only in CSSL16.
In Arabidopsis, bHLH34 binds to GAGA element and is involved in ABA and
salinity response (Min et al., 2017). Moreover, rice Trithorax factor
ULTRAPETALA 1 (OsULT1) was found to bind the promoter region of the
OsDREB1b gene during transcriptional activation. The binding of OsULT1 to
GAGAG elements decreases trimethylation of lysine 27 on histone H3
(H3K27me3), which antagonizes the transcriptional repression effect of
H3K27me3, favoring transcriptional activation of the gene (Roy et al., 2019).
A similar phenomenon may occur in the regulation of OsBTBZ1 leading to the
higher expression in CSSL16 than KDML105.

Considering all our findings, we hypothesize that the predicted key
regulatory genes in the network reported here coordinate a response that
makes the rice plants more tolerant to salt stress. The earlier and higher
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expression of LOC_0s01g64870, OsBTBZ1, LOC_0s01g67370, OsERD,
LOC_0s01g73110, OsSUB34, and OsPeroxidase in CSSL16 leads to higher
salt tolerance when compared to KDML105. Further investigations should be
performed to validate this hypothesis in the future. Based on the ERD binding
site in OsBTBZ1 putative promoter, we hypothesize that the ERD protein
regulates OsBTBZ1 gene expression and regulates other genes such as PSB28,
and Peroxidase. The proposed model for this hypothesis is shown in Figure
2.11.

According to the comparison of the predicted alleles from chromosome
1 of DH212 in CSSLs, 3 candidate alleles from DH212, Nodulin
(LOC_0s01g61010), LOC 0s01g64870, and BTBZ1 (LOC_0s01g66890) are
located in CSSL10, while CSSL14 contains another 3 candidates from DH212,
which are PSB28 (LOC_0s01g71190), ERD (LOC_0s01g72210), and
LOC_0s01g73110. The salt tolerance phenotype of CSSL16 was significantly
higher than CSSL10 and CSSL14 in all stages, seedling (Chutimanukul et al.,
2018a; Chutimanukul, 2019), vegetative (Chutimanukul, 2018b) and booting
stages. Therefore, we explicitly propose that the whole QTL in this region is

necessary for salt tolerance in rice.

5. Conclusion

In the present study, we demonstrate an effective transcriptomic
approach for identifying genes regulating salt tolerance in rice using two rice
lines with close genetic relationships, but different salt tolerance ability.
Combining GCN, CC, and WGCN analyses with available SNP information,
we identified nine genes involved in salt tolerance in rice. Under salt stress,
the expression levels of the nine genes differed in the two rice lines.
Moreover, most of the genes were involved in abiotic stress responses.
Therefore, we can conclude that the combination of the three methodologies
for transcriptome analysis, GCN, CC, and WGCN with SNP information is an
effective approach for the identification of genes involved in abiotic stress
tolerance and it can support the identification of appropriate QTL for salt

tolerance improvement.
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6. Supplementary Materials
The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fpls.2021.704549/full#supplemen

tary-material
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Abstract

Rice (Oryza sativa L.), one of the most important commodities and a primary
food source worldwide, can be affected by adverse environmental factors. The
chromosome segment substitution line 16 (CSSL16) of rice is considered salt-
tolerant. A comparison of the transcriptomic data of the CSSL16 line under
normal and salt stress conditions revealed 511 differentially expressed sequence
(DEseq) genes at the seedling stage, 520 DEseq genes in the secondary leaves,
and 584 DEseq genes in the flag leaves at the booting stage.
Four BTB genes, OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN?7, were
differentially expressed under salt stress. Interestingly, only OsBTBZ1 was
differentially expressed at the seedling stage, whereas the other genes were
differentially expressed at the booting stage. Based on the STRING
database, OsBTBZ1 was more closely associated with other abiotic stress-
related proteins than other BTB genes. The highest expression of OsBTBZ1 was
observed in the sheaths of young leaves. The OsBTBZ1-GFP fusion protein was
localized to the nucleus, supporting the hypothesis of a transcriptionally
regulatory role for this protein. The bt3 Arabidopsis mutant line exhibited
susceptibility to NaCl and abscisic acid (ABA) but not to mannitol. NaCl and
ABA decreased the germination rate and growth of the mutant lines. Moreover,
the ectopic expression of OsBTBZ1 rescued the phenotypes of the bt3 mutant
line and enhanced the growth of wild-type Arabidopsis under stress conditions.
These results suggest that OsBTBZ1 is a salt-tolerant gene functioning in ABA-
dependent pathways.

Keywords : abiotic stress; abscisic acid; BTB domain; BTBZ; salt stress;

tolerance
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1. Introduction
Rice (Oryza sativa L.) is one of the most important primary food

resources worldwide. In Asia, rice production is a principal factor for
improving food security. Salinity is a major limiting factor for plants such as
rice, decreasing their growth and productivity (Flowers, 2004). Moreover, salt
toxicity adversely affects the grain yield, panicle length, spikelet number per
panicle, seed weight per panicle, and 1000-grain weight (Khatun & Flowers,
1995; Zeng & Shannon, 2000). Soil salinity can occur naturally or can be
induced by human activities, such as constant irrigation with low-quality
groundwater (Shahid et al., 2018). High salt concentrations can adversely
affect plant physiology through ion toxicity in the plant cells, which reduces
the photosynthesis rate and growth of plants (Roychoudhury et al., 2011).

Salt stress tolerance is a polygenic trait controlled by multiple genes in
the rice genome. Various efforts have been implemented to determine the
genes or genomic regions responsible for this trait. Molecular markers for salt-
tolerant phenotypes have been identified by several research groups (Ammar,
2007; Bimpong et al., 2014; Ghomi et al., 2013; Hossain et al., 2014; Koyama
et al., 2001; Lee, 2007; Lin et al., 2004; Mohammadi et al., 2013; Prasad,
2000; Qiu et al., 2015; Yao, 2005). After the development of the omics
sciences, genomics, transcriptomics, and proteomic approaches have been
used to identify the genes/proteins involved in salt tolerance, including their
functions in ion transport regulation (Ullah et al., 2022). A greater
understanding of the salt tolerance mechanisms initiated by other genes has
also been elucidated. Recently, the negative regulator (Kojonna et al., 2022)
and protein with a role in absorbed light energy dissipation (Punchkhon et al.,
2022) were reported to have a role in salt tolerance.

A genome-wide association study (GWAS) was conducted on the salt-
tolerance traits in rice at the germination (Duan et al., 2022; Yu et al., 2018),
seedling (Batayeva et al., 2018; Kim & Kim, 2023; Kojonna et al., 2022; Xu et
al., 2023), early vegetative (Nayyeripasand et al., 2021; Yadav et al., 2021),
and flowering stages (Lekklar et al., 2019; Warraich et al., 2020). In response

to various environmental stress conditions, plants alter their gene expression to
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deal with the negative effects of environmental signals. Transcriptomics is a
prominent method for identifying the genes that potentially regulate salt
tolerance in rice (Wang et al., 2020). Transcriptomics analysis can be used in
combination with genomic data to predict salt tolerance genes in rice. (Lv et
al., 2022) performed a GWAS using 3.82 million SNPs associated with the
standard evaluation score (SES) of visual salt injury and then combined them
with the differentially expressed genes between cultivars 93-11 and PA64s
under normal and salinity stress conditions to predict 30 candidate salt-tolerant
genes.

The chromosome segment substitution line 16 (CSSL16) is a salt-
tolerant line. Based on the DEseq data of CSSL16, along with the genomic
comparison between CSSL16 and its original genomic background, ‘Khao
Dawk Mali 105 (KDML105)’, Chutimanukul et al. (2021) analyzed the
transcriptome data of ‘KDMLI105> and CSSL16 rice, using a gene co-
expression network (GCN), a weighted gene co-expression network (WGCN),
and clustering analysis and predicted 92 candidate salt-tolerant genes. Then,
this information was combined with a genomic comparison between CSSL16
and KDML105 and revealed nine candidate genes, seven of which were in the
salt-tolerant QTL previously reported by (Kanjoo et al., 2012; Kanjoo, 2011).
In this research, we report the validation of the OSBTBZ1 gene, which is one
of the nine candidate salt-tolerant genes predicted by the combined methods of
transcriptomic analysis via GCN, WGCN, and CC and genomic comparison.

OsBTBZ1 (LOC_0s01g66890) was predicted as an important gene
responsible for the salt tolerance characteristics of CSSL16 (Chutimanukul et
al., 2021). It is a Bric-a-Brac, Tramtrack, and Broad Complex BTB domain
with a TAZ zinc finger and Calmodulin-binding domains. BTB proteins have
been studied for many crops and play various roles, mainly in plant growth
and in responses to abiotic stimuli. For example, the expression of
the CsBT1 gene in cucumber plants notably decreased under salt stress (Zhou
et al., 2020b), whereas the CaBPM4 gene in pepper was induced after 8 h
under salt and drought exposure and 12 h after exposure to cold stress (He et
al., 2019). Moreover, the expression in Arabidopsis thaliana of
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the IbBT4 gene from sweet potato enhanced drought tolerance (Zhou et al.,
2020a).

In this research, to understand the function of OsBTBZ1 in salt stress
conditions, the OsBTB gene family expression at both the seedling and booting
stages was investigated. Phylogenetic analysis of the OsBTB gene family was
performed. The cis-elements in the promoters of OsBTB genes induced by salt
stress were compared to support the salt-responsive expression of the genes.
Based on the amino acid sequence of the OsBTBZ1 protein, it is predicted to
be a transcription factor and to regulate other genes of the salt-tolerant
phenotype (Chutimanukul et al., 2021). This gene was reported to be involved
in plant growth regulation; however, its function during salt exposure has not
yet been characterized fully. AtBT3 is the OsBTBZ1 ortholog in Arabidopsis.
The Atbtbzl (Atbt3) mutant, a null mutant of the AtBT3 gene, is more
susceptible to salt stress (Chutimanukul et al., 2021). In this study,
the OsBTBZ1 expression cassette was transferred to Arabidopsis wild-type
(WT) plants for ectopic expression and to the Atbt3 mutant for a
complementation study. The homozygous Tz plants were used to investigate
the salt, ABA, and mannitol responses and clarify the function of the

OsBTBZ1 protein in these abiotic stresses.

2. Materials and Methods
2.1. Transcriptome analysis

A transcriptome study was conducted during the seedling and booting
stages of the CSSL16 line. It is a chromosome substitution salt-tolerant line
with a ‘KDML105” genetic background from BCsF4, originally taken from a
cross between ‘KDML105’ and DH105, which was selected as an abiotic
stress-tolerant double haploid line. After the cross, Fiprogeny was
backcrossed to ‘KDML105’ for 5 generations and then, self-fertilized to create
BCsF4. Marker-assisted selection was used to select those CSSLs with the
abiotic stress-tolerant regions from DH105 (Chutimanukul et al., 2021,
Kanjoo, 2011). Transcriptomic data were retrieved from the database of the

National Center for Biotechnology Information under the BioProject IDs
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PRJINA507040 and PRINA659381 (Chutimanukul et al., 2021). Briefly, the
CSSL16 line plants were grown under normal and salt stress conditions (75
mM of NaCl treatment). The total RNA from 21-day-old seedling leaves was
extracted after O and 48 h of salt stress treatment, whereas the total RNA from
the flag and second leaves at the booting stage was extracted at 0 h and 72 h
after salt stress, respectively, using a plant RNA purification reagent
(Invitrogen, USA). Genomic DNA was extracted using DNase | (Invitrogen,
Waltham, MA, USA). A KAPA stranded RNA-Seq library preparation kit
(Mumina, San Diego, CA, USA) was used to synthesize the cDNA libraries,
which were sequenced using lllumina next-generation sequencing (lllumina,
USA). The differentially expressed genes were identified using the DESeq
tool, version 1.24.0 (Anders & Huber, 2010). Genes with significantly
different expressions were considered those with a p-value of < 0.01. The PC,
sequencing data matrix, and box plot showing the quality of the transcriptome

data are shown in Supplementary Figures S3—S5.

2.2. Phylogenetic analysis and an In silico analysis of BTB proteins in
Oryza sativa

The amino acid sequences from the Rice Genome Annotation Project
database were subjected to a motif search

(https://www.genome.jp/tools/motif/ accessed on 10 October 2022) to predict

the protein motifs (Kanehisa et al., 2002). All BTB proteins were retrieved
from the Phytozome database, available

at https://phytozome.jgi.doe.gov/pz/portal.html (Goodstein et al., 2012),

accessed on 25 October 2022. Orthologous BTB proteins from A.
thaliana were retrieved from the TAIR database
(https://www.arabidopsis.org/ accessed on 25 October 2022). In total, 209

proteins (182 from rice and 27 from A. thaliana) containing the BTB domain
were used to construct a phylogenetic tree. All BTB protein sequences were
aligned in MEGAX, while for the maximum likelihood, the Jones—Taylor—
Thornton (JTT) method was employed for phylogenetic tree construction. The
phylogenetic tree thus obtained from MEGAX was visualized using iTOL,
which is available at https://itol.embl.de/ (Letunic & Bork, 2021) accessed on
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3 November 2022. All the BTB genes obtained from the Phytozome database
were subsequently subjected to the Oryzabase-integrated rice science
database http://viewer.shigen. info/oryzavw/maptool/MapTool.do (Kurata &
Yamazaki, 2006) (accessed on 28 October 2022).

2.3. Putative promoter analysis
A promoter analysis of BTBZ1 was carried out on a sequence retrieved

from the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed
on 1 November 2022) (Ouyang et al., 2007), from 0 to —2000 bps, and entered

into the New Plant cis-acting regulatory DNA elements (New PLACE)

website (https://www.dna.affrc.go.jp/PLACE/?action=newplace, accessed on

7 November 2023). The positions of stress-related cis-regulatory elements
were visualized using the TBtools software, and the functions of these
elements were mainly obtained from the New PLACE database and the
published literature (Higo et al., 1999).

2.4. Protein-protein interaction (PP1) based on the STRING database
The PPl was predicted via STRING (Kang et al., 2022). The

LOC_0s01g66890 (OsBTBZ1), LOC_0s01g68020 (OsBTBZ2),
LOC_0s02g38120 (OsBTBN3), and LOC_0s03g41350 (OsBTBN?7) proteins
have been named according to the Rice Genome Annotation project
(http://rice.uga.edu, accessed on 20 November 2022). However, the STRING

website recognizes the Rice Annotation Project Database (RAP-DB) ID. To
facilitate this analysis, the locus numbers based on the Rice Genome
Annotation Project were converted into RAP-DB IDs using the following tool
(https://rapdb.dna.affrc.go.jp/tools/converter/run, accessed on 20 November
2022).

The RAP-DB id of four BTB genes are  as
follows: 0s01g0893400 (OsBTBZ1), 0s01g0908200 (OsBTBZ2), Os02g05
94700 (OsBTBN3), and Os03g0609800 (OsBTBN7). The interactome was
produced using a full-string network based on automated text mining, high-
throughput experiments, prior stored databases, and co-expression sources.

False-positive and false-negative results were reduced using a high confidence
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score (0.700). The other parameters were set to the default values. Enrichment
detection was used to predict a network that covered all the mapped proteins

and their interconnections.

2.5. Detection of OsBTBZ1 gene expression
A quantitative real-time polymerase chain reaction (QRT-PCR) was

used to investigate the expression profile of OsBTBZ1 in various tissues of
Nipponbare rice varieties under normal conditions. Various tissues were
selected at specific time points, as follows. In 15-day-old seedlings, the leaf
blade and leaf sheath of the first fully expanded leaf, the second-youngest leaf,
and the oldest leaf, including the root tissues, were collected for the gene
expression study. Then, in 30-day-old plants, only the leaf blade of a fully
expanded leaf was collected. At the reproductive stage, the leaf blade and leaf
sheath of the flag leaf, the panicle, and the spikelets were collected to
investigate gene expression. Three biological replicates were used for each
analysis. Total RNA from all tissues was extracted using the GENEzolTM
reagent GZR 100, following the manufacturer’s protocol, and then treated with
DNase I. cDNA synthesis was performed using the Accupower RT premix
(Bioneer Inc., Alameda, USA) and using oligoDT(T)18 as a primer to produce
40 ng/pL cDNA. The synthesized cDNA was used as a template and qRT-
PCR was conducted on a Luna Universal g°PCR master mix M3003L (New
England Biolabs Inc., Ipswich, MA, USA). The gRT-PCR conditions were: 95
°C for 60 s, followed by 39 cycles at 95 °C for 15 s, 61.5 °C for 30 s, and 95
°C for 5 s; furthermore, the melt curve and plate read were at 60-94 °C, along
with an increase in temperature of 5 °C per 5 s. A gRT-PCR was conducted in
triplicate for each sample. The negative control was performed without a
template and those reactions containing OSEF-1a primers (Table 7) were used
as the internal reference genes (Udomchalothorn et al., 2017). The coding
sequence obtained from the rice genome annotation database (Ouyang et al.,
2007) was used to design primers that were specific to OsBTBZ1 (Table 7).
The average cycle threshold (Cq) values of the gene were normalized with the
level of the OsEF-1a reference gene in the same sample and were then used to

measure the relative gene expression using the method described by (Pfaffl,



52

2001). Gene expression was analyzed using the relative expression levels. The
statistical program SPSS was used to conduct an analysis of variance
(ANOVA, p < 0.05) and the means were compared using Duncan’s multiple

range test.

Table 6. Primer sequence for qRT-PCR to detect gene expression.
Name Sequence 5’13’ Tm (°C)
gPCR_0OsBTBZ1 FW TTCCTGCCTGCAAGGGCATC 63
TCCTTGAAATGCCTACAGAGGG

GPCR_OsBTBZ1_REV s 60
gPCR OsEFlo, FW  ATGGTTGTGGAGACCTTC 53
gPCR OsEFla. REV  TCACCTTGGCACCGGTTG 60

2.6. Generation of complementation and over-expression of
Arabidopsislines with the OsBTBZ1 Gene

A full-length OsBTBZ1 cDNA clone, J023077N08, obtained from the
NARO DNA Bank was cloned into the Escherichia coli DHSo strain and
cultured onto LB semisolid medium (10 g tryptone, 5 g yeast extract, 10 g
NaCl, and 7.5 g agar per liter of water) along with 100 pg/mL of ampicillin.
Single colonies were selected and then cultured into the LB broth with
ampicillin for 16 h at 37 °C and 200 rpm. The plasmid was extracted using the
Presto mini plasmid kit according to the manufacturer’s protocol (Geneaid,
Taiwan), and the sequence of the inserted fragment was determined using the
M13 (-20) forward primer to validate the correct sequence of
the OsBTBZ1 gene.

The expression vector was constructed using the Gateway system.
The OsBTBZ1 gene was added with the CACC adaptor in 5’ ends, inserted into
the pENTR D-TOPO plasmid (Thermo Fisher Scientific, Waltham, MA, USA)
as a donor vector, and then cloned to the TOP10 E. coli strain using the heat
shock method. The cells were then plated on an LB medium, supplemented
with kanamycin (50 pg/mL), and were subsequently incubated at 37 °C
overnight. The correct sequence of the plasmid host was utilized in the LR
clonase reaction to switch the OsBTBZ1 gene from the donor vector pENTR to
the pGWB512 and pGWB505 plasmids as the destination vectors. The
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destination vector was transferred to the E. coli strain DH5a and cultured on
LB medium, supplemented with 50 pug/mL spectinomycin. Plasmids with the
correct sequence were transferred to Agrobacterium tumefaciens GV3101-
competent cells using the cold-shock method. To identify colonies with the
inserted fragment, a polymerase chain reaction (PCR) was performed using
the CaMV35S forward primer and the reverse primer in the OsBTBZ1 gene to
identify the correct clone for plant transformation.

2.7. Transformation of A. thaliana
An OsBTBZ1 cDNA in the pGWB512 construct was inserted

into Arabidopsis plants using the floral dip transformation (Clough & Bent,
1998). The resulting Ty plants were positive for the OsBTBZ1 gene and were
grown in soil to obtain T2 seeds, which were acquired from each transgenic
line and then germinated on Murashige and Skoog (MS) medium,
supplemented with 25 mg/L hygromycin. The 3:1 segregation ratio of
resistance: sensitivity to hygromycin was determined to identify transgenic
lines with a single insertion. The selected lines were then grown in soil to
obtain homozygous Tz seeds, which were used for further characterization
(Endo et al., 2018).

2.8. Subcellular localization in onion inner epidermal cells
The agroinfiltration of onion (Allium cepa) inner epidermal cells was

performed to observe the subcellular localization of OsBTBZ1.
The Agrobacterium GV3101 harboring the CaMV35S::0sBTBZ1-
GFP construct in pGWB505 was cultured into 5 mL LB, supplemented with
the appropriate antibiotics (50 pug/mL spectinomycin, 25 pg/mL rifampicin,
and 50 pg/mL gentamicin) at 28 °C for 1 d. Later, 250 pL of the culture was
inoculated in 25 mL LB, supplemented with 10 mM MES (pH 5.6, 100 uM
acetosyringone, and antibiotics), and grown at 28 °C to obtain an optical
density (OD) at 600 of 0.8. Subsequently, the culture was centrifuged at 5000
rpm for 5 min. The cell pellet was resuspended in MMA liquid medium (10
mM MgCl,, 10 mM MES (pH 5.6), and 100 puM acetosyringone) to a final
OD600 of 0.8-1.0 (Liu et al., 2003). The mixture was incubated at room



54

temperature (25-26 °C) for 3 h and then infiltrated using a 5 mL needleless
syringe, with only 500 pL injected per spot in the onion epidermal cells (Xu et
al., 2014). The onions were incubated in dim light or in dark conditions at 22
°C under high humidity for 48 h. The Agrobacterium GV3101,
containing CaMV35S::GFP, was used as a control and was treated in the same
manner. The onion epidermal cell layers were cut into 1 x 1 cm? squares,
peeled, and transferred directly to glass slides. Subsequently, 40 puL of 1
ug/mL  4'.6-diamidino-2-phenylindole, or DAPI dye was added to the
epidermal cell sections. The green fluorescence protein (GFP) signal was
observed under a Zeiss microscope (ZEISS Axio 10, Goéttingen, Germany) at

an excitation wavelength of 488 nm.

2.9. Evaluation of the effect of OsBTBZ1 gene expression in transgenic
Arabidopsis lines

The WT Arabidopsis, Atbt3 mutants, two homozygous complemented
lines, REV1 and REV2, and two ectopic expression lines in the WT
background, OE1 and OEZ2, were used for phenotyping. The experiment was
performed using a completely randomized design with three replicates. The
seeds were germinated by subjecting the seeds to the 0.5x MS medium as a
control or 0.5x MS medium supplemented with 150 mM NaCl, 1 uM ABA, or
150 mM mannitol. Germinating seeds were recorded from 0-11 d to calculate
the germination rate.

To elucidate the growth responses, 7-day-old Arabidopsis seedlings of
each line were grown in 0.5x MS medium and were then subjected to four
treatments: 0.5x MS medium as a control, 0.5x MS medium, supplemented
with 150 mM NaCl, 0.5x MS medium supplemented with 1 uM ABA, and
0.5%x MS medium supplemented with 150 mM mannitol, to investigate the
impact on fresh weight, root length, and pigment contents. All parameters
were measured 0-6 d after initiating the treatments. Fresh weight was
calculated as the weight per plant, while the root length was calculated as the
change in root length during the experimental period. The pigments,
chlorophyll a, chlorophyll b, and total carotenoid contents, were determined

according to the procedures described by Wellburn (1994). All experiments
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were performed in at least three replicates. An ANOVA was performed using
SPSS Statistical Software version 23 (IBM Corp., Armonk, USA), followed
by Duncan’s multiple-range test, to compare the means of each parameter.

3. Results
3.1. Only four BTB genes were expressed in CSSL16 under salt stress

In order to investigate whether all OsBTB genes can be induced by salt
stress, 182 genes containing the BTB domains were retrieved from the
Phytozome database (Ouyang et al., 2007), and the differentially expressed
genes at seedlings and booting stages were explored. These two stages, the
seedling and booting stages, of rice were selected for transcriptome analysis
because they are susceptible to salt stress (Kojonna et al., 2022; Lekklar et al.,
2019). Moreover, the flag leaves and second leaves of rice at the booting stage
are important for grain-filling. Under salt stress, 511 genes were differentially
expressed at the seedling stage, whereas 520 and 584 differentially expressed
genes were found in the second and flag leaves, respectively.

Among them, only four BTB genes, LOC_0s01g66890 (OsBTBZ1),
LOC_0s01g68020  (OsBTBZ2), LOC _0s02¢38120 (OsBTBN3), and
LOC_0s03g41350 (OsBTBN7), were differentially expressed in salt - stressed
CSSL16, while OsBTBZ1 was the only BTB gene expressed at the seedling
stage, and the other genes were expressed at the booting stage in both second
and flag leaves (Figure 3.1A). Furthermore, OsBTBZ1 and OsBTBZ2
contained the BTB and Transcription Adaptor putative zinc finger (TAZ zF or
zF-TAZ) domains, whereas OsBTBN3 and OsBTBN7 contained the non-
phototropic hypocotyl3 (NPH3) domain (Figure 3.1B).


https://www.mdpi.com/1422-0067/24/19/14483#fig_body_display_ijms-24-14483-f001
https://www.mdpi.com/1422-0067/24/19/14483#fig_body_display_ijms-24-14483-f001

56

OsBTBZ1

OsBTBZ2
OsBTBN3
OsBTBN7
———  Pfam
LOC_Os01066890  pmy
DsBTEZY ) 100 200 300 w00
878 H-TAZ
e
DUF3343
LOC_Os01pg68020 ¢ Y 5 Y 347
0sBTBZ2 o 100 200 300
— ———
LOC_0s02g38120 - - - - 653
OsBTBN3 0 % 500
u%
LOC_0s03p41350 | " v v - - - - : - - - pr— 14
OsBTBN7 ° 250 500

Figure 3.1 Venn diagram showing the intersection of DEseq data with the
BTB protein in O. sativa (A). BTB, zf-TAZ, and NPH3 domains are present in
the differentially expressed BTB genes under salt stress conditions, namely,
OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7 (B).

Phylogenetic analysis of the genes containing the BTB domain in rice
and Arabidopsis was conducted using the JTT model, which used a
substitution model calculated from the nearest-neighbor proteins with more
than 85% similarity. OsBTBZ1 and its ortholog in Arabidopsis AT1G05690
(AtBT3) belong to the same cluster. Both OsBTBZ1 and OsBTBZ2 are in the
same cluster and contain the zf-TAZ domain. Moreover, OsBTBN3 and

OsBTBN7, which contain an NPH3 domain, were clustered together (Figure
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3.2A). The similar domains in OsBTBZs and OsBTBNs suggest a similar

function for these proteins.
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Figure 3.2 Phylogenetic tree and the position of BTB genesin the rice
chromosome. (A) Maximum likelihood phylogenetic tree. The tree was
constructed  using the amino acid sequences of 27 BTB genes
in Arabidopsis and 182 BTB genes in rice. LOC_0s019g66890 (BTBZ1)
was marked, along with LOC 0s01¢g68020, LOC_0s02¢38120,
and LOC_0s03g41350. (B) The chromosomal location shows the
distribution of the BTB gene family in the 12 rice chromosomes.
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The salt-tolerant quantitative trait locus (QTL) identified on
chromosome 1 and located between RM1003 and RM3362 contained
four BTB genes: OsBTBZ1, OsBTBZ2, OsBTBM1 (LOC_0s01g70670),
and OsBTBA3 (LOC_0s01g72020). OsBTBN3 and OsBTBN7 were located
on chromosomes 2 and 3, respectively. Furthermore, chromosomes 8 and 10
contained dense clusters of BTB genes, with 34 and 46 BTB genes,

respectively (Figure 3.2B).

3.2. OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7 promoters contain
multiple cis-elements related to the water stress response

An investigation of the cis-element at the promoter regions
of OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7 was performed to reveal
the salt-responsive elements located in these OsBTB genes. Two thousand
base pair sequences upstream of the OsBTBZ1, OsBTBZ2, OsBTBN3,
and OsBTBN?7 transcription start sites were analyzed using New PLACE to
identify the regulatory cis-elements located in the promoter regions of these
genes (Figure 3.3). Table 3.1 summarizes the cis-elements related to abiotic
stress. Multiple MYCCONSENSUSAT elements, which are water stress-
responsive elements, were found in all the tested promoters. More than 10 of
these elements were located on the OsBTBZ1, OsBTBZ2,
and OsBTBN3 promoters, which is consistent with the upregulation pattern
under salt stress conditions. Moreover, other cis-elements related to
dehydration stress, such as ACGTATERD1, DPBFCOREDCDC3, and
MYBCORE, were found in all four promoters. Interestingly, ABA-responsive
elements were found only in the + strand of OsBTBZ1. The GAGA-binding
protein binding site (GAGAGMGSAL), which is specific to the CSSL16
allele, but not the KDML105 allele, was detected only in OsBTBZ1 (+ strand)
(Table 3.1 and Figure 3.3).
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Figure 14. Prediction of the cis-elements related to stress in
OsBTBZ1, OsBTBZ2, OsBTBN3, and the OsBTBN7 promoter

Table 7. The number of Stress-related cis-elements detected
in OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7.

0sBTBZ1 0sBTBZ2 OsBTBN3 OsBTBNT
signal i}
Factor or Site Name sequence Strand  Strand  Strand  Strand  Strand  Strand  Strand  Strand Functions
) =) * =) ) =) *) =)
ABREATCONSENSUS YACGTGGC 1 - - - - - - - ABA-responsive element
ABRELATERD1 ACGTG 3 3 - 5 1 1 - 1 ERD-related gene (zarly responsive to dehydration)
ACGTATERD1 ACGT 3 5 8 8 4 4 1 1 Abiotic stresses (drought, salt); response 1o light
CBFHV RYCGAC 1 3 3 3 . 4 - Dehydration-responsive element (DRE) binding proteins
(DREBs)
CCAATBOX1 CCAAT - 2 - 1 1 1 - 2 Heat-shock element
CURECORECR GTAC 5 5 3 3 3 3 5 5 Oxygen-responsive element
DPBFCOREDCDC3 ACACNNG 4 3 1 3 1 1 3 2 Dehydration and ABA response
GAGAGMGSA1 GAGAGAGAGAGAGAGAGA 2 - - - - 1 - - GAGA binding protein (GBP) binding site
Plays a role in pathogen- and salt-induced SCal-4 gene
GT1GMSCAMA GAAAAA 1 1 - 1 5 3 6 2
expression
MYETAT WAACCA 5 1 N 5 4 4 ; 5 Element for the dehydration-responsive gene in
Arabidopsis
MYBCORE CNGTTR 5 6 2 4 3 3 1 1 Responsive to water stress, induced by dehydration stress
Necessary for ERD? expression, the binding site of the
MYCATERD1 CATGTG 1 - 2 - 1 2 2 N
NAC protein
MYCCONSENSUSAT CANNTG 6 © 10 10 12 12 4 4 Element for the dehydration-responsive gene in
Arabidopsis
Rosette leaves and the root-specific element, growth, and
RAVIAAT CAACA 5 4 2 1 - 3 6 1 development, hormonal regulation brassinosteroid (BR);
metabolism
WBOXATNPR1 TTGAC 2 2 1 3 1 1 2 1 Salicylic acid-induced WRKY DNA binding proteins
Involved in gibberellic acid (GA), ABA-mediated pathways,
WRKY71038 TGAC 8 6 3 " 8 2 3 4

and patnogen-related protein (PR)
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3.3. OsBTBZ1 and OsBTBZ2 are in the same protein-protein interaction
(PPI) network

The STRING database was used to investigate the protein-protein
interaction (PPI) network of the four BTB proteins: OsBTBZ1, OsBTBZ2,
OsBTBN3, and OsBTBN7 to select the best candidate OsBTB protein, which
showed the highest number of connections with other proteins, for further
characterization. OsBTBZ1 and OsBTBZ2 were connected, whereas
OsBTBN3 and OsBTBN7 were dissociated. Furthermore, OsBTBZ1 and
OsBTBZ2 were linked to other proteins, including CARM1, OS07T0626600-
01, GCN5, and 0S01T0884500-01. CARM1, 0OS07T0626600-01, and GCN5
are involved in chromatin remodeling. Modifying the chromatin architecture is
necessary for the epigenetic control of gene expression, which does not
involve alterations in DNA sequences, while increased chromatin compaction
results in distinct higher-order structures (Kang et al., 2022). 0S01T0884500-
01 is a zP (CCCH-type) protein. Contrastingly, OsBTBZ1 is connected to
0S03T0216600-01, a glucan 1,3-alpha-glucosidase, and is also connected
with OsJ_06167, OsWRKY39, and OsJ 25984, a protein kinase (Szklarczyk

et al., 2021), which mediates pathogen-associated molecular pattern (PAMP)-

triggered responses (Figure 3.4).


https://www.mdpi.com/1422-0067/24/19/14483#fig_body_display_ijms-24-14483-f004

61

GCNS

0S07T0626600-01 ,@

0sJ)_11706

‘)

I 0S02T0594700-01 0€03T0695500.01 0S04T0258900-01

9

P S -
/\/

0S04T0283600-00

s

-/
A: OsBTBZ1  B:OsBTBZ2 C:OsBTBN3 D: OsBTBN7

Figure 3.4 The protein-protein interaction (PPI) network assembly of
LOC_0s01g66890 (A: OsBTBZzZ1), LOC_0s01g68020 (B: OsBTBZzZ2),
LOC_0s02g38120 (C: OsBTBN3), and LOC_0s03g41350 (D: OsBTBN?7)
proteins, identified using STRING. The lines represent a high confidence PPI
score of 0.7.

OsBTBN7 was associated with three uncharacterized proteins:
0S03T0695500-01, OS04T0258900-01, and 0OS04T0283600-00, whereas
OsBTBN3 was not associated with any other protein (Figure 3.4). Therefore,
the functions of these two proteins were not investigated further. According to
the PPl network prediction using STRING, OsBTBZ1 was predicted to
interact with more proteins. Therefore, it was selected for further

characterization.

3.4. OsBTBZ1 is expressed in all plant tissues, especially in younger leaf
sheaths

Because OsBTBZ1 showed differential expression owing to salt stress
at the seedling stage, 15-day-old seedlings were selected for monitoring the
expression of this gene. High gene expression was detected in the young
leaves and root tissues, and a relatively higher level of expression was detected

in the young (first leaf) leaf sheath, compared to the young leaf blades.
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However, the expression levels decreased in older leaves. In the oldest leaf of
the 15-day-old seedlings, OsBTBZ1 expression was lower in the leaf sheath
than in the leaf blade. At the reproductive stage, OsBTBZ1 was highly
expressed in the leaf sheaths of flag leaves, as well as in the peduncles and
spikelets (Figure 3.5).
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Figure 3.5. 0sBTBZ1 gene expression in different tissues of “Nipponbare”
rice. B = leaf blade; S = leaf sheath; P = peduncle; R = root; Sp = spikelet. The
different lowercase letters above the bars mean the significant difference
between means analyzed by Duncan’s multiple range test at p < 0.05.

3.5. OsBTBZ1 is localized in the nucleus, suggesting the role of the
transcription factor

To analyze the subcellular localization of the OsBTBZ1 protein, the
CDS of OsBTBZ1 was fused with GFP and transiently expressed in the
epidermal cells of Allium cepa. OsBTBZ1-GFP expression resulted in
fluorescence in the nucleus, whereas the GFP fluorescence of the control was
observed outside the nuclear region (Figure 3.6).1bBT4, aBTB gene
in Ipomoea, is also localized in the nucleus (Zhou et al., 2020a). A similar
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result was reported by Weber and Hellmann (Weber & Hellmann, 2009), who
examined the BPM1, BPM2, and BTB proteins in Arabidopsis. This is
consistent with a transcription factor role for OsBTBZ1, which may regulate
other genes that are responsible for salt tolerance.

Bright field GFP DAPI Merge

O\ &7

35S::0sBTBZ1-GFP

35S::GFP

Figure 3.6 The subcellular localization of OsBTBZ1-GFP in onion (Allium
cepa) epidermal cells. Red arrows point to the location of the nucleus.

3.6. Ectopic expression of OsBTBZ1 could revert the NaCl and ABA
susceptibility of the Atbt3 Arabidopsis mutant at the germination stage

Chutimanukul et al. (2021) reported that the Atbt3 Arabidopsis mutant
was more susceptible to salt stress. Therefore, to investigate the role
of OsBTBZ1an  ortholog to AtBT3, we fused it to the
constitutive CaMV35S promoter  and  transformed it into  the
WT Arabidopsis and Atbt3 mutant. We generated two lines (REV1 and REV2)
in the Atbt3 mutant background to test for complementation of salt sensitivity,
along with two lines, OE1 and OE2, in the WT background to test for the
effect of overexpression.

Germination tests were performed to investigate the effects of NaCl,
ABA, and mannitol stress on Arabidopsis seed germination. The responses are
shown in Figure 3.7 A-E. Under normal conditions, the seeds of all lines,
comprising the WT, Atbt3 mutant (bt3), REV1, REV2, OE1, and OEZ2,
displayed no significant difference in germination rate (Figure 3.7 A B).
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Figure 3.7.Germination tests of the wild-type (WT), mutant, and transgenic
lines in several different media. (A) The lines of WT, bt3 mutant, REV1,
REV2, OE1, and OE2 in ¥ MS basal medium as a control, medium with
NaCl 150 mM, ABA 1uM, and mannitol 150 mM (line mark = 1
cm). (B) Germination curve in the control medium (%2 MS medium). (C)
Germination curve in the 2 MS medium containing 150 mM NacCl. (D)
Germination curve in the 2 MS medium containing 1 puM ABA. (E)
Germination curve in %2 MS medium containing 150 mM mannitol.

rate

Expression of OsBTBZ1 could enhance the

of bt3 mutant lines. When 150 mM NaCl was applied to 0.5x MS medium, the

germination

WT germination percentage was reduced to 88%, whereas the bt3 mutant line
showed only 54% germination after 6 d of germination. The ectopic expression
of OsBTBZ1 in the bt3 mutants reversed this effect. Both REV1 and REV2 had
germination rates of 70% after 9 d of germination. Moreover, the OE1 and OE2
lines, which expressed OsBTBZ1 in the WT, had a germination rate similar to
that of the WT (Figure 3.7 A,C).

The application of ABA to the medium delayed seed germination in all

lines. On 0.5x MS medium supplemented with ABA, no germination occurred
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in the WT, bt3 mutant, and REV2 after 4 d of germination (Figure 3.7 A,D).
Later, after 5 d of incubation, the germination rate of all lines increased and
reached a maximum after 10 d. A 100% germination rate was detected in REV1
and OE2, while WT showed an 86% germination rate. The lowest germination
rate under ABA was found in the bt3 mutant (73%). The ectopic expression
of OsBTBZ1 could revert ABA susceptibility in the bt3 mutant line by
increasing the germination rate to over 80% in both REV1 and REV2. In the
WT background, OsBTBZ1 expression enhanced germination, and, after 5 d of
germination, approximately 40% germination was detected in both OE1 and
OE2, whereas WT showed a germination rate of <20%. Although WT and OE1
showed similar levels of germination (73%) after 10 d of germination, OE2
showed 100% germination (Figure 3.7 A,D).

To discern the precise function of the OsBTBZ1 gene, it is essential to
evaluate its role in germination under mannitol-induced conditions, which will
help in determining whether it is solely responsive to salt or has a broader
function within the osmotic regulation mechanisms. Therefore, 150 mM
mannitol was added to the MS medium as a germination test. A slight reduction
in the WT seed germination percentage was detected. The mutation
of AtBt3 increased the sensitivity to mannitol stress, as shown by the
significantly lower germination percentage of the Atbt3 mutant. However, the
ectopic expression of OsBTBZ1 did not reverse the inhibition of mannitol-
induced germination (Figure 3.7 A, B, E).

Based on these results, we can conclude that OsBTBZ1 can reverse
the Atbt3 mutation under salt and ABA stress, but not under drought stress that

is induced by mannitol.

3.7. 0sBTBZ1 enhanced the salt and ABA tolerance in transgenic
Arabidopsis

To investigate whether OsBTBZ1 enhanced the stress tolerance of
plants, the fresh weight, root length, and photosynthetic pigment content under
stress conditions were measured. At the beginning of the experiment (0 d),
seedlings of the WT, bt3 mutant, REV1, REV2, OE1, and OE2 lines showed
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similar fresh weights (Supplementary Figure S1). After 6 d of the experiment,

the bt3 mutant had a significantly lower fresh weight than the WT. Ectopic
expression could reverse the phenotype of the bt3 mutant to a fresh weight
similar to that of the WT under normal conditions, as shown by the
phenotypes of REV1 and REV2 (Figure 3.8A,B). Moreover, the root lengths

of all the lines were similar under normal conditions (Figure 3.8A,C).
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Figure 3.8. Growth (A, D, G, J) WT, bt3 mutant, and transgenic lines of
7-day-old Arabidopsis seedlings in various conditions: normal (control),
supplemented with 150 mM NaCl, 1 uM ABA, or 150 mM mannitol on
day 6 of stress exposure. (B, E, H, K): fresh weight of plants; (C, F, I, L):
A root length of plants. The different letters above the bars represent the
significant difference in means atp< 0.05 and NS represents no
significant difference.
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Salt stress and ABA treatments reduced the fresh weight and root length
of all lines (Figure 3.8D-I). The fresh weight of WT was reduced by 50%,
whereas that of the Atbt3 mutant decreased by more than 60%. This indicated
that the Atbt3 mutant was more susceptible to salt stress. The revertant lines,
REV1 and REV2, could reverse NaCl susceptibility by showing a significantly
higher fresh weight than the Atbt3 mutant after 6 d of the NaCl treatment. OE1
and OE2 also had higher fresh weights than WT (Figure 3.8E). A similar
response could also be detected via the root-length response under salt stress
(Figure 3.8F). The effect of 1 uM of ABA on Atbt3 growth was not as strong as
that of the NaCl treatment. Approximately 50% of the fresh weight was reduced
in the ABA-treated Atbt3 mutant after 6 d, whereas a similar reduction in the
root length of the WT and mutant was detected. The ectopic expression
of OsBTBZ1 in both the WT and mutant backgrounds reversed these effects
(Figure 3.8G-1). Mannitol reduced the fresh weight and root length of all lines;
however, no significant difference in fresh weight was detected (Figure 3.9J-L).
Conversely, the ectopic expression of OsBTBZ1 enhanced the root length

(Figure 3.8L).
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Figure 3.9. Contents of pigments, namely, Chl a, (A, D, G, J), Chl b, (B, E, H,
K), and carotenoids (C, F, I, L) of 13-day-old Arabidopsis seedlings treated
with 150 mM NaCl, 1 uM ABA, or 150 mM mannitol for 6 d. The data were
collected from the WT and bt3 complemented lines with the OsBTBZ1 gene in
the bt3 mutant background (REV1 and REV2) and the OsBTBZ1 ectopic
expression line with a WT background (OE1 and OE2). The different letters
above the bars represent the significant difference in means at p < 0.05 and NS
represents no significant difference.

We also compared the photosynthetic pigment levels. On the first day of
the experiment, all lines had similar levels (Supplementary Figure S2). Under

normal conditions, after 6 d, OsBTBZ1 ectopic expression significantly
enhanced the Chl b content in the Atbt3 mutant, showing a tendency to enhance
the Chl a and carotenoid contents in the WT (Figure 3.9A-C).

Salt stress (150 mM NaCl) reduced the Chla, Chlb, and carotenoid
contents in all lines. Strong reductions in the Chl a and carotenoid contents were
detected in the Atbt3 mutant. However, these effects were reversed
by OsBTBZ1 expression, as shown by the REV1 and REV2 pigment contents.
The ectopic expression of OsBTBZ1 in the WT did not show significant levels
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of Chl a, Chl b, and carotenoid contents when compared to the pigment content
of the WT (Figure 3.9D-F).

ABA significantly decreased the Chl a, Chl b, and carotenoid contents in
all lines (Figure 3.9G-1), with a much stronger effect on the Chl b content
(Figure 3.9B, E, F). The Atbt3 mutant was more susceptible to ABA treatment
in terms of the photosynthetic pigment content. An approximately 60-75%
reduction in Chlaand Chlbcontent was detected in the Atht3 mutant,
respectively, after ABA treatment, whereas in the WT, an approximately 40—
60% reduction in Chl aand Chl b contents was found (Figure 3.9G,H), along
with a reduction in the carotenoid content (Figure 3.91). The ectopic expression
of OsBTBZ1 reversed these effects.

Furthermore, treatment with 150 mM of mannitol caused a similar
reduction in the photosynthetic pigment content in all lines (Figure 3.9J-L).
Based on the earlier investigation into growth and photosynthetic pigment
contents, the expression of OsBTBZ1 in the WT and Atht3 mutant background
could confer abiotic stress tolerance under salt and ABA stress and showed

fewer effects under drought stress when treated with 150 mM of mannitol.

4. Discussion
The BTB domain genes are part of a large gene family that has various

roles in plant responses to abiotic stresses, ubiquitination, and development. In
the present study, OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7 were induced
by salt stress at various stages, suggesting roles in the salt stress response in
both the seedling and booting stages. The BTB genes in other species have also
been reported to be involved in salt stress. For example, the A. thaliana stress-
induced BTB protein 1 (AtSIBP1) is a positive regulator of salinity responses
in Arabidopsis (Wan et al., 2019). CaBPM4 (Capsicum annuum BTB-POZ and
MATH domain protein) from pepper is upregulated during salt-stress exposure
(He et al., 2019). The SIBTB18 in tomatoes contains the TAZ domain and its
expression increases dramatically under cold, salt, and oxidative stress (Li et
al., 2018). The AtBt3 gene, which was in the same cluster as OsBTBZ1, has
been reported to play a crucial role in gametophyte development
in Arabidopsis (Robert et al., 2009). Chutimanukul et al. (2021) demonstrated
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that the Atbt3 mutant lines were more susceptible to salt stress than the WT.
Moreover, over two dozen different protein domains were associated with the
BTB, five of which (MATH, Kelch, NPH3, ion transport, and the zF domains)
were much more frequent than the others(Perez-Torrado et al., 2006).
Furthermore, the combination of the BTB domain with the TAZ domain is only
observed in plants (Gingerich et al., 2007).

The other motif was NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3),
which was present in OsBTBN3 and OsBTBN7. The BTB—NPH3 proteins,
also called NPH3/RPT2-like (NRLSs) proteins, are plant-specific BTB/POZ
proteins18. NRLs contain an N-terminal BTB domain and a C-terminal NON-
PHOTOTROPHIC HYPOCOTYL 3 (NPH3) domain; some members contain
an additional C-terminal coiled-coil domain (Ban & Estelle, 2021). NPH3, a
BTB NPH3 family member in Arabidopsis, functions as a CRL3 substrate
adaptor and regulates the ubiquitylation of phototropinl (photl) in response to
different Dblue-light intensities. The dephosphorylation of NPH3 when
stimulated by blue light may also be crucial for photl-dependent phototropism
(Roberts et al., 2011). Proteins containing NPH3 are abundantly localized in
the plasma membrane and interact with phototropins and blue light receptor
kinases (Inada et al., 2004).

Evidence from a putative cis-element analysis and PPl showed
that OsBTBZ1 and OsBTBZ2 are related to the stress response. CARML,
GCN5, and 0OS07T0626600-01 are involved in post-translational
modifications such as phosphorylation, glycosylation, acetylation,
succinylation, carbonylation, S-nitrosylation, and Tyr-nitration, which can
alter the epigenetic status of plants (Hashiguchi & Komatsu, 2016). CARM1
histone-arginine methyltransferase, methylates (mono- and asymmetric
dimethylation), and the guanidino nitrogens of arginyl residues in several
proteins are involved in DNA packaging, transcription regulation, and mRNA
stability. They can also be recruited to the promoters upon gene activation to
methylate histone H3 and activate transcription via chromatin remodeling.
Protein arginine methyltransferases (PRMTs), which are equivalent to
CARM1 in mammals, were reported to be related to salt tolerance
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in Arabidopsis. Prmt5 and prmtda; 4b Arabidopsis mutants display an
alteration in salt-stress tolerance (Hernando et al., 2015). Both OsBTBZ1 and
OsBTBZ2 were predicted to directly interact with protein arginine
methyltransferases, suggesting that both OsBTBZs are involved in salt-stress
tolerance. The histone acetyltransferase GCN5 functions in acetylation of
histone H3, which provides a specific tag for epigenetic transcriptional
activation. GCN5 operates in concert with certain DNA-binding
transcriptional activators that act via the formation of large multiprotein
complexes to modify chromatin. Zheng et al. (2019) reported that GCN5 plays
an important role in cell wall integrity and salt tolerance in Arabidopsis. The
wheat TaGCN5 gene can complement the Atgcn5 mutation, leading to the
restoration of the salt-tolerant phenotype in the mutant line. This information
suggested that OsBTBZ1 and OsBTBZ2 could be involved in chromatin
remodeling and epigenetic regulation in the salt-tolerant phenotype in rice. It
was also reported that the histone deacetylase, HDA710, regulated salt
tolerance in rice via ABA signaling (Ullah et al., 2020). This is consistent with
our results in this research that the complementation of OsBTBZ1 in
the Atbt3 mutant background could restore the susceptible phenotypes of
the Atbt3 mutant under ABA treatment (Figure 3.7, Figure 3.8 and Figure 3.9).
0S07T0626600-01 is a putative MYST-like histone acetyltransferase 1
(histone acetyltransferase), which may be involved in transcriptional
activation. The involvement of regulation via acetylation and chromatin
remodeling is consistent with an earlier report, which stated that the
acetylation levels of histone H3 at K9 in maize increase during salt stress (Li
et al., 2014). OS01T0884500-01 is another protein in the PPl of OsBTBZ1
that belongs to a group of protein-like zF (CCCH-type). In general, zinc
fingers are of the C2H2-type or CCCC-type, being grouped by the
configuration of cysteine and histidine. The less prevalent CCCH zF proteins
are crucial for controlling plant stress responses (Han et al., 2021).

OsBTBZ1 is also associated with OS03T0216600-01, a defense
response protein elicited by PAMPs. This suggests an interaction between the
responses to biotic and abiotic stresses. OsJ 06167, a putative WRKY
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transcription factor (TF), is one of the TFs that are involved in many biotic
and abiotic stress regulations. Epigenetic, retrograde, and proteasome-
mediated regulations enable WRKYSs to attain dynamic cellular homeostatic
reprogramming (Phukan et al., 2016). Li et al. (2015) reported that the
overexpression of SpPWRKY1 in tobacco resulted in enhanced salt and drought
stress tolerance by reducing lipid peroxidation, enhancing antioxidant enzyme
activity, and maintaining photosynthesis. The promoter of OsBTBZ1 also had
a motif that is associated with the WRKY protein. WRKY710S and
WBOXATNPR1 are involved in various stress responses and are mediated by
gibberellic acid, ABA, and salicylic acid (Trivedi et al., 2013). In rice,
WRKY13 binds to multiple cis-elements to regulate abiotic and biotic stress
(Xiao et al., 2013). OsJ 25984 belongs to the protein kinase superfamily.
Kinases are necessary for signal transduction in many aspects of cellular
regulation and metabolism. The regulation of plant growth and development
and the plant’s responses to stress conditions involve protein kinases such as
mitogen-activated protein kinase cascades, receptor-like kinases, sucrose
nonfermentingl-related protein kinases, and calcium-dependent protein
kinases (Chen et al., 2021).

The putative cis-element analysis also showed interesting results,
summarizing the function of OsBTBZ1. The ABA-responsive element (ABRE)
is the most conserved cis-element in plants (Nakashima & Yamaguchi-
Shinozaki, 2013; Yamaguchi-Shinozaki & Shinozaki, 2005). The ABRE cis-
elements control the transcriptional regulation of several genes in response to
cytosolic Ca?* (Kaplan et al., 2006). CAMTA12 enhances drought tolerance in
soybean and Arabidopsis by binding to the ABRE cis-elements (Noman et al.,
2019). Many TFs regulate both abiotic and biotic stress, such as cold, drought,
heat, and salinity, by binding to different cis-elements (Cheng et al., 2013).
The OsBTBZ1 promoter contains putative MYB-binding sites that are
attached to the MYB transcription factor. MYB cis-elements, including
MYBCORE, and MYB1AT, were detected in the promoter regions
of OsBTBZ1, OsBTBZ2, OsBTBN3, and OsBTBN7; however, the number of
elements varied. They play essential roles in the regulation of many genes
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related to biotic and abiotic stresses (Ma & Constabel, 2019). ABRE and
MYC play important roles in the ABA-induced activation of biotic and abiotic
genes (Li et al., 2020). MYC also responds to drought stress (Lekklar et al.,
2019). For example, AtMYC2 and AtMYB2 specifically interact with MYB
recognition sites to regulate the ABA genes related to biosynthesis and
signaling (Abe et al, 2003). In another study, a chromatin
immunoprecipitation assay and effector-reporter coexpression assays
of Nicotiana tabacum confirmed the relationship of MYB and WRKY cis-
elements with the promoters of peroxidase, superoxide dismutase, and
phenylalanine ammonia-lyase to regulate abiotic stress (Guo et al., 2018).
Additionally, MYB- and WRKY-related cis-elements were found to regulate
the transcription of auxin-regulated genes (Berendzen et al., 2012). Similarly,
the dehydration-responsive element (DRE) is also an essential cis-element that
regulates the drought response and other abiotic stresses in plants. DREB-
responsive genes are regulated by the DREB cis-elements to mediate stress
responses in plants (Baral, 2019; Jangale et al., 2019; Lata & Prasad, 2011). In
banana plants, DREBs mitigate heat and drought stress (Baral, 2019), whereas
in soybean plants, the cis-elements of DREBs are important for proline
accumulation to mediate the plant’s response to salt stress (Nguyen et al.,
2019).

OsBTBZ1 was selected to confirm its role in salt tolerance by
generating the revertant lines REV1 and REV2 in the Atht3
Arabidopsis mutant. Upon adding 150 mM of mannitol, the expression of
the OsBTBZ1 gene could increase the tolerance of the transgenic lines to salt
stress more than the mutant line, but not to drought stress (Figure 3.7, Figure
3.8 and Figure 3.9). This suggested that the function of OsBTBZ1 was more
specific to the salt stress response than to osmotic stress. Phenotypic
complementation of the mutant line by the expression of OsBTBZ1 was also
observed under the ABA treatment, suggesting that the mechanism via the
ABA-dependent pathway is involved in OsBTBZ1 functioning, which is
consistent with the model proposed by Chutimanukul et al. (2021)
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5. Conclusions
Our study indicates a clear role for OsBTBZ1 in salt tolerance

in Arabidopsis. A role in salt tolerance in rice is consistent with the higher
expression of this gene in the salt-tolerant line, CSSL16, compared to the
original genetic background, KDML105 rice (Chutimanukul et al., 2021). It is
also consistent with the location of this gene on the salt tolerance QTL on
chromosome 1 (Chutimanukul, 2018b; Chutimanukul et al., 2021). Therefore,
this study can support the use of this gene and QTL for the improvement of

salt tolerance in rice.

6. Supplementary Materials
The following supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/ijms241914483/s1
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CHAPTER IV
CONCLUSION

The transcriptomic approach in rice using two rice lines with close genetic
relationships, but different salt tolerance ability, gives the new insight in
identifying the salt-tolerant genes. The Integration of Gene Co-expression
Network (GCN), Clustering coefficient (CC), and Weighted Gene Co-
expression Network (WGCN) analyses in conjunction with Single Nucleotide
Polymorphism (SNP) information facilitates the precise delineation of nine
genes implicated in salt tolerance in rice. The nine genes from three methods are
LOC 0s01g61010  (OsNodulin), ~LOC_Os01g64870, LOC_Os01g66890

(OsBTBZ1), LOC 0Os01g67370, LOC Os01g72210 (OsERD),
LOC Os01g71190  (OsPSB28), LOC Os01g73110, LOC Os04g03050
(OsSub34), and LOC Os06g46799 (OsPeroxidase).

Furthermore, LOC_0s01966890 (OsBTBZ1) and LOC_0s01g72210 (OsERD).

Validation by employing qRT-PCR was conducted to confirm the
expression level of nine candidates genes. Notably, during early stress
responses, significant upregulation of LOC_0s01g64870, OsBTBZ1,
LOC 01967370, OsPeroxidase, OsERD, LOC 01g73110, and OsSub34 in
CSSL16 compared to KDML105 was observed. These genes exhibited more
than 15-fold induction in the early response. OsPSB28 showed fluctuating
expression in the early response. In the late response, Nodulin,
LOC_0s01g64870, OsBTBZ1l, LOC_0s0167370, and PSB28 significantly
increased in CSSL16 but decreased in KDML105 after 3 days of salt stress.
After 6 days, ERD, LOC_0s01g73110, and peroxidase maintained elevated
expression in both lines, while OsSub34 decreased more in CSSL16 than in
KDML105. These results suggest the potential involvement of the examined
genes in rice salt tolerance.

OsBTBZ1 was selected to confirm its role in salt tolerance by
generating the revertant lines (REV1 and REV2) in the Atbt3
Arabidopsis mutant and over expressed line (OE1 and OE2) in the wildtype
lines. Under salt stress (150 mM NacCl), Chl a, Chl b, and carotenoid contents
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decreased in all lines. The Atbt3 mutant showed significant reductions,
particularly in Chl a and carotenoid contents, which were counteracted by
OsBTBZ1 expression. ABA treatment markedly reduced Chl a, Chl b, and
carotenoid contents across all lines, with a more significant effect on Chl b
content. The Atbt3 mutant exhibited higher susceptibility to ABA treatment,
with a 60-75% reduction in Chl a and Chl b content. OsBTBZ1 expression
reversed these effects. Furthermore, mannitol treatment at 150 mM induced a
similar reduction in weight, root length, and photosynthetic pigment content
across all lines. Moreover, OsBTBZ1 expression in the WT and Atbt3 mutant
backgrounds conferred abiotic stress tolerance under salt and ABA stress, with
fewer effects observed under drought stress induced by 150 mM mannitol.

The phenotyping result indicates that the role of OsBTBZ1 is more
targeted towards responding to salt stress rather than osmotic stress. The
observed phenotypic restoration of the mutant line through the introduction of
OsBTBZ1 expression also occurred under ABA treatment, indicating the
involvement of the ABA-dependent pathway in OsBTBZ1 function.
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APPENDIX

Amount of differentially expressed genes

Table 8 The number of differentially expressed genes in leaves at seedling
stage, second leaf, and flag leaf at booting stage under salt stress condition

Stage of leaf Number of gene Total
Up-regulated gene | Down-regulated gene
Seedling leaf 238 273 511
Second leaf 240 280 520
Flag leaf 271 313 584

Table 9 Modified standard evaluation score (SES) of visual salt injury at
seedling stage (Gregorio et al., 1997).

Score Observation Tolerance
1 Normal growth, no leaf symptoms Highly
' tolerant
3 Nearly normal gr_oyvth, but leaf tips Tolerant
or few leaves whitish and rolled
Growth severely retarded; most
) Moderately
5 leaves rolled; only a few are
) tolerant
elongating
7 Complete .cessatlon of groyvth; most Susceptible
leaves dry; some plants dying
. Highly
9 Almost all plants dead or dying susceptible
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Reagent and medium

. Composition of a half strength of Murashige and Skoog
MS powder 2.215¢

The weighted composition placed in glass beaker and added with 900 mL of
distilled water. The adjustment of the pH was conducted to obtain 5.8 by the
usage of 1 N NaOH. After pH value adjusted, distilled water was added until
1000 mL. The homogenized mixture subsequently autoclaved for 25 min at
120°C then stored at room temperature.

Note : For selection of transgenic line, an antibiotic was added.
Hygromycin (Final concentration 25 pg/mL)

. Composition of Luria Bertani (LB) broth

Tryptone 10¢g
Yeast extract 059
NaCl 109

The weighted composition placed in glass beaker and added with 80 mL of
distilled water. The adjustment of the pH was conducted to obtain 7.0 by the
usage of 1 N NaOH. After pH value adjusted, distilled water was added until
100 mL. The homogenized mixture subsequently autoclaved for 25 min at
120°C then stored at room temperature.

Note : for cloning purpose, the antibiotic was added before used

A. Ampicillin (final concentration 50 pg/mL) for pFLC1_OsBTBZ1 cloning

B. Kanamycin (final concentration 50 pg/mL) for pPENTR_OsBTBZ1 cloning

C. Spectinomycin (final concentration 50 pg/mL) for pPGWB511 OsBTBZ1,
pGWB511_OsBTBZ1, pGWB511_0OsBTBZ1_GFP cloning

. Composition of Luria Bertani (LB) solid

Tryptone 109
Yeast extract 05¢g
NaCl 109
Agar 159

The weighted composition placed in glass beaker and added with 80 mL of
distilled water. The adjustment of the pH was conducted to obtain 7.0 by the
usage of 1 N NaOH. The agar was added and distilled water was added to
obtain 100 mL. The homogenized mixture subsequently autoclaved for 25 min
at 120°C then stored at room temperature.

Note : for cloning purpose, the antibiotic was added before plating

A. Ampicillin (final concentration 50 pg/mL) for pFLC1_OsBTBZ1 cloning

B. Kanamycin (final concentration 50 pg/mL) for pENTR_OsBTBZ1 cloning

C. Spectinomycin (final concentration 50 pg/mL) for pPGWB511_0OsBTBZ1,
pGWB511 _OsBTBZ1, pGWB511_0OsBTBZ1_GFP cloning



4. Composition of TBE buffer

Tris base 249
Boric acid 275¢
Ethylenediaminetetraacetic acid (EDTA) (pH 8.0) 0.5 M 20.0 ml

The mixture were then added with distilled water until 1 L

5. Composition of Diethylpyrocarbonate (DEPC) 0.1% treated water
DEPC ImL
ddH.0 ~ 1000 mL

6. Composition of WP solution (Vajrabhaya and Vajrabhaya, 1991)
Macro elements:

KNO3 580 Mg
CaS0Oq4 500 mg
MgS04.7H20 450 mg
Triple super phosphate 250 mg
(NH4)2S04 100 mg
Microelements:

Na,EDTA? 160 mg
FeS0O4.7H,0O% 120 mg
MnSO4.H.0 15 mg
H3BOs3 5 mg
ZnS04.7H20 1.5 mg
Kl 1.00 mg
NazMo004.2H20 0.10 mg
CuS04.5H20 0.05 mg
CoCl2.6H20 0.05mg
H20 800 mg

Stir with a magnetic stirrer, add 2 mL of FeSO4.7H.0 and adjust the
volume to 1 L with water.

#Preparation of 30 g/L FeSO4 stock
Na:EDTA 40 ¢
FeS04.7H20 30 g
Stir each chemical solution with a magnetic stirrer and
adjust the volume to 1000 mL with water.


https://en.wikipedia.org/wiki/Tris
https://en.wikipedia.org/wiki/Boric_acid
https://en.wikipedia.org/wiki/EDTA
https://en.wikipedia.org/wiki/PH
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Homozygosity Test

: T
Genome of Wild Type (WT) =

LB1.3- ATTTTGCCGATTTCGGAAC

LP
e e — — — HBNA

LP-ATBT3  GATATAACCCCGCGGTATACC 57

LBb1.3
RP-ATBT3  TCGAACAGTGACACGAACAAG 57
Genome of Mutant bt3

LP and RP primers (1030 bps) LBb1.3 and RP primers

WIL W12 WT3 MTL MT2 MT3 MT4 MTS MT6 MT7 MT8 MT9 WI1 W12 WI3 MTL MT2 MT3 MTé MTS MT6 MT7 MT8 MT9

Mutant bt3 Mutant bt3

Insertion chrl 1707059 BP+RP_product size = 482-782

Figure 21. Homozigocity test. (A) position of TDNA insertion; (B) Primer
for homozigocity test; (C) Electrophoregram of PCR product.
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Vector construction using Gateway system
Validation of obtained cDNA in the original construct

https://www.dna.affrc.go jo/distribution/distdna.html

\

2 ul cloningin E.coli, plasmid

extraction

\

Digestion with RE

Restriction Enzyme Double Digestior
Steps
1. Set up reaction as follows.
COMPONENT 50 ul REACTION
DNA 1ug
10X NEBuffer 2.1 5 pl (1X)
Psti 1.0 i (or 10 units)
Nuclease-free Water to 50 pl

2 Incubate at 37°C for 5-15 minutes as Pstl is Time-Saver qualified
3. Add 1.0 pi (or 10 units) of Sfil
4. Incubate at 50°C for 5-15 minutes as Sfil is Time-Saver qualified

http://nc2.neb.com/NEBcutter2/cutshow.php?name=2d27cf6b-

http://n n 2 id= WzaEHflbu3-fz8vJ9uwwvHr-

YitFX2i70swu2FDLrn 26t8eEBqd##!/protocol/re/double-temp/Sfil Pstl

Sfil (724) - Pstl (2324) =1600 bps
Pstl (2324) - Sfil (2889) =
Sfil (2889) - Sfil (724) = 2829 + 724 = 3553 bps

\

Sequencing 1 : The colony that has those three fragments
FwM13  : GTAAAACGACGGCCAG
F primer  : ACAATCGCAGATTCTTTGGAGC
G primer  : CGTGTTTTGACGGAAGATGGC
H primer  : AAAGAGCAGTCAGGCCGTTT

Figure 22 The validation flowchart of original vector with OsBTBZ1
cDNA
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2. The insertion in donor vector
The addition of CACC adaptor into the cDNA of BTBZ1

PCR condition
annealing temperature : 540C

Extension time : 3 mins 10 seconds

\

Reactions mix

Water 25 ul
"E"T;:éoglopoca Fresh PCR product 2 ul
Salt solution 1 ul
Topo vector 0.5 ul
Total 6 ul

Manufacture’s protocol 5 mins - 30 mins, 250C

\

2 ul for transformation to TOP10 E.coli

PCR colony of transformed E.coli

A31 A32 A33 A34

\

Seqguencing

Figure 23 The insertion of OsBTBZ1 cDNA to donor vector
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3. LR clonase reaction from donor vector to destination vector

Reactions mix

Entry clone 2 ul (approximately 200 ng)
Destination vector 1ul
TE buffer pH 8.0 5ul
Total 8 ul

Manufactur’s protocol 60 mins > overnight, 250C

+

2 ul for transformation to TOP10 E.coli, PCR colony and sequencing

pGWB512_OsBTBZ1 pGWB511_OsBTBZ1 pGWB505_OsBTBZ1_GFP

Figure 24 The flowchart of LR clonase reaction
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Sequencing result of pGWB512_0sBTBZ1

Construct
Priner
F

G
Consensus

Construct.
Priner
F

G
Consensus

Construct.
Priner

1 10 20 30 40 50 60 70 80 90 100 110 120 130

C6GGGGACTCTAGAGTTATCAARCARGTTT

C AGCTTCTCTCCTCTTC
TGGCGACGE C AGCTTCTCTCCTCTTC

131 140 150 160 170 180 190 200 210 220 230 240 250 260

TGARTCTTCTCGACTTCTCGTCCTCCCTGT TGCAGAGGCTTCTCC6GCGAGGCCGCEAGGCT TGAT TTCAGETGAGCARGCGGCTGTGATTTGTGTTTTTCGCCTTTTGCTTTTGAGTTTTCTTCTGCCC
TGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGGLTTCTCCGGCGAGGCCGCGAGGCTTGATTTCAGGTGAGCARGCGGCTGTGATTTGTGTTTTTCRCCTTTTGCTTTTGAGTTTTCTTCTGCCC

261 270 280 290 300 310 320 330 340 350 360 370 380 390

TGTTARATCCCTTCTCTTGATGTGTGTGAGGAGCTGAACTGTAAT TCAGTCAGT TCAGATATGTTTGTGATTTATAGGTTTCTGACCCATGCCGTGATGT TTGTTCTGCTTGAGRATACT TGGARGTTCA
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Sequencing result of pGWB511 OsBTBZ1
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I I
CTATCCTTCGCARGACCCTTCCTCTATATARGGARGT TCAT TTCATTTGGAGAGAACACGGEGGACTCTAGAGTTRATCARCAAGTTTGTACARARARGCAGGCTCCGCGGCCGCCCCCTTCACCGGRTAR
CTATCCTTCGCAAGACCCTTCCTCTATATARGGAAGT TCATTTCATTTGGAGAGAACACGGEGGACTCTAGAGT TATCARCARGT TTGTACARARARGCAGGCTCCGCGGCCGCCCCCTTCACCGGGTAR
CTATCCTTCGCARGACCCTTCCTCTATATARGGARGT TCAT TTCATTTGGAGAGAACACGGEGGACTCTAGAGTTRATCARCAAGTTTGTACARARARGCAGGCTCCGCGGCCGCCCCCTTCACCGGRTAR
CTATCCTTCGCAAGACCCTTCCTCTATATARGGAAGT TCATTTCATTTGGAGAGAACACGGEGGACTCTAGAGTTATCARCARGTTTGTACARARARGCAGGCTCCGCGGCCGCCCCCTTCACCGGGTAR

131 140 150 160 170 180 190 200 210 220 230 240 250 260
[} [}
GTGGTAACTGGCGACGCGETGGTRCCGTGRTGGTGGTGETGCAGCTTCTCTCCTCTTCTGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGRCT TCTCCGGCGAGGCCGLGAGGCTTGATT TCAGG
GTGGTARCTGGCGACGCGETGGTECCGTGGTGGTGGTGETGCAGCTTCTCTCCTCTTCTGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGGCT TCTCCGGCGAGGCCGLGAGGCTTGATT TCAGG
GTGGTARCTGGCGACGCGGTGGTGCCGTGG TGGTEGTGETGCAGC TTCTCTCCTCTTCTGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGECT TCTCCEGCGAGGCCGCGAGGCTTGATT TCAGG
GTGGTARCTGGCGACGCGETGGTECCGTGGTGGTGGTGETGCAGCTTCTCTCCTCTTCTGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGGCT TCTCCGGCGAGGCCGLGAGGCTTGATTTCAGE

261 270 280 290 300 310 320 330 340 350 360 370 380 390
| |
TGAGCARGCGGCTGTGATTTGTGTTTTTCGCCTTTTGCTTTTGAGTTTTCTTCTGCCCTGTTARRTCCCTTCTCTTGATGTGTGTGAGGAGCTGARCTGTARTTCAGTCAGTTCAGATATGTTTGTGATT
TGAGCARGCGGCTGTGATTTGTGTTTTTCGCCTTTTGCTTTTGAGTTTTCTTCTGCCCTGTTARRTCCCTTCTCTTGATGTGTGTGAGGAGCTGARCTGTARTTCAGTCAGTTCAGATATGTTTGTGATT
TGAGCARGCGGCTGTGATTTGTGTTTTTCGCCTTTTGCTTTTGAGTTTTCTTCTGCCCTGTTARRTCCCTTCTCTTGATGTGTGTGAGGAGCTGARCTGTARTTCAGTCAGTTCAGATATGTTTGTGATT
TGAGCARGCGGCTGTGATTTGTGTTTTTCGCCTTTTGCTTTTGAGTTTTCTTCTGCCCTGTTARRTCCCTTCTCTTGATGTGTGTGAGGAGCTGARCTGTARTTCAGTCAGTTCAGATATGTTTGTGATT

391 400 q10 420 430 440 450 460 qa70 ag0 430 500 510 520
1 1
TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCTTGAGARTACT TGGAAGTTCAGARCCATCCTCAGARTTCAGARAGGGCTTTGCTCTTTTCGCTAGATGCTTCTTTARGCGTCGATTCGTCATT
TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCTTGAGAATACT TGGARGTTCAGARCCATCCTCAGARTTCAGARRGGGCTTTGCTCTTTTCGC TAGATGCTTCTTTARGCGTCGATTCGTCATT
TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCTTGAGAATACT TGGARGTTCAGARCCATCCTCAGART TCAGARRGGGCTTTGCTCTTTTCGCTAGATGCTTCT TTARGCGTCGATTCGTCATT
TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCTTGAGAATACT TGGAAGTTCAGARCCATCCTCAGARTTCAGARAGGGCTTTGCTCTTTTCGCTAGATGCTTCTTTARGCGTCGATTCGTCATT

521 530 540 550 560 570 580 590 60O 610 620 630 640 650
| |
TATGCATGCTTTAGCTCTTGTTCTTTTTTTTITTCTCTCTCTTTTATCTCGGATAAT TTCACACARTCGCAGATTCTTTGGAGC ATATTTGCTCTTGGATTTGT TTCTTGGARGTAT
TATGCATGCTTTAGCTCTTGTTCTTTTTTTTITCTCTCTCTTTTATCTCGGATAAT TTCACACARTCGCAGATTC TTTGGAGCARARAGGARGARRCATATT TGCTCTTGGATTTGT TTCTTGGARGTAT
TATGCATGCTTTAGCTCTTGTTCTTTTTTTTITCTCTCTCTTTTATCTCGGATAAT TTCACACARTCGCAGATTC TTTGGAGCARARAGGARGARRCATATT TGCTCTTGGATTTGTTTCTTGGARGTAT
TATGCATGCTTTAGCTCTTGTTCTTTTTTTITTCTCTCTCTTTTATCTCGGATAAT TTCACACARTCGCAGATTCTTTGGAGC ATATTTGCTCTTGGATTTGT TTCTTGGARGTAT

651 660 670 680 690 o0 710 720 730 740 750 760 770 780
[} 1
CGCACARCTAGGATCCARCATCARAGCARTTTATTTARTATATARCTACATCACTTTTTACTCTGTTTCCTGTTCTGTTCATTTTTGTCCCACTGARCC TGGCTTGARCARRARGCTACTATCACTTTTT
CGCACARCTAGGATCCAACATCARAGCAAT TTATTTARTATATARCTACATCACTTTTTACTCTGTTTCCTGTTCTGTTCATTTTTGTCCCACTGARCCTGGCTTGAARCARAARGCTACTATCACTTTIT
CGCACARCTAGGATCCAACATCARAGCAATTTATTTARTATATAACTACATCACTTTTTACTCTGTTTCCTGTTCTGTTCATTTTTGTCCCACTGARCCTGGCTTGARCARAAAGCTACTATCACTTTTT
CGCACARCTAGGATCCAACATCARAGCARTTTATTTARTATATAARCTACATCACTTTTTACTCTGTTTCCTGTTCTGTTCATTTTTGTCCCACTGARCC TGGCTTGARCARRARGCTACTATCACTTTTT

781 790 800 810 820 830 840 850 860 870 880 890 900 910

|
GCTGAAGTTGTGTTTTGAGCARRCTATTTTCTTTGCTTTCATTAGTGCATAGT TGATGGCATGTCTTGAGCTGGATTCT TCACARTTCCTACTGARTGGEGATGGCAGTGTGATCGGCAGCCCATTTGAT
GCTGARGTTGTGTTTTGAGCARRCTATTTTCTTTGCT TTCATTAGTGCATAGT TGATGGCATGTCTTGAGCTGGATTCT TCACARTTCCTACTGARTGEGGATGGCAGTGTGATCGGCAGCCCATTTGAT
GCTGAAGTTGTGTTTTGAGCARRCTATTTTCTTTGCTTTCATTAGTGCATAGT TGATGGCATGTCTTGAGCTGGATTCT TCACART TCCTACTGARTGGEGGATGGCAGTGTGATCGGCAGCCCATTTGAT
GCTGAAGTTGTGTTTTGAGCARRCTATTTTCTTTGCTTTCATTAGTGCATAGT TGATGGCATGTCTTGAGCTGGATTCT TCACARTTCCTACTGARTGGEGATGGCAGTGTGATCGGCAGCCCATTTGAT

911 920 930 940 950 960 970 380 930 1000 1010 1020 1030 1040
I

ATCCAGCTTGAGTGCAATAGCT TCACAGGC TCCARAGCTGT TCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTAATGCCCCTGATCCACCTCCATTACCCGGARCTTCTTATGGCACACACA
ATCCAGCTTGAGTGCAATAGCT TCACAGGC TCCAAAGCTGT TCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTARTGCCCCTGATCCACCTCCATTACCCGGAACTTCT TATGGCACACACA
ATCCAGCTTGAGTGCAATAGCT TCACAGGC TCCARAGCTGT TCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTAATGCCCCTGATCCACCTCCATTACCCGGARCTTCTTATGGCACACACA
ATCCAGCTTGAGTGCAATAGCT TCACAGGC TCCARAGC TGT TCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTAATGCCCCTGATCCACCTCCATTACCCGGARCTTCTTATGGCACACACA

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170
[} [}

GAACTTCCAGGAATGCAARGGC TTGCAGGTGTGTCCC TGARGAGATCCAGGAT TTCTGGGACAGGATGTTCT TCGARGCGTATCARTATGATCTCCGTGTTT TGACGGAARGATGGCARTGAGATCATGTC
GAACTTCCAGGAAT GCARRGGC TTGCAGGTGTGTCCCTGAAGAGATCCAGGAT TTCTGGGACAGGATGTTCTTCGAAGCGTATCARTATGATCTCCGTGTTT TGACGGAAGATGGCARTGAGATCATGTC
GAACTTCCAGGAATGCAARGGC TTGCAGGTGTGTCCC TGARGAGATCCAGGAT TTCTGGGACAGGATGTTCT TCGARGCGTATCARTATGATCTCCGTGTTT TGACGGAARGATGGCARTGAGATCATGTC
GAACTTCCAGGAAT GCARAGGC TTGCAGGTGTGTCCCTGAAGAGATCCAGGAT TTCTRGGACAGGATGTTCTTCGARGCGTATCARTATGATCTCCGTRTTT TGACGGAAGATGGCARTGAGATCATGTC

1171 1180 1180 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
| |

ACATTCCTGCGTTGTTGGTATTAAATCTCCTGT TCTARGAGCTATGTTGGAAGARGC TAARGTACAAGGTGGECATCCGACACATCCTGATACCTGGTGTACCATCAGARGCAGTACATGTTTTCATCAGA
RACATTCCTGCGTTGTTGGTATTARATCTCCTGT TCTARGAGCTATGTTGGAAGARGC TAARGTACAAGGTGGCATCCGACACATCCTGATACCTGGTGTACCATCAGAAGCAGTACATGTTTTCATCAGA
ACATTCCTGCGTTGTTGGTATTARATCTCCTGT TCTARGAGCTATGTTGGAAGAAGC TAARGTACAAGGTGGCATCCGACACATCCTGATACCTGGTGTACCATCAGAAGCAGTACATGTTTTCATCAGA
RACATTCCTGCGTTGTTGGTATTARATCTCCTGT TCTARGAGCTATGTTGGAAGARGC TARRGTACAAGGTGGCATCCGACACATCCTGATACCTGGTGTACCATCAGAAGCAGTACATGTTTTCATCAGA

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430
1 [}

TITCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGGTATGTACTTCATCTGCTTGTACTCTCCCACGTTTTCTCAGTACCATCTC TGARGAGRGTC TRCATCARCCARCTGGAGACATCTTTGE
TITCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGGTATGTACTTCATCTGCTTGTACTCTCCCACGTTTTCTCAGTACCATCTCTGARGAGRGTC TRCATCARCCARCTGGAGACATCTTTGE
TTTCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGGTATGTACTTCATCTGCTTGTACTCTCCCACGTTTTCTCAGTACCATCTC TGARGAGAGTC TEGCATCARCCARCTGGAGACATCTTTGE
TITCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGGTATGTACTTCATCTGCTTGTACTCTCCCACGTTTTCTCAGTACCATCTCTGARGAGRGTC TRCATCARCCARCTGGAGACATCTTTGE

1431 1440 1450 1460 1470 1480 1430 1500 1510 1520 1530 1540 1550 1560
| |

TTTCTCCTGAGAACGTGG TAGACATACTACAACTTGC TAGACTGTGCGACGCGCCGCGGCTCTCCCTCGTATGCACTCGTATGATCATCGGAGAT TTCARGGCTATCACT CAAACAGARGGE TGGAGAG T
TITCTCCTGAGAACGTGGTAGACATACTACARCTTGC TAGACTGTGCGACGCGCCGCGGCTCTCCCTCRTATGCACTCGTATGATCATCGGAGATTTCARGGCTATCACTCARACAGARGGE TGGAGAGT
TTTCTCCTGAGAACGTGGTAGACATACTACAACTTGC TAGACTGTGCGACGCGCCGCGGCTCTCCCTCGTATGCACTCGTATGATCATCGGAGAT TTCARGGCTATCACTCAAACAGARGGE TGGAGAGT
TTTCTCCTGAGAACGTGG TAGACATACTACAACTTGC TAGACTGTGCGACGCGCCGCGGCTCTCCCTCGTATGCACTCGTATGATCATCGGAGAT TTCARGGCTATCACT CAARCAGARGGE TGGAGAG T

1561 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690
[} [}

GATGAGACAAGCCARCCCARGCCTGGAGCAGGAGCTGCTTGAGTCCCTCGTCGARGARGATACARRAAGEL TGGAGGAGARTAAGGTTTATCTGCAGCTRCATGAAGCTATG
GATGAGACARGCCARCCCARGCCTGGAGCAGGAGCTGCTTGAGTCCCTCGTCGARGARGATACARAA TGGAGGAGARTARGGT T TATCTGCAGCTACATGAAGCTATG
GATGAGACAAGCCARCCCARGCCTGGAGCAGGAGCTGCTTGAGTCCCTCGTCGARGARGA TRCARAAI TGGAGGAGARTAAGGT T TATC TEGCAGCTACATGAAGCTATG
GATGAGACAAGCCARCCCARGCCTGGAGCAGGAGCTGCTTGAGTCCCTCGTCGARGARGATACARRAAGEL TGGAGGAGARTAAGGTTTATCTGCAGCTRCATGAAGCTATG

1691 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 1810 1820
| |

GARGCTCTTATTCATATATGTCGAGATGGATGCAGGACAAT TEGCCCTCGAGATCARACGCTAARGAGCAGTCAGGCCGTTTGCAGG TTTCCTGCCTGCARGGECATCGAGCTGCTCCTGCGCCATTTCT
GAAGCTCTTATTCATATATGTCGAGATGGATGCAGGACAAT TGGCCCTCGAGATCARACGC TARRGAGCAGTCAGGCCGTTTGCAGGTTTCCTGCCTGCARGGGCATCGAGCTGCTCCTGCGCCATTTCT
GAAGCTCTTATTCATATATGTCGAGATGGATGCAGGACAAT TGGCCCTCGAGATCARACGCTARRGAGCAGTCAGGCCGTTTGCAGGTTTCCTGCCTGCARGGGCATCGAGCTGCTCCTGCGCCATTTCT
GARGCTCTTATTCATATATGTCGAGATGGATGCAGGACAAT TEGCCCTCGAGATCARACGCTAARGAGCAGTCAGGCCGTTTGCAGG TTTCCTGCCTGCAAGGECATCGAGCTGCTCCTGCECCATTTCT

1821 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950
[} [}

CGGCGTGCARARTGCGGGTGCC TEGTGGC TGCGCTARCTGCARGCGCATATGGCAGCTTCTTGAGCTGCAT TCTCGCATGTGCTCTGCACT TGARACT TGCCATGT TCCCCTCTGTAGGCATTTCARGGA
CGGCETGCAARATGCEGG TECC TEGTGECTGCGC TAACTGCARGCGCATATGGCAGCTTCTTGAGCTGCATTCTCGCATGTGC TCTGCACT TGARACT TEGCCATGT TCCCCTCTGTAGGCATTTCARGGA
CGGCGTGCARARTGCGGGTGCC TRGTGGE TRCGC TAACTGCARGCGCATATGGCAGC TTCTTGAGCTGCAT TCTCGCATGTGCTCTGCACT TGARRCT TGCCATGT TCCCCTCTGTAGGCATTTCARGGA
CGGCGTGCARARTGCGGGTGCC TEGTGGC TGCGC TARC TGCARGCGCATATGGCAGCTTCTTGAGCTGCATTCTCGCATGTGCTCTGCACT TGARACT TGCCATGTTCCCCTCTGTAGGCATTTCARGGA

1951 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080
| |

GAARATGCAACATCTGAGCAGARRGGAGGAGGCCAAG TEGGARTCT TTTGGTGTCCARGGTGTTGGAGAGCARAGCARCARCCAGT TCCATC TCAGARAGGAGARAATTTCCATCCCTGARARCAARGGG T
GAARATGCAACATC TGAGCAGARAGGAGGAGGCCARGTGGARTCTTTTGGTGTCCARGGTGTTGGAGAGCARRGCARCARCCAGTTCCATC TCAGARAGGAGARAATTTCCATCCCTGARARCARRGGGT
GAARATGCAACATCTGAGCAGARAGGAGGAGGCCAAG TGGARTCT TTTGGTGTCCARGGTGT TGGAGAGCARAGCARCARCCAGT TCCATC TCAGARAGGAGARAATTTCCATCCCTGARARCARRGGG T
GAARATGCAACATCTGAGCAGARAGGAGGAGGCCAAGTEGARTCT TTTGGTGTCCARGGTGT TGGAGAGCARAGCARCARCCAGTTCCATCTCAGARAGGAGARAATTTCCATCCCTGARARCARRGGGT

2081 2090 2100 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200 2210
I |

GGGCGCGCCGACCCAGCTTTCTTGTACARAGTGGETTGATAACAGCGACTACAAGGATGACGATGACAAGGC TTAGRGCTCGAATTTCCCCGATCGTTCARACATTTGGCARTARAGT TTCTTAAGATTGA
GGGCECGCCGACCCAGCTTTCT TRTACAARGTGGTTGATAACAGCGACTACARGGATGACGATGACARGGC T TAGAGCTCGARTTTCCCCGATCGTTCARACATTTGGCARTARAGT TTCTTRAAGATTGA
GGGCGCGCCGACCCAGCTTTCTTGTACAAAGTGGTTGATAACAGCGAC TACARGGATGACGATGACAAGGCTTAG

GGGCGCGCCGACCCAGCTTTCTTETACAAAGTGETTGATAACAGCGACTACARGGA TGACGATGACAAGGC T TAGaget cgaattbccecgatcgttcaaacatbbggcaataaagttictbaagatlga

2211 2220 2230 2240 2250 2258

ATCCTGTTGCCGGTCTTGCGATGATTATCATATARTTTCTGTTGARTT
ATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTC

at.cctgtbgoeggtocbhgogat.gattatcatataatbbe, , o.vesss

Figure 26 The sequencing result of pGWB511 OsBTBT1
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Sequencing result of pGWB505_0sBTBZ1 GFP
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1 CTATCCTTCGCARGACCCTTCCTCTATATARGGARGT TCATTTCATTTGGAGAGAACACGEGEGACTCTAGAGTTATCAACARGTTTGTACARARARAGCAGGE TCCGCGECCRCCCCCTTCACCEGETAR

CTATCCTTCECARGACCCTTCCTCTATATARGGAAGTTCATTTCATT TGGAGAGARCACGGEEGACTCTAGAGT TATCAACARGTTTGTACARARARGCAGGC TCCGCGGCCGCCCCCTTCACCGEETAR
construct
C Latect Lat I I L

131 140 150 160 170 180 190 200 210 220 230 240 250 260

1 GTGGTAACTGECGACGCGETEGTGCCGTRETAATGETGGTACAGCTTCTCTCCTCTTCTGARTCTTCTCGACTTCTCGTCCTCCCTGTTGCAGAGECTTCTCCGGCGAGGCCGCEAGGCTTGATTTCAGE

2 GTGGTAACTGECGACGCEETEGETGCCGTEETEETGETGETGCAGCTTCTCTCCTCTTCTGAATCTTCTCGACTTCTCGTCCTCCCTGTTGCAGABGCTTCTCCEGCEAGGCCECEAGGCTTGATTTCAGE
construct
C tggt L ke
261 270 280 290 300 310 320 330 340 as0 360 370 380 390

1  TGAGCARGCGECTGTGATTTGTGTTTTTCACCTTTTGCTTTTGAGTTTTCTTCTGCCCTETTARATCCCTTCTCTTGATGTGTRTGAGGAGE TERRCTGTAAT TCAGTCAGT TCAGATATGTTTETGATT

2 TGAGCARGCGECTGTGATTTGTGTTTTTCRCCTTITIGCTTTTGAGTTTTCTTCTGCCCTGTTARATCCCTTCTCTTGATGTGTGTGAGGAGC TEARCTGTAAT TCAGTCAGT TCAGATATGTTTETGATT

construct
C L E E Lt L L L L Latgtitgtgatt
391 400 410 420 430 440 a50 460 azo g0 430 500 510 520

1  TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCTTGAGARTACT TGEARGTTCAGARCCATCCTCAGRATTCAGAARGGGCTTTGCTCTTTTCGCTAGATGCTTCTTTARGCGTCGATTCETCATT

2 TATAGGTTTCTGACCCATGCCGTGATGTTTGTTCTGCT TGAGAATACT TGEARGTTCAGARCCATCCTCAGAATTCAGARRGGGCTTTGCTCTTTTCGCTAGATGCTTCTTTARGCGTCGATTCETCATT

construct
C tataggt L L tactt E tegteatt
521 530 540 550 560 570 580 590 600 610 620 630 640 650

1 TATGCATECTTTAGCTCTTETTCTITITIITTICTCTICTCTITTATCTCGEATARTTTCACACARTCGCAGATTCTTTGGAGCARARAGGARGARACATATTTECTCTTGGATTTGTTTCTTGGARGTAT

2 TATGCATGCTTTAGCTCTTGTTCTTTTTTTTTICTCTCTCTTTTATCTCGGATARTTTCACACARTCGCAGATTCTTTGGAGCARARAGGARGARRCATATTTECTCTTGGATTTGTTTCTTGGARGTAT

construct

s Latgeatgotttagetct e Lebbtbtatctcggataatit et Lat
651 660 670 680 690 700 710 720 730 740 750 760 770 780

1 CGCACAACTAGGATCCARCATCARAGCARTTTATTTAATATATAACTACATCACTTTITACTCTGTTTCCTETTCTGTTCATTITTTGTCCCACTGAACCTGGE TTGARCARARRGCTACTATCACTTTIT

2 CGCACARCTAGGATCCARCATCARAGCARTTTATTTAATATATARCTACATCACTTTTTACTCTGTTTCCTETTCTGTTCATTITTTGTCCCACTGARCCTGGE TTGARCARARAGCTACTATCACTTTIT
Lruct
Consensu ELEaatatataact e ¢ Eat
781 790 800 810 820 830 840 850 60 870 880 830 900 910

1 GCTGAAGTTGTGTTTTGAGCARACTATTTTCTITGCTTTCATTAGTGCATAGTTGATGGCATGTCTTGAGE TGGATTCTTCACARTTCCTAC TEARTGGGGATGGCAGTGTGATCGGCAGCCCATTTEAT

2 GETEHnE1TETGTTTTEnGEHHHETHTT11ETTTEETTTEHTTHETEEHTHETTEHTEEcnTETETTEnEc1EEHTTETTcncHHTTEETHETEHHTEEEEHTGEEHETETEnIcEEancccnITTGHT
const.ruct GGCATGTCTTGAGC TEGATTCTTCACARTTCCTAC TRARTGGGGATEGCAGTETGATCBECAGCCCATTTAAT
C: E 13 tteattagtgcat ATGTCTTGAGCTGEATTCTTCACARTTCCTACTGARTGGGGATEECAGTGTGATCGECAGCCCATTTGAT

911 9z0 930 940 950 960 az0 ago a90 1000 1010 1020 1030 1040

1 ATCCAGCTTGAGTGCAATAGCTTCACAGEC TCCARAGC TGTTCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTARTECCCCTGATCCACCTCCAT TACCCGGAACTTCTTATGGCACACACA
2 ATCCAGCTTGAGTGCAATAGCTTCACAGEC TCCARAGCTGTTCAAGATCATAGCCGATATACTCTTCCTTCACAGTGCACTARTECCCCTGATCCACCTCCAT TACCCGGAACTTCTTATGGCACACACA
construct ATCCAGCTTGAGTGCAATAGCTTCACAGGE TCCAAAGCTETTCARGATCATAGCCGATATACTCTTCCTTCACAGTGCAC TARTRCCCCTGATCCACCTCCATTACCCGGAACTTCTTATGGCACACACA
Consensus  ATCCAGCTTGAGTGCAATAGCTTCACAGGC TCCARAGCTETTCARGATCATAGCCGATATACTCTTCCTTCACAGTGCACTARTECCCCTGATCCACCTCCAT TACCCGGAACTTCTTATGGCACACACA

1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170

1 GAACTTCCAGGARTGCARAGGCTTGCAGETGTETCCCTGARGAGATCCAGEATTTCTGGEACAGGATGTTCTTCGARGCGTATCARTATGATCTCCGTGT TTTGACGGARGATGECARTGAGATCATETC
2 GAACTTCCAGGARTGCARAGGCTTGCAGETGTETCCCTGARGAGATCCAGEATTTCTGGEACAGGATGTTCTTCGARGCGTATCAATATGATCTCCGTGTTTTEACGGAAGATGECARTGAGATCATETC
construct GAACTTCCAGGAATGCARAGECTTGCAGETGTATCCCTGARGAGATCCAGEATTTCTGGEACABGATGTTCTTCGARGCGTATCARTATGATCTCCGTGTTTTGACGGAAGATGECARTGAGATCATAETC
Consensus  GAACTTCCAGGARTGCARAGECTTGCAGGTGTGTCCCTGARGAGATCCAGGATTTCTGGEACAGGATGTTCTTCGARGCGTATCARTATGATCTCCGTGT TTTGACGGAAGATGECARTGAGATCATETC

1171 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

1 ACATTCCTGCETTGTTGGTATTARATCTCCTGTTCTAAGAGCTATGT TGGARGARGCTARRGTACAAGGT GECATCCGACACATCCTGATACCTGRTGTACCATCAGARGCAGTACATGTTTTCATCAGA
2 RACATTCCTGCGTTGTTGETATTARATCTCCTGTTCTAAGAGCTATGT TGGARGAAGCTARAGTACAAGGT GECATCCGACACATCCTGATACC TGRTGTACCATCAGARGCAGTACATGTTTTCATCAGA
construct ACATTCCTGCGTTGTTGGTATTARATCTCCTGTTCTARGAGCTATGT TGGARGARGCTARRGTACAAGGT GECATCCGACACATCCTGATACCTGGTGTACCATCAGARGCAGTACATGTTTTCATCAGA
Consensus ACATTCCTGCGTTGTTGGTATTARATCTCCTGTTCTARGAGCTATGTTGGARGARGCTARRGTACAAGGT GGCATCCGACACATCCTGATACCTGGTGTACCATCAGARGCAGTACATGTTTTCATCAGA

1301 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430

1 TIICTITATTCCTCGCGTTTTGAGCAGTATCAGATGAAGAGETATGTACTTCATCTGCT TETACTCTCCCACGTTTTCTCAGTACCATCTCTGARGAGAGTCTECATCAACCARC TGGAGACATCTTTGE
2 TTTCTTTATTCCTCGCGTTTTGAGCAGTATCAGATGAAGAGETATGTACTTCATCTGCTTETACTCTCCCACGTTTTCTCAGTACCATCTC TGARGAGAGTCTECATCARCCARC TRGAGACATCTTTAC
construct TTTCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGETATGTACTTCATCTGCTTETACTCTCCCACGTTTTCTCAGTACCATCTCTGARGAGAGTCTECATCAACCARC TEGAGACATCTTTGE
Consensus TTTCTTTATTCCTCGCGT TTTGAGCAGTATCAGATGARGAGGTATGTACTTCATCTGCTTETACTCTCCCACGTTTTCTCAGTACCATCTCTGARGAGAGTCTECATCAACCARC TRGAGACATCTTTGE

1431 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

1 TTTCTCCTGAGARCGTGGTAGACATACTACARCTTGCTAGACTGTGCGACGCGCCGCGGLTCTCCCTCGTATGCACTCGTATGATCATCGGAGATTTCAAGGE TATCACTCARACAGAAGGGT GEAGAGT
2 TTTCTCCTGABAACGTGGTAGACATACTACARCTTGCTAGACTGTGCGACECACCGOGGCTCTCCCTCGTATGCACTCGTATGATCATCGGAGATTTCAAGGE TATCACTCARACAGARGGGT GEAGAGT
construct TTTCTCCTGAGARCGTGGTABACATAC TACARCTTGCTABACTGTGCGACGCGCCGCGGE TCTCCCTCGTATECACTCGTATEATCATCGGAGATTTCAAGGE TATCACTCARACAGAAGGGT GEAGAGT
Consensus  TTTCTCCTGAGARCGTGGTAGACATACTACARCTTGCTAGACTGTGCGACGCGCCGCGGLTCTCCCTCGTATECACTCGTATGATCATCGGAGATTTCAAGGE TATCACTCARACAGAAGGGTGEAGAGT

1561 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690

1 GATGAGACARGCCAACCCARGCCTGGAGCAGGAGCTGC T TGAGTCCCTCGTCGAAGARGA TACARAAAGGCAAGAGAGAGCARGAAGGC TGEAGGAGAATARGETTTATCTGCAGC TACATGARGCTATG

2 GATGAGACARGBCCAACCCARGCCTGGAGCAGGAGCTGE T TGAGTCCCTCGTCGARGARGATACARAAAGGEARGAGAGAGCARGAAGGCTGGAGGAGAATARGETTTATCTGCAGC TACATGARGCTATG
construct  GATGAGACARGCCAACCCARGCCTGGAGCAGGAGCTGCT TGAGTCCCTCGTCGARGAAGA TACARAARGGCARGAGAGAGCARGARGGC T GEAGGAGARTARGETTTATCTGCAGCTACATGARGCTATG
Consensus  GATGAGACARGCCAACCCARAGCCTGGAGCAGGAGCTGCT TGAGTCCCTCGTCGARGAAGATACARAARGGCARGAGAGAGCARGARGGC TGEAGGAGARTARGETTTATCTGCAGCTACATGARGCTATG

1691 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 1810 1820

1 GAAGCTCTTATTCATATATGTCGAGATGGEATGCAGGACARTTGGCCCTCGAGATCARACGE TARAGAGCAGTCAGECCGT TTECAGGTTTCC TRCCTGCARGEECATCGAGE TECTCCTGCGCCATTTCT

2 GARGCTCTTATTCATATATETCGAGATGEATGCAGGACARTTGGCCCTCGAGATCARACGC TARRGAGCAGTCAGECCGT TTGCAGGTTTCCTECCTGCAAGEECATCGAGC TECTCCTGCGCCATTTCT
constructk  GAAGCTCTTATTCATATATGTCGAGATGGATGCAGGACARTTGGCCCTCGAGATCARACGE TARAGAGCAGTCAGECCGT TTECAGGTTTCC TRCCTGCAAGEECATCGAGE TECTCCTGCGCCATTTCT
Consensus  GARGCTCTTATTCATATATGTCGAGATGGATGCAGGACARTTGGCCCTCGAGATCARACGE TARAGAGCAGTCAGGCCGT TTECAGGTTTCCTRCCTGCAAGEECATCGAGC TGCTCCTGCGCCATTTCT

1821 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950

1 CGGCGTGCARAATGCGEGTRCCTGGTGEETRCACTAACTGCARGCGCATATGRCAGCTTCTTRAGCTGCATTCTCACATGTECTCTGCACT TEARACTTGCCATRTTCCCCTCTRTAGGCAT T TCARGGA
2 CGGCGTGCARARTGCGEGTECCTGGTGGCTGCECTARC TGCARGCGCATATGECAGCTTCTTBAGCTGCATTCTCECATGTECTCTGCACT TGARACTTGCCATGTTCCCCTC TG TAGGCAT TTCARGGA
construct CGGCGTGCARAATGCGGETGCCTGGTGGCTGCGCTAACTGCARGCGCATATGGCAGCT TCTTGAGCTGCATTCTCACATGTECTCTGCACT TGARACTTGCCATGTTCCCCTCTGTAGGCAT TTCARGGA
Consensue CGECGTGCARARTGCGGEGTGCC TEGTGEC TECRC TAAC TECARGCGCATATGGECAGCT TCTTGAGCTGCATTCTCRCATGTECTCTGCACT TGARACTTGCCATGTTCCCCTC TG TAGGCAT T TCARGGA

1951 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080

1  GAAAATGCARCATCTGAGCAGARAGGAGEAGGCCARGTGGARTCTTTTGGTGTCCARGGTETTGGAGAGCARAGCARCAACCAGTTCCATC TCAGARAGGAGARARTTTCCATCCCTGARARCARAGEGT
2 GARAATGCARCATCTGAGCAGARAGGAGEAGGCCAAGTGGARTCTTTTGGTGTCCAAGGTETTGGAGAGCARAGCARCAACCAGT TCCATC TCAGARAGGAGARARTTTCCATCCCTGARAACARAGEGT
construct GAARATGCARCATCTGAGCAGARAGGAGGAGGCCARGTGEARTCTTTTGGTGTCCAAGGTGTTEGAGAGCARAGCARCAACCAGT TCCATC TCAGARAGGAGARARTTTCCATCCCTGARAACARAGEGT
Consensue  GARAATGCARCATCTGAGCAGARAGGAGGAGGCCARGT GEARTCTTTTG6TGTCCAAGGTGTTEEAGAGCARAGCAARCARCCAGT TCCATC TCAGARAGGAGAARAT TTCCATCCCTGARAACARAGEGT

2081 2090 2100 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200 2210

1 GGGCGCGCCGACCCAGCTTTCTTGTACARAGTGGTTCGATCTAGAGGATCCATAGTGAGCARGGGCGAGGARE TATTCACCEGGETGETGCCCATCCTGGTCEAGE TGGACGGCEACGTARACGECCACA
2 GGGCGCGCCGACCCAGCTTTCTTGTACARAGTGGTTCGATCTAGAGGATCCATGGTGAGCARGEGCGAGGAGCTGTTCACCEGEETGETGCCCATCCTGGTCGAGCTGGACGECGACGTARACGECCACA
construct GGGCGCGCCGACCCAGCTTTCTTGTACARAGTGGTTCGATCTAGAGGATCCATGGTGAGCARGEGCGAGGAGCTGT TCACCEEGETGETGCCCATCCTGGTCGAGCTGGACGGCGACGTGAACGECCACA
Consensus  GGGCGCGCCGACCCAGETTTCTTGTACARRGTAGTTCGATCTAGAGGATCCATG6TGAGCARGEGCGAGGAGCTGTTCACCEEGETGETGCCCATCCTGGTCGAGE TAGACGGCGACGTaAACGECCACA

2211 2220 2230 2240 2250 2260 2270 2280 2290 2300 2310 2320 2330 2340

1  AGTTCAGCGTETCCGGCGABEGCGAGGGECEATECCACE TACGGECARGC TEGACCCTGARGT TCATCTGCACCACCGECAAGE TECCCGTGCCC TEECCCACCCTCRTGACCACC TTCACCTACGGCGTECA
2 RAGTTCAGCGTETCCGGCGABGGCGAGGGCEATECCACE TACGGCARGE TGACCCTGARGT TCATCTGCACCACCGECAAGE TECCCGTGLCE TEECCCACCCTCRTGACCACC TTCACCTACGGCGTECA
construct AGTTCAGCGTGTCCGGCGAGEGCGAGGGECEATACCACC TACGGECARGE TGACCCTGAAGT TCATCTGCACCACCGECAAGE TECCCGTGLCC TRECCCACCCTCGTGACCACC TTCACCTACGGCGTGCA
Consensus  AGTTCAGCGTGTCCGGCGAGEGCOAGEECEATACCACC TACGGCARGE TEACCCTGARGT TCATCTGCACCACCGACAAGE TECCCGTGCCC TRGCCCACCCTCRTAACCACE TTCACCTACGECGTACA

2341 2350 2360 2370 2380 2390 2400 2410 2420 2430 2440 2450 2460 2a70

1 GTGCTTCAGCCGCTACCCCEACCACATGARGCAGCACGACTTCTTCAAGTCCGCCATGCCCGARGGCTACGTCCABGAGCGCACCATCTTCTTCARGGACGACEGCARCTACARGACCCGCGCCEAGETG
2 GIGCTTCAGCCGCTACCCCEACCACATGARGCAGCACGACTTCTTCAAGTCCGCCATGCCCGARGGCTACGTCCAGGAGCGCACCATCTTCTTCARGGACGACEGCARCTACARGACCCGCGCCEAGETG
construct GTGCTTCAGCCECTACCCCGACCACATGARGCAGCACGACTTCTTCAAGTCCGCCATECCCGARGGCTACGTCCAGGAGCGCACCATCTTCT TCARGGACGACEGCARCTACARGACCCGCGCCEAGETG
Consensus  GTGCTTCAGCCECTACCCCGACCACATGARGCAGCACGACTTCTTCAAGTCCGCCATGCCCGARGGCTACGTCCABGAGCGCACCATCTTCTTCARGGACGACEGCARCTACARGACCCGCGCCEAGETG

2471 2480 2430 2500 2510 2520 2530 2540 2550 2560 2570 2580 2590 2600

1 AAGTTCGAGGECGACACCCTGGTGAACCGCATCGAGCTGARGGGCATCGAC
2 AAGTTCGAGGECGACACCCTGGTGAACCGCATCGAGCTGARGGGCATCGAC
construct ARGTTCGAGGGCGACACCCTEGTGAACCGCATCGAGE TEARGGGCATCRACT GECAACATCCTEGGGCACARGE TGGAGTACARC TACARCAGCCACARCGTC TATATCATGECCEACA
Consensus  ARGTTCGAGGGCGACACCC TEETGAACCGCATCGAGE TGARGGGCATCGAC

2601 2610 2620 2630 2640 2650 2660 2670 2680 2690 2700 2710 2720 2730
1
2
construct  AGCAGAAGARCGGCATCI TTCRARGATCCGCCACARCATCGAGGACGGCAGEETECAGC TCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGECCCCGTGE TRCTGCCCGACARCTA
C: .. . .- .. e o .. o . . o .. o
2731 2740 2750 2760 2770 2780 2790 2800 2810 2820 2830 2840 2850 2860
1
2
construct CTACCTGAGCACCCAGTCCGCCCTGAGCARAGACCCCARCGAGARGCGCGATCACATGGTCCTACTGGAGT TCETAACCGLCECCGGGATCACTCACGGCATGEACGAGCTGTAL GECCCG
C: . . Jos . o Jo . P . . o . o
PBEE61
1
1

2
construct A
Consensus .

Figure 27 The sequencing result of pGWB505_OsBTBT1_GFP
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Phenotyping of transgenic lines in 0-day
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Figure A.8 Fresh weight of 7-day old Arabidopsis seedling of WT, bt3
mutant, and transgenic lines (REV1, REV2, OE1l, OE2) grown in
various conditions; normal (control) (A), Supplemented with 150 mM
NaCl (B), 1 uM ABA (C) or 150 mM mannitol (D) on day 0 of stress
exposure. NS = no significant difference among means of the treatments.
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Figure A.9 Contents of pigments, namely, Chl a, (A, D, G, J), Chl b, (B,
E, H, K), and carotenoids (C, F, I, L) of 7-day-old Arabidopsis seedlings
treated with 150 mM NaCl, 1 uM ABA, or 150 mM mannitol for 6 d. The
data were collected from the WT and bt3 complemented lines with the
OsBTBZ1 gene in the bt3 mutant background (REV1 and REV2) and the
OsBTBZ1 ectopic expression line with a WT background (OE1 and OE2).
The different letters above the bars represent the significant difference in
means at p < 0.05 and NS represents no significant difference.
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