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Abiotic stresses, especially drought and salt stresses can affect plant growth and productivity. ‘Kao Dawk
Mali 105” (‘KDML105’) rice is one of the crops which has to face both drought and salt stresses as it is grown in rain-fed
saline soil in the northeastern region of Thailand, where the irrigation is limited. CSSL104, a chromosome substitution line
with ‘KDML105” genetic background, was developed in order to improve drought tolerant ability of ‘KDML105’ rice by
transferring the drought tolerant (DT)-QTL region from double haploid line, DH103. Photosynthesis parameters of
CSSL104 and its parental lines, ‘KDML105" and DH103, were investigated, when they were grown in normal and drought-
stress conditions. Net photosynthesis rates of all lines were similar in normal condition. In drought stress, net
photosynthesis rate of all lines was declined, but CSSL104 and DH103 rice had the significant higher photosynthetic rate
than ‘KDML105’ rice under drought-stressed condition. Based on the SNPs comparison between CSSL104 and ‘KDML105’
rice and gene co-expression network analysis, nine genes were involved in photosynthesis and six genes from those
genes were used to study in Arabidopsis mutant lines containing the mutation in the homologous genes of the predicted
ones. The mutant lines containing the mutation in LOC Os01¢72950, LOC Os07¢37550, LOC 0Os07g¢38300, and
LOC Os10g10170 showed better growth than wild type (WT) under drought stress. The expression of LOC Os07¢37550
and LOC Os08¢41460 in ‘KDML105” was higher than the expression in CSSL104 and DH103 under drought stress. It
supported the result of net photosynthesis that ‘KDML105’ was more susceptible to drought stress than CSSL104 and

DH103. Therefore, it was proposed that these genes were involved in drought tolerant mechanism in CSSL104.

The predicted drought tolerance genes from CSSL104, Ndh-O, Lhcb3, Rif, Pgri5-like, LOC Os09¢39390, Mrl1,
together with LOC Os01¢68450, the predicted salt tolerance gene from CSSL16 were evaluated for salt tolerance
involvement by using the Arabidopsis mutant lines containing the mutation in the homologous genes of the predicted
ones. At1¢65230 is orthologous to LOC Os01¢68450 gene in rice and at1¢65230 Arabidopsis mutant performed the
highest growth inhibition under salt stress condition when compared to other mutant lines. The revertant and ectopic
expression lines with LOC Os01¢68450 gene show the higher growth parameters than the at1¢65230 mutant under
drought and salt stress. Moreover, the ectopic expression lines showed high net photosynthesis and pigments content
under salt stress. These suggested that LOC Os01¢68450 gene has a function to maintain pigments contents under

drought and salt stress leading to the photosynthesis adaptation during drought and salt stress.
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CONTENTS OF DISSERTATION

The contents of this dissertation start with the introduction which explains
about rationales, objectives, scope of research and expected benefits of the
dissertation. Then, it is followed by chapter Il and chapter lll, the publications of this

dissertation which are separated into two parts:

1. Drought-tolerance gene identification using genome comparison and co-

expression network analysis of chromosome substitution lines in rice

2. Role of LOC 0Os01¢68450 in salt tolerance is mediated via the

maintenance of the light-harvesting complex

The identification of drought tolerance gene in CSSL104, chromosome
segment substitution line with DT-QTLs on chromosome 8 with ‘KDML105" genetic
background, is presented in the first publication. Then, the LOC 0s01¢68450, the salt
tolerance gene predicted from CSSL16, was studied with Arabidopsis mutant line,
containing the mutation in the LOC Os01¢68450 ortholog, At1¢65230 gene. The
revertants with LOC Os01¢68450 expression in the at1¢65230 mutant background
and the ectopic expression lines with LOC_Os01g68450 gene in WT were investigated

for the stress response phenotypes.
Lastly, this dissertation shows the additional results, which include:

1. Gene expression of drought stress genes predicted by gene co-expression

network analysis

2. Green area of Arabidopsis WT, at1¢65230 mutant and ectopic expression

lines under drought stress conditions.

The first additional results show expression of Ndh-O, Lhcb3, Rrf, Perll and

Mrl1 genes, the drought tolerant genes predicted in the first publication. The second



12

part of additional results presented the study of LOC 0s01¢68450 gene function in

Arabidopsis under drought stress.
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CHAPTER |

RATIONALES

Drought is an abiotic stress, affecting plant growth and productivity. Drought
in term of plant physiology means the imbalance of water uptake from root and
water loss from plant. When water potential in the soil is lower than water potential
in roots, the roots cannot absorb water from the soil and lead to water deficiency.
Moreover, drought can occur by transpiration and evaporation in the air. Global
warming triggers drought stress. The drought area increases about 2 percent of
farmland every year. It decreases productivity of crop yields by 1-2 percent per year
during 1950 - 2009. Nowadays, the drought affects 5% reduction of global crop yields
every year, and the reduction percentage is increasing every year (Lesk and
Anderson, 2021). The severity of drought stress to plants is up to the duration of
plant exposure to drought and the response of the plants after recovery (Salehi-Lisar

and Bakhshayeshan-Agdam, 2016).

Drought stress can change morphological, physiological, biochemical and
molecular mechanisms of plants. It reduces growth, development and yield quality,
especially crop plants. Cell division, cell elongation and cell differentiation are the
most important steps in plant growth and establishment. Drought stress inhibits seed
germination, seedling growth, length of hypocotyl, shoot dry weight and root dry
weight (Fahad et al., 2017; Hussain et al.,, 2013). When drought stress is developed, it
causes the dehydration in plant cells, leading to the loss of turgor pressure. The cell
expansion and cell elongation are inhibited and result in the limit of plant growth.
Leaf size and number of stomata are decreased under drought stress. Cell wall
thickening, leaf senescence and root to shoot ratios are increased during drought
stress (Farooq et al.,, 2009; Salehi-Lisar and Bakhshayeshan-Agdam, 2016). There are

many research about the reduction of plants growth and yields under drought stress
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including wheat (Triticum aestivum L.) (Dhanda et al., 2004; Sagib et al., 2013), barley
(Hordeum wvulgare L.) (Blum, 1989; Pham et al,, 2019), alfafa (Medicago sativa L.)
(Mouradi et al., 2016) and rice (Oryza sativa L.) (Swapna and Shylaraj, 2017). Plants
protect themselves via osmotic adjustment by accumulation of osmolytes such as
proline, glycine betaine and sugars to maintain osmotic potential and turgor pressure

(Verbruggen and Hermans, 2008)

Photosynthesis is very important mechanism of plants. It is very sensitive to
drought stress. When plant exposed to drought stress, stomatal closure is the initial
response of plant to stress to prevent water loss from leaf cell by transpiration and
evaporation (Marchin et al., 2020; Mukarram et al., 2021). Stomatal closure decreases
carbon dioxide absorption and leads to carbon starvation and photosynthesis rate
reduction (Sharma et al., 2020). Moreover, the decrease of leaf expansion, leaf area
and stomatal conductance can limit CO, uptake (Cornic and Massacci, 1996). Under
drought stress, activity of Calvin cycle is decreased and results in the decline of
NADP™ regeneration (Hajiboland, 2014). Low concentration of carbon affects change
of electron transfer chain at photosystem |. The excess electrons transfer to oxygen
instead of NADP" and generate reactive oxygen species (ROS) such as singlet oxygen,
superoxide radical, hydrogen peroxide and hydroxyl radical (Reddy et al., 2004). The
ROS cause oxidative stress which is the main factor that damages plant
macromolecules (Munir, 2018). ROS scavenging enzymes, such as superoxide
dismutase, glutathione peroxidase and glutathione reductase, are activated to
prevent oxidative damage (Wang et al., 2019). Chlorophyll a content and chlorophyll
b content are reduced by oxidative stress and result in the decrease of light
absorption and maximum photosynthesis rate (Anjum et al., 2003; Mafakheri et al.,

2010).

Linear electron flow (LEF) is the normal pathway to transfer electrons from
water to NADP" which can produce ATP and NADPH. But cyclic electron flow (CEF)

transfers electrons from ferredoxin (Fd) back to plastoquinone (PQ) and produces
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only ATP (Suorsa, 2015). Drought stimulates CEF as the mechanism to minimize the
ROS and protect photosystems under carbon dioxide limitation (Golding and

Johnson, 2003; Johnson, 2011).

Drought affects molecular response in plant cells. Plants have complex
mechanisms of gene regulation to response to drought stress (Singh et al., 2020).
Plants respond to drought stress differently via expression pattern of genes and
proteins. There are many researches about expression profiling in many various plant
species under drought stress such as rice (Oryza sativa L.) (Degenkolbe et al., 2009),
soybean (Glycine max (L.) Merr.) (Fan et al., 2013), sugarcane (Saccharum sp.) (Devi et
al,, 2019) and sorghum (Sorghum bicolor L. Moench) (Abou-Elwafa and Shehzad,
2018)

Rice is the first genome sequenced cereal crop plant, meaning that rice has
many genomic resources on public databases. The expression profiling study showed
that 413 genes were up-regulated and 249 genes were down-regulated under
drought stress. The numbers of gene expression were more significant regulated in
sensitive cultivars than tolerant cultivars (Degenkolbe et al,, 2009). The genes
involved in photosynthesis and water use were more downregulated in the tolerant
cultivars than the sensitive ones, while genes involved in degradation processed
were induced in the sensitive cultivars more than the tolerant cultivars (Ding et al.,

2013).

In Thailand, rice is the major exported product, which is exported about more
than five million tons per year. ‘Khao Dawk Mali 105 (KDML105)’ rice is a special rice
variety, because of the scent and texture of rice seeds. ‘KDML105’ rice is normally
grown in the rain-fed farms in the northeastern of Thailand where the irrigation is
limited (Siangliw et al., 2007). Therefore, ‘KDML105" rice must face drought stress

which leads to the reduction of growth and yield.
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Chromosome segment substitution lines (CSSLs) were developed (Kanjoo et
al,, 2011). CT9993 rice with good rooting system and IR62266 rice with high osmotic
adjustment ability, were used to generate double haploid lines. The double haploid
lines were selected by evaluation of vyield, yield components and morpho-
physiological characters under drought stress condition with DT-QTLs controlling
traits. DH103 and DH212, which carried CT9993 alleles on chromosome 1, 3, 4 and 9
and [R62266 alleles on chromosome 8, were selected to be donors in CSSL
development. ‘KDML105’ rice was used as a recipient. The selected lines with the
putative drought tolerant regions on chromosomes 1, 3, 4, 8 or 9 were backcrossed
with ‘KDML105’ rice for 5 generations to generate the putative drought tolerant CSSL
with ‘KDML105 rice genetic background. The CSSLs with the putative drought
tolerant genes from chromosome 8 obtained from DH103 (Siangliw et al., 2007) were

used in this study.

CSSL104 was selected for this research according to the drought tolerant
phenotypes, such as higher relative water content, higher chlorophyll fluorescence
(F/F.) and lower leaf drying score under drought stress condition at 50% field
capacity, when compared to ‘KDML105’ rice (Punchkhon et al., 2015). This implied

that the putative region from DH103 carried the drought tolerant genes to CSSL104.

To investigate the mechanisms affected by the introgression of DT-QTL from
DH103, the physiological responses to drought stress of CSSL104 was evaluated in
comparison with ‘KDML105’ rice and DH103 donor line. The drought tolerant gene
was predicted by genomic sequencing, followed by co-expression network analysis.
The putative drought tolerant gene was validated using Arabidopsis mutant line(s)
containing the knock-out or knock-down mutation in the homologous gene of the

predicted rice gene.
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OBJECTIVES

1. To study the photosynthesis rate of CSSL104 compared to parental lines,
‘KDML105’ and DH103 under drought stress

2. To compare the genome sequence of drought tolerant CSSL rice line (CSSL104)
with background genome
3. To identify and characterize drought and salt tolerant gene in rice by using

homologous gene in the Arabidopsis plant model
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SCOPE OF RESEARCH

CSSL14 rice, a chromosome segment substitution line containing segment of
chromosome 8 from DH103 line with genetic background of ‘KDML105’ rice and
‘KDML105” were used as the materials for high-throughput genome sequencing. The
whole genome sequence comparison between CSSL14 and ‘KDML105’ rice was
performed to locate the different regions in the genome. Co-expression network
analysis of the genes located in the regions from DH103 was performed to predict
the important genes involve in drought tolerance. Moreover, the predicted genes
from CSSL104 and LOC Os01¢68450, the predicted gene responsible for salt
tolerance from CSSL16 (Chutimanukul et al., 2018), were investigated under drought-

and salt- stress conditions using the Arabidopsis mutant lines.

The complementation with the rice gene expression in the selected
Arabidopsis mutant line was performed to verify the equivalence of the gene
function in both species. Phenotyping of the transgenic plants with knocked-out
mutation or putative gene over-expression under normal and drought conditions was

used to evaluate the role of the selected gene.



EXPECTED BENEFITS

This research can identify and characterize the important gene involve in
abiotic stress tolerance mechanism in CSSL rice including drought stress and salt
stress, which can be used to screen drought and salt tolerance regulated in the
genome for improving abiotic stress tolerance rice. It may benefit for breeders to

generate and select drought and salt tolerance rice in the future.
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Abstract: Drought stress limits plant growth and productivity. It triggers many
responses by inducing changes in plant morphology and physiology. KDML105 rice is
a key rice variety in Thailand and is normally grown in the northeastern part of the
country. The chromosome segment substitution lines (CSSLs) were developed by
transferring putative drought tolerance loci (QTLs) on chromosome 1, 3, 4, 8, or 9
into the KDML105 rice genome. CSSL104 is a drought-tolerant line with higher net
photosynthesis and leaf water potential than KDML105 rice. The analysis of CSSL104
gene regulation identified the loci associated with these traits via gene co-expression
network analysis. Most of the predicted genes are involved in the photosynthesis
process. These genes are also conserved in Arabidopsis thaliana. Seven genes
encoding chloroplast proteins were selected for further analysis through
characterization of Arabidopsis tagged mutants. The response of these mutants to
drought stress was analyzed daily for seven days after treatment by scoring green
tissue areas via the PlantScreen™ XYZ system. Mutation of these genes affected
green areas of the plant and stability index under drought stress, suggesting their

involvement in drought tolerance.

Keywords: CSSLs; drought stress; ‘KDML105’ rice; co-expression network



1. Introduction

Rice (Oryza sativa L.) is one of the important cereal crops of the world [1]. In
Thailand, rice is the major agricultural export, especially Khao Dawk Mali 105
(KDML105) rice. The cooked kernels of KDML105 rice have a highly prized scent and
texture [2]. KDML105 rice is normally grown in the northeast of Thailand, based on
rain with limited irrigation [3]. Therefore, it is always affected by drought stress,

leading to the reduction in growth and yield.

Drought stress affects plant morphology, physiology, and molecular
mechanisms. Upon drought stress, cell turgor pressure is decreased due to low water
potential in cells. This causes a decrease in the relative water content, leaf water
potential, stomatal conductance, and transpiration rate [4]. Cell expansion and
elongation are inhibited, resulting in the reduction of plant height, leaf area, growth,
and vyield [5]. Photosynthesis is one of the important physiological mechanisms
affected by drought stress. The decrease in leaf expansion, leaf area, and stomatal
conductance limits CO, uptake [6]. The photosynthetic pigments (chlorophyll a,
chlorophyll b, and carotenoids) can also be damaged by drought stress, resulting in
their degradation and decreased light absorption and maximum photosynthetic rate
[7]. During drought stress, phosphoenolpyruvate carboxylase, nicotinamide adenine
dinucleotide phosphate-malic enzyme, Rubisco, fructose-1,6-bisphosphatase, and
pyruvate orthophosphate dikinase activities are decreased, which can reduce the
photosynthetic and electron transport rate [8]. The physiological responses to
drought tolerance include osmotic adjustment, osmoprotection, antioxidation,

scavenging defense, and photorespiration [9,10].

Kanjoo et al. [11] developed chromosome segment substitution lines (CSSLs)
in the background of variety KDML105. CT9993, a variety with a good rooting system,
and IR62266, a variety with high osmotic adjustment ability, were hybridized, and
their F1 was used to generate double haploid lines. The double haploid lines were

evaluated for yield, yield components, and morpho-physiological characters under
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drought-stress conditions, defining drought-tolerant quantitative trait loci (DT-QTLs)
on chromosomes 1, 3, 4, 8 and 9. The doubled haploid line DH212 carries CT9993
alleles on in all chromosomes, while DH103 has IR62266 alleles on chromosome 8.
These lines were selected as donor lines for CSSL development. Repeated crossing
to KDML105 resulted in CSSLs with the putative drought-tolerant genes from
chromosome 8, donated by DH103, and the CSSLs with the DT-QTL from
chromosome, 1, 3, 4 and 9, donated by DH212 [3].

CSSL104 is a drought-tolerant KDML105 CSSL carrying the chromosome 8
introgression from inbred DH103 [11]. Compared to KDML105, CSSL104 had higher
relative water content, higher chlorophyll fluorescence (Fv/Fm), and lower leaf
drying score under 50% field capacity drought-stress conditions [12]. This implied

that the region introgressed from DH103 carried the putative drought-tolerant genes.

To investigate the mechanisms affected by the introgression of DH103 genes,
the physiological responses to drought stress of CSSL104 were evaluated relative to
KDML105 and the DH103 donor line. Then, drought-tolerance genes were predicted
based on genomic sequence comparison and co-expression network analysis. Finally,
the putative drought-tolerance genes were validated using the corresponding
Arabidopsis mutants. This study will be beneficial to the future development of

drought-tolerant rice.

2. Materials and methods
2.1. Plant materials

We used CSSLs with the genetic background of KDML105 rice and containing
a putative drought-tolerance segment of chromosome 8 from DH103 between
markers RM5353 and RM3480 [11]. These are CSSL97, CSSL104, CSSL106, CSSL107,
and parental lines (KDML105 and DH103). They were used to study drought-stress

responses. All rice seeds were provided by the Innovative Plant Biotechnology and



25

Precision Agriculture Research Team (APBT) at the National Center for Genetic

Engineering and Biotechnology (BIOTEC), Thailand.

2.2. Evaluation of physiological responses at vegetative stage under drought-

stress conditions
2.2.1. Rice growth condition

KDML105 rice, DH103, and CSSL seeds were incubated at 60 °C for 48 h
before planting. The seeds were then germinated by soaking in distilled water for
seven days in plastic cups. Rice seedlings were transferred to a plastic tray and
continuously grown in WP nutrient solution [13]. Twenty-eight days after germination,
rice plants were drought-stressed for three days by the addition of 10% polyethylene
glycol 6000 (PEG6000). This condition was previously shown to cause drought stress
in rice [14,15]. In order to induce the stronger drought-stress condition, after
treatment with WP nutrient solution with 10% PEG6000 for three days, the solution
was then changed to WP nutrient solution with 15% PEG. Plants grown in WP
nutrient solution without PEG6000 were used as controls. A complete randomized
design (CRD) with four replicates was used for physiological evaluation in each

parameter.

2.2.2. Net photosynthesis rate and leaf water status detection

The net photosynthesis rate (Pn) of twenty-eight-day-old rice plants was
determined with a LI-6400 XT portable photosynthesis system (LI-COR, Lincoln, NE,
USA). The measurement was taken at the middle part of the youngest fully
expanded leaves between 9 am and 2 pm, with the following conditions: the molar

flow of air per unit leaf area was 500 mmol ! m? s, the photosynthetically active

radiation (PAR) at the leaf surface was 1200 Hmol m? s the leaf temperature
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ranged from 30.0 to 37.0 °C, with a CO, concentration of 380.0 mol mol™. The leaf
water potential (LWP) was measured in the youngest fully expanded leaves using

plant water status console model 3005 (Soilmoisture, Goleta, CA, USA).

2.3. Identification of drought-tolerance gene
2.3.1. Whole genome sequencing

The aboveground parts of KDML105, DH103, and CSSL104 rice plants were
collected at fourteen days after germination. Rice genomic DNA was extracted using a
Genomic DNA Mini Kit, ‘Plant’ (Geneaid, New Taipei City, Taiwan). Genomic DNA
libraries were prepared for sequencing by using an Illumina genome analyzer
(Ilumina, San Diego, CA, USA) with Illumina HiSeq3000’s protocol. For genome
analyses, the sequence reads were classified into specific categories using the
pipeline developed by Missirian et al. [16]. The rice genomic sequence from the Rice
Genome Annotation Project database [17] was used as a reference genome [18] to
map the sequence reads. The raw reads were submitted to GenBank at the NCBI
under BioProject no. PRINA659381. Bioinformatic tools were used to compare the
genome of CSSL104 with the KDML105 rice genome to identify loci containing
different single nucleotide polymorphisms (SNPs). These loci may contribute to the
drought-tolerance phenotypes of CSSL104. The genome comparison first started by
discarding all SNPs shared by both CSSL104 and KDML105. The remaining differential
SNPs were counted within a sliding window of 5000 background nucleotides. To
visualize the chromosome plots with the marks of different SNPs’ loci, the window
region containing more than 100 SNPs in CSSL104 with different nucleotides from
KDML105 was marked as a blue line on the chromosome plots. The analysis of the

locations of SNPs in the candidate genes was analyzed.
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2.3.2. Gene co-expression network analysis

The rice loci containing the different SNPs were used for a gene co-expression
network analysis. To predict the important loci involved in drought tolerance, a rice
oligonucleotide array database was used with abiotic stress-induced gene expression
data with a correlation coefficient cut-off 0.95 [19]. The predicted loci were searched

for gene ontology and expression patterns from the rice expression database [20].

2.4, Identification of drought-tolerance gene function in Arabidopsis
2.4.1. Arabidopsis homologous gene

The best candidate genes were used to search for the homologous gene in
Arabidopsis from the Rice Genome Annotation Project database [17] and The
Arabidopsis Information Resource [19]. Arabidopsis mutant lines with T-DNA insertion
in the selected gene were ordered from the Arabidopsis Biological Resource Center
(ABRC). The Arabidopsis seeds were screened for homozygous mutant lines via
specific primers, LP and RP, to the gene of interest; the LB primer was used for a

specific T-DNA region.

2.4.2. Arabidopsis growth condition

Four days after germination, Arabidopsis thaliana ecotype Col-O seeds and
seven mutant lines [21] including at1g74880, at5¢54270, at3¢63190, atdgl11960,
atdg22890, at2¢27680, and atdg34830 were sowed and transferred to 48-well plates,
containing Murashige and Skoog (MS) agar media for normal conditions, MS agar
media supplemented with 75 mM mannitol for mild drought stress, or MS agar media

supplemented with 150 mM mannitol for severe drought stress. The plants were

then grown in a growth chamber at 22 °C/20 °C, 16/8 h light/dark cycle, 120 ltmol

photons of PAR m?s™, and 60% humidity. RGB imaging was used to collect the green
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area of plants twice a day via a PlantScreen™ XYZ system (Photon Systems

Instruments, Drasov, Czech Republic) [22].

2.5. Statistical analysis

Analysis of variance (ANOVA) and Duncan’s Multiple Range Test (DMRT) were
used for data analysis by SPSS Statistics program version 22 (IBM, Armonk, NY, USA).
The images from the PlantScreen™ XYZ system were analyzed using MATLAB (R2015;
MathWorks, Inc., Natick, MA, USA), and the data were analyzed by independent t-
tests using SPSS.

3. Results

3.1. Evaluation of physiological responses of CSSLs of KDML105 under drought-

stress conditions

Selected CSSLs, namely CSSL97, CSSL104, CSSL106, and CSSL107, were
evaluated for drought tolerance by growing the seedlings in soil with 100% or 50%
field capacity. In normal growth conditions (100% field capacity), all of the lines were
similar (Figure 1A,C), but they differed under 50% field capacity (Figure 1B,D).
CSSL104 displayed the most drought-tolerant phenotype, with the lowest leaf dying
score and the highest photosystem Il (PSII) efficiency (Fv/Fm). This was similar to the
performance of DH103 (the drought-tolerant parental line). The highest leaf-death
score was detected in CSSL106, while CSSL97 had the lowest PSII efficiency under
drought stress. These data suggest that CSSL104 is the most drought-tolerant line,
while CSSL97 and CSSL106 are the most susceptible. Therefore, CSSL104 was

selected for further characterization.

CSSL104 and its parental lines, KDML105 and DH103 rice, were grown in

nutrient solutions corresponding to normal growth conditions and in a solution
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supplemented with 15% PEG for the drought-stress treatment, which caused about a
50-180% reduction in leaf water potential (Table 1). After nine days of drought
stress, we measured the highest reduction of leaf water potential for all lines. Under
these conditions, CSSL104 had the lowest leaf water potential at -7.75 MPa, which
was about threefold lower than the LWP of the plants grown in normal conditions.
The parental lines, KDML105 and DH103, had about a twofold reduction in LWP.
Drought stress reduced all parameters of photosynthesis, including net
photosynthesis rate, stomatal conductance, transpiration rate, intercellular CO,
concentration, (I)PSII, and electron transport rate in all lines. However, after six days
under drought stress, CSSL104 had a significantly higher photosynthetic rate than the
KDML105 parent. In addition, CSSL104 had a greater tendency than KDML105 toward
higher values for all photosynthetic parameters after nine days of drought treatment

(Table 1).
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Figure 1. Response to drought stress in chromosome segment substitution lines
(CSSLs) and parents. CSSLs, CSSL97, CSSL104, CSSL106, and CSSL107, and their
parental lines KDML105 and DH103, were compared for leaf death (leaf dying score)
and photosystem |l efficiency (Fv/Fm) under (A,C) normal (100% field capacity) and
(B,D) drought-stress (50% field capacity) conditions. The mean % standard error (SE)
was derived from four replicates. Means with a different lowercase letter above them
are significantly different (p < 0.05). NS demonstrates no significant difference among

lines.
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3.2. Whole genome sequence comparison between CSSL104 and KDML105 and
co-expression network analysis revealed that major hub genes have a role in

photosynthesis

We compared whole genome sequences of CSSL104 and its drought
susceptible parental line KDML105 to define the genes responsible for drought
tolerance in CSSL104. A total of 101,950 SNPs located on 3440 genes were detected.
The regions with a high density of SNPs were on chromosomes 1, 8, 9, and 11 (Figure

2).

The eighteen rice genes reported here have homologs in Arabidopsis for
which tagged mutants are available (Table 2). Nine of them (CPFTSY, NDH-O, SOQ1,
LHCB3, RRF, PGRL1B, HCF244, NAD(P)-linked oxidoreductase, and MRLI1) were
annotated to be involved in the photosynthesis process [24-32]. Moreover, the
homolog of LOC Os11¢43600 is CPRF1, an Arabidopsis gene required for chloroplast
development [33]. These findings suggest that these rice genes are involved in

photosynthesis adaptation during drought stress.

Therefore, we obtained seven homozygous, T-DNA tagged Arabidopsis mutant
lines corresponding to ndhO (at1¢74880), lhcb3 (atb¢54270), rif (at3¢63190), pgrl1b
(atde11960), perlla (atde22890), at2¢27680, and mrll (at4¢34830). These lines were
drought stressed by growing them in MS medium supplemented with 0 mM, 75 mM,
or 150 mM mannitol. Their growth response was assessed by measuring the green

pixel area per plant and compared to the wild type (WT).

Under normal conditions, all mutant lines displayed a significantly lower
number of green pixels than WT, suggesting lower growth than WT (Figure 4A). Both
drought-stress treatments decreased growth in all lines, with the 150mMcausing the
more severe reduction. At 75mMmannitol, pgr(1b had a significantly lower number of
green pixels than WT, while pgrlla showed similar growth to WT. Other mutant lines

showed better growth than WT (Figure 4B). Under the severe drought-stress
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conditions induced with 150 mM mannitol, the growth of (hcb3, at2¢27680, mrll,
and WT were similar. Mutants perl1b and pgrl1a had a significantly lower growth than
WT, while rrf had a lower growth at the beginning of the treatment but displayed
better growth than WT after 5 days of the treatment. However, similar growth
between WT and rrf was found after seven days of drought stress. Among the mutant
lines, ndhO was the only mutant line that had significantly better growth than WT

under severe drought stress (Figure 4QC).

The stability indexes of Arabidopsis mutants and WT were calculated to
compare drought tolerance after six days of drought stress. After the intermediate
drought stress (75 mM mannitol), all mutant lines except pgrlla displayed
significantly higher stability than WT, suggesting the contribution of NDH-O, LHCB3,
RRF, PGRL1b, at2¢27680, and MRL1 to drought-tolerance adaptation (Figure 5A).
Under severe drought (150 mM mannitol), significantly higher stability than WTs was
detected for the ndh-o, rif, perl1b, at2¢27680, and mrl1 mutants (Figure 5B). The rrf
mutant line displayed the highest stability under both intermediate and severe

drought-stress conditions.
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Figure 2. Genetic regions introgressed into the KDML105 genome. Single nucleotide
polymorphisms (SNPs) between CSSL104 and KDML105 rice. The blue lines show 100
SNPs within 5000 background nucleotides. All loci containing SNPs were subjected to
a co-expression network analysis. The results, shown in Figure 3A, revealed 18 major
nodes with a high connection to other genes. The gene ontology of these 18 genes is
listed in Table 2. The map position of these genes is shown in Figure 3B. Based on
quantitative trait loci (QTL) data from the Qtaro database [23], six loci are located in
QTL regions for drought-stress tolerance on chromosomes 1, 3, and 8 (Figure 3B). The
high-density SNP on chromosome 1 was consistent with the location of the drought-
tolerant (DT)-QTL, which is flanked by markers RZ14 and R117. In this QTL, co-
expression network analysis identified two genes, LOC Os01¢72800 and
LOC 0s01¢72950, as the major nodes. Chromosome 3 did not display high-density
SNPs. On this chromosome, LOC_0s03¢02590 and LOC 0Os03¢03910 were located in
two drought-tolerance QTLs mapped between markers RM7332, RM545, and RG104,
RZ329. Another node gene, LOC 0s03¢52460, is located between markers C136 and
R1618, corresponding to another drought-tolerance QTL. Chromosome 8 displays

several major nodes: LOC_0s08g16570 is located between markers RM72 and RM331,
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while LOC_0s08g41040 and LOC 0Os08g41460 are located between RM5353 and RM
3480. This region on chromosome 8 also displayed high-density SNPs between
CSSL104 and KDML 105 (Figures 2 and 3B).
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analyzed by using the Rice Oligonucleotide Array Database [19], showing the major
node genes with yellow dots (A), while DT-QTLs from the Q-TARO database [23] and
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loci based on this study.
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Table 2. Rice gene candidates for drought tolerance, their Arabidopsis homologs,

and the inferred function of the genes in rice.

Rice locus ID

Arabidopsis

locus ID

Gene description

Mutant stock

involve in

photosynthesis

LOC_0s01g72800

AT2G45770

Chloroplast SRP receptor homolog,
alpha subunit CPFTSY. Required for
LHCP integration into isolated
thylakoids.

SALK_070410C

v

LOC 0s01g72950

AT1G74880

NDH-O, encoding subunit NDH-O of
NAD(P)H:plastoquinone
dehydrogenase complex (Ndh
complex) present in the thylakoid
membrane of chloroplasts. This
subunit is thought to be required for

Ndh complex assembly.

SALK 097351C

LOC _0s03¢02590

AT1G01820

PEROXIN11C, member of the
peroxin11 (PEX11) gene family,
integral to peroxisome membrane,

controls peroxisome proliferation

SALK_057358C

LOC _0s03g03910

AT4G35090

CAT2

SALK 076998

LOC _0s03g19760

AT1G56500

SOQ1 (Suppressor of quenching 1)
prevents the formation of a slowly
reversible form of antenna
quenching, thereby maintaining the

efficiency of light harvesting.

SALK_ 097577

LOC _0s03¢36750

AT3G48420

Haloacid dehalogenase-like

hydrolase (HAD) superfamily protein

SALK 025204

LOC 0s03g52460

AT5G19220

APL1, the large subunit of ADP-
glucose pyrophosphorylase which
catalyzes the first and rate-limiting

step in starch biosynthesis.

CS478981

LOC _0s05¢33520

AT2G48070

RPH1 is a chloroplast protein RPH1
(resistance to Phytophthora 1)
involved in immune response to

Phytophthora brassicae

SALK_102558C

LOC 0s07¢37550

AT5G54270

LHCB3 is a component of the main
light harvesting chlorophyll a/b-

protein complex of Photosystem II

SALK 020314C
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(LHC 1)

LOC 0s07g38300

AT3G63190

RRF, encoding a chloroplast
ribosome recycling factor

homologue.

SALK_015954C N4

LOC 0s08g16570

AT1G16080

Nuclear protein

SALK_007790C

LOC_0s08g41040

AT4G31115

DUF1997 family protein

SALK_010690C

LOC _0s08g41460

AT4G11960

AT4G22890

PGRL1B - a transmembrane protein
present in thylakoids. Plants lacking
PGRL1 show perturbation of cyclic

electron flow.

SALK_059238C

SALK 133856C

NEENEENEEN

LOC_0s08g44000

AT4G35250

HCF244 is a member of the atypical
short-chain dehydrogenase/reductase
superfamily, a modified group,
required for the biogenesis of
photosystem Il (PSIN), especially for
the synthesis of the reaction center

proteins (e.g. D1)

SALK 058477

LOC 0s09g10750

AT2G42220

Rhodanese/cell cycle control

phosphatase superfamily protein

SALK_045769 N4

LOC 0s09g39390

AT2G27680

NAD(P)-linked oxidoreductase

superfamily protein

SALK 073120C N4

LOC 0Os10g10170

AT4G34830

MRL1 (a conserved pentatricopeptide
repeat protein) required for

stabilization of rbcL. mRNA

SALK_060806C V4

LOC Os11g43600

AT3G62910

Chloroplast ribosome release factor
1, CPRF1, encoding a plastid-
localized ribosome release factor 1
that is essential in chloroplast

development

SALK 117765C
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Figure 4. Growth response of seven mutant Arabidopsis lines to drought stress.
Comparison of growth (green pixels per plant) of wild type (WT) and the T-DNA
insertion mutant lines ndhO (at1¢74880), (hcb3 (at5¢54270), rrf (at3¢63190), perllb
(atde11960), perlla (atdg22890), at2¢27680, and mrli(atdg34830) grown in (A) normal
Murashige and Skoog (MS) medium, (B) under intermediate drought stress (MS
medium supplemented with 75 mM mannitol), and (C) under severe drought stress
(MS medium supplemented with 150 mM mannitol). Statistical analysis was by t-test.
* and ** above the name of the mutant line represent significant difference (p < 0.05)

and highly significant difference (p < 0.01) between WT and mutant, respectively.
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Figure 5. Stability during drought stress. The stability index, which is the ratio

between the values from stressed plants and normal growth plants, is shown in (A)

75 mM mannitol and (B) 150 mM. This figure represents the mean & SE of WT and
mutant lines. The * shows a significant difference at p values < 0.05 and ** indicates

p value < 0.01.

4. Discussion

We investigated the effect of a drought-stress QTL introgressed into the elite
rice line KDML105. Using leaf water potential under drought stress, we found that
introgression line CSSL104 manifested drought tolerance similar to that of the parent
line DH103. Both tended to have a better ability to maintain water status in the first
fully expanded leaves. After six days of drought stress, both lines had about a 22%
higher leaf water potential than the KDML105 parent. Drought stress limits water
uptake from the rice root and reduces water availability in the cells, which is critical
for survival under drought stress. Water depletion can compromise photosynthesis
and cell growth [34], and three main maintenance mechanisms are used by plants to
set water loss: leaf rolling, stomatal closure, and osmoregulation [35,36]. Evidence for
the drought tolerance of CSSL104 was also provided by the lower leaf-death score

and higher F,/F,, displayed by CSSL104 compared to KDML105 (Figure 1).

Drought stress resulted in decreased stomatal conductance in all lines

(KDML105, DH103, and CSSL104; Table 1). This was a water-preservation mechanism
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that also resulted in a decline in the net photosynthesis rate. After three days of

drought stress, the photosynthesis parameters, net photosynthesis rate, stomatal

conductance, transpiration rate, d)PSII, electron transport rate, intercellular CO,
concentration, and F,’/F,,’, were similar among all lines. After six days under drought
stress, the net photosynthesis rate of DH103 and CSSL104 were about twofold higher
than the net photosynthesis rate of KDML105. In comparison with normal plants,

KDML105 rice had a nearly 70% reduction in photosynthesis rate, while DH103 and

CSSL104 had only a 46 and 449% reduction, respectively. Interestingly, the (I)PSII and
electron transport rate of all lines were similar, while the stomatal conductance of
KDML105 was 58% lower than DH103. These findings suggest that stomatal closure
could be one of the major factors contributing to the decline in the net
photosynthesis rate of KDML105. Although the stomatal conductance of CSSL104
was lower than DH103 by 42%, CSSL104 could maintain a net photosynthesis rate
(Table 1). These indicated that this CSSL is better adapted than its drought-tolerant
parental line. It is possible that a KDML105 locus contributed to maintenance of the
photosynthesis process through an epistatic interaction with the introgressed DH103

region.

Using whole genome sequence comparison and co-expression network
analysis, we characterized the molecular fingerprint of the introgression. The first
detected DNA segments introgressed, while the second identified genes connected
with the drought response. During this stress, 18 genes were highly co-expressed with
other genes (Figure 3A and Table 2). Nine of them (CPFTSY, NDH-O, SOQ1, LHCB3,
RRF, PGRL1, HCF244, NAD(P)-linked oxidoreductase, and MRL1) are involved in the
photosynthesis process, and CPRF1 is essential for chloroplast development. These
findings indicate that the drought-adaptation QTL affects photosynthetic genes

whose modulation maintains the net photosynthesis rate of CSSL104.

The function of the identified genes is as follows. CPFTSY (chloroplast FtsY,

i.e., chloroplast signal-recognition particle) is required for light-harvesting chlorophyll
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a/b-binding protein (LHCP) integration into thylakoids [25], and NDH-O is the subunit
required for the NADH dehydrogenase-like (NDH) complex assembly that functions in
cyclic electron flow [25,37]. SOQ1 is required to maintain light harvesting efficiency
especially during nonphotochemical quenching (NPQ) recovery [26]. Light-harvesting
chlorophyll (LHC) functions as a light receptor to capture light energy and deliver it
to photosystems. The Lhcb3 gene product regulates the rate of state transition by
changing the excitation energy transfer and charge separation [38]. RRF is a ribosome
recycling factor in chloroplast [39]. RRF is required to maintain photosystem I
efficiency (F,/F,,) and proper stacking of the internal membranes of chloroplast. Loss
of these functions led to a lower growth rate for the rrf mutant compared to WT
[28], which is consistent with the phenotype documented in this study (Figure 4A).
PGRL1A (AT4G22890) and PGRL1B (AT4G11960) are paralogous genes whose products
switch linear electron flow to cyclic electron flow. PGRL1 is the elusive ferredoxin-

plastoquinone reductase (FQR) [29].

During drought stress, plants shift the electron transfer route from linear to
cyclic to balance the energy flow from light reaction to Calvin cycle and
photorespiration [37,40,41]; this change is due to CO, limitations caused by stomatal
closure. It was recently shown that tomato with co-silencing of the PGR5/PGRLIA
gene was more susceptible to cold stress [42]. This is consistent with our finding that
the perll mutant had a significantly lower growth rate than WT in both intermediate
and severe drought stress (Figure 5B,C). HCF244 is required for the biogenesis of
photosystem Il (PSII), and specifically for the synthesis of the reaction center proteins
[30-32]. The NAD(P)-linked oxidoreductase gene is involved in redox reactions, but
the details are still unclear. MRL1 is the only gene in this study whose product is
involved in the Calvin cycle. It is involved either in the processing or in the

stabilization of the large subunit (LS) of RuBisCO transcripts [43].

Not surprisingly, impairment of these photosynthesis genes significantly

reduced growth under normal conditions (Figure 4A). Moreover, we could not obtain
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homozygous lines of the soql, hcf244, and cprfI mutation, probably because the
homozygous mutants are lethal. However, under drought-stress conditions, some of
the mutants in the genes involved in the light reaction process (ndhO (at1¢74880),
lhcb3 (at5¢54270), rf (at3¢63190), and at2¢27680 mutants) displayed significantly
higher growth than WT. These responses suggested that the decrease in light energy
harvest during drought stress could prevent damage to chloroplasts and prolong
survival of photosynthetic tissues. The mrll mutant was expected to lack of the
ability to stabilize the rbcl. mRNA, which could result in a decline in Calvin cycle
activity. The higher stability index of the mrll mutant line under intermediate and
severe drought stress indicated that a slower rate of the Calvin cycle may help

plants cope with drought stress.

Based on the growth phenotype under drought stress, the ndhO, hcb3, rrf,
and mrl1 mutants showed a higher growth rate than WT (Figure 4B,C). The homologs
in rice of these genes are LOC 0s01¢72950, LOC Os07¢37550, LOC 0Os07¢38300, and
LOC Os10¢10170, respectively. Therefore, we would like to propose that these genes
contribute to drought-tolerance regulation in rice by mediating adaptation in the
photosynthesis process. LOC Os01g72950 is located in the previously reported
drought-tolerance QTL between RZ14 and R117 [21], while the other three genes are
not. Collectively, our results indicate that the combination of SNP analysis with co-
expression network analysis is a suitable method for drought-tolerance gene
prediction. This approach will help future exploration to identify the candidate genes

for abiotic stress tolerance.

5. Conclusions

The KDML105 chromosome substitution line CSSL104 displayed a drought-
tolerance phenotype based on photosynthetic maintenance ability. Identification of

SNPs between KDML105 and the tolerant CSSL, together with co-expression network
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analysis, predicted 18 candidate drought-tolerance genes—ten of which were
involved in photosynthesis or chloroplast development. Seven of them were
selected for the characterization by using Arabidopsis mutant lines for the
homologous genes. Four out of seven mutants showed a higher growth rate than WT
under  drought  stress.  Therefore,  LOC 0Os01¢72950,  LOC Os07¢37550,
LOC 0Os07¢38300, and LOC Os10¢10170 are proposed to be the drought-tolerance

genes in CSSL104 rice.
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Abstract

Salt stress affects plant growth and productivity. In this study, we determined
the roles of eight genes involved in photosynthesis, predicted by using gene co-
expression network analysis, under salt-stress conditions using Arabidopsis knockout
mutants. Green area of the leaves was minimum in the at1¢65230 mutant line. Rice
LOC Os01g68450, a homolog of At1g65230, was ectopically expressed in the
at1¢65230 mutant line to generate revertant lines. Salt stress increased the content
of photosynthetic pigments in the revertant line than in the mutant line. Under salt
stress, the net photosynthetic rate of the revertant line was higher than that of the
wildtype (WT) and mutant lines, whereas the stomatal conductance and transpiration
rate of the revertant line were lower than those of the WT plants. The excitation
capture efficiency, operating efficiency of photosystem II, and electron transport rate
decreased in the WT and mutant line after five days of exposure to salt stress, but
they were maintained in the revertant line. Moreover, the revertant line accumulated
more photosynthetic pigments. These findings suggest the important role of the gene
product of LOC_0s01g68450 in the maintenance of the light-harvesting complex and

adaptation of photosynthesis under salt stress.

Keywords: LOC Os01g¢68450; at1g65230 mutant line; light-harvesting complex;
photosynthetic pigment; salt stress; excitation capture efficiency; PhiPSIl; electron

transport rate; stomatal conductance
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1. Introduction

Salt stress is one of the most common abiotic stresses that affects plant
growth and productivity. In 2019, approximately 1.125 MH of land exhibited highly
saline conditions, and the area is likely to increase by 1%-2% each year [1]. Salt
stress affects plants via osmotic stress, inhibition of nutrient absorption, ion toxicity,
metabolism imbalance, and oxidative stress, which affect biological processes,
including growth, photosynthesis, protein synthesis, and protein and phospholipid
metabolism. Under salt-stress conditions, plants close their stomata to prevent water
loss from the leaves, resulting in decreased carbon assimilation. Moreover, salt stress
induces the production of reactive oxygen species (ROS), which results in thylakoid
disruption and chlorophyll degradation. Moreover, the plant responses induced
under salt stress suppress photosynthesis [2,3], thereby reducing growth and yield of
Crops.

Salt and drought stress are abiotic stresses, which promote water deficit in
plants. These stresses have similar effects on plants during the early stages of stress.
Prolonged salt stress induces hyperionic and hyperosmotic stresses in plants. In rice,
drought-tolerant quantitative trait loci in the chromosome segment substitution line
(CSSL) ‘KDML105" were co-localized with the markers of salt tolerance [4]. Recently,
based on the comparison between the genomes of ‘CSSL104” and ‘KDML105’ and
co-expression network analysis, ten genes, namely CPFTSY, NDH-O, SOQ1, LHCB3,
RRF, PGRL1B, HCF244, NAD(P)-linked oxidoreductase, LOC Os09¢39390, and MRL]1,
have been identified to function in the adaptation of photosynthesis during drought
stress. The analysis of seven T-DNA-tagged Arabidopsis mutant lines, corresponding to
seven of the ten genes, namely ndhO (at1¢74880), lhcb3 (at5¢54270), rrf (at3¢63190),
perl1b (atde11960), perlla (atdg22890), at2¢27680, and mrll (at4¢34830), revealed
that all the genes, except pgrlla, contributed to drought tolerance [5]. Furthermore,
salt tolerance has been investigated in rice CSSLs. It was reported that CSSL16
exhibited salt tolerance at the seedling and tillering stages, with several
photosynthesis-related genes predicted to play roles in salt tolerance, including
OsPsbS1, which encodes the chlorophyll a- and b-binding protein in  the
photosystem II, and OsNDH-O, which is involved in the adaptation of photosynthesis
during drought stress in CSSL104 [5-7].
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Among the predicted genes involved in salt tolerance from (CSSL16,
LOC 0s01¢68450 has not been characterized [6]. Therefore, in this study, we aimed
to determine the roles of the photosynthesis-related genes predicted to be involved
in  drought tolerance, namely, NDH-O, LHCB3, RRF, PGRLIA, PGRLI1B,
LOC 0s09¢39390, and MRL1, using the T-DNA-tagged Arabidopsis mutant lines
corresponding to these genes. Comparison between the Arabidopsis mutant line
at1¢65230, corresponding to LOC 0Os01¢68450, and the uncharacterized gene from
CSSL16, predicted to be involved in drought tolerance, under salt stress revealed
that at1¢65230 exhibited the most susceptible phenotype. Thus, the phenotype of
the at1g65230 revertant lines, with the ectopic expression of LOC Os01¢68450, was

investigated to determine the role of LOC Os01¢68450 under salt stress.

2. Results
2.1 Mutation in At1¢65230 Strongly Inhibited Plant Growth Under Salt Stress

Arabidopsis mutant lines with T-DNA insertions at the orthologous rice genes
were used to determine the total green area of the leaves cultured under control
and salt-stress conditions.

Under control conditions, the values of the total green areas in the leaves of
all the Arabidopsis mutant lines were significantly lower than that of the wildtype
(WT) (Figure 1A), whereas under salt stress, the mutant lines exhibited higher values
of the green areas in the leaves. For the ndho, (hbc3, and mrl1 mutants, the values
of the green areas of the leaves were similar to those of the WT under salt stress,
whereas the values of the green areas in the leaves of the remaining mutants were
significantly lower than that of the WT. Moreover, the value of the green area in the
leaves of the at2¢27680 mutant was significantly lower than that of the WT, but after
five days of exposure to salt stress, its value was similar to that of the WT. The
at1¢65230 mutant exhibited the lowest green area in the leaves (Figure 1B), lowest
growth ratio (Figure 1C), and maximum decrease in the leaf green area percentage

(Figure 1D) compared to the WT under salt stress, suggesting the role of At1¢65230 in
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adapting to salt stress. Therefore, the at1¢65230 mutant was selected for further

characterization.

2.2 Ectopic Expression of LOC Os01¢68450 Reverted the Susceptibility of the
at1¢65230 Mutant to Salt Stress

To investigate the reversal of susceptibility of the at1¢65230 mutant to salt
stress by ectopic expression of LOC Os01¢68450, the ectopic expression construct
was transformed into the at1¢65230 mutant. T2 homozygous expression lines were
used to determine the phenotype under the control and salt-stress conditions. Both
the revertant lines grew better than the at1¢65230 mutant under control conditions.
The revertant line rev-1 exhibited green area development similar to that of the WT
(Figure 2A), whereas under salt stress, both the revertant lines exhibited significantly
higher green areas in the leaves than the mutant line. However, after five days of
exposure to salt stress, the revertant lines exhibited significantly lower values of the
green area in the leaves than the WT (Figure 2B). Therefore, the revertant line was

selected for further characterization of the photosynthetic parameters.
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Figure 1. Total green area of the leaves in the Arabidopsis wildtype (WT) and mutant
lines under the control conditions (A) and 75-mM NaCl stress (B). Relative growth
rates of the Arabidopsis WT and mutant lines after five-day-exposure to the control

conditions (C) and 75 mM NaCl (D).
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Figure 2 Total green area of the leaves in the Arabidopsis wildtype (WT) and

revertant lines under the control conditions (A) and 75-mM NaCl stress (B).

Under control conditions, the net photosynthetic rates (P,) of the mutant,
revertant lines, and WT were similar, whereas salt stress resulted in a significant
decrease in the P, of all the lines. However, the revertant line exhibited a
significantly higher P, than the WT and mutant line under salt stress (Figure 3A). This
response was not affected by the increase in the stomatal conductance (g;) under
salt stress, because g, of the revertant line was similar to that of the mutant line.
Nonetheless, both the mutant and revertant lines exhibited lower g, than the WT
under salt stress (Figure 3B), which did not affect the intracellular CO, concentration
(C) of the plants (Figure 3C). Owing to the decrease in ¢, the transpiration rates of
the mutant and revertant lines were significantly lower than that of the WT (Figure
3D).
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Figure 3 Photosynthetic parameters of the Arabidopsis wildtype (WT), at1¢65230
mutant, and revertant line (rev) cultured under control and salt-stress (200 mM NaCl)
conditions. Photosynthetic rate (P,) (A), stomatal conductance (g,) (B), intracellular
CO, concentration (C), and transpiration rate (£) of were determined after five days of

treatments.

The P, of the revertant line was higher than that of the WT and mutant line,
but the ¢, of the revertant line was lower, suggesting that the higher P, of the
revertant line did not result from the upregulation of the Calvin cycle. Therefore, the
lisht-harvesting efficiency and content of photosynthetic pigments were estimated

under the control and salt-stress conditions.

Under control conditions, the three lines exhibited similar excitation capture
efficiency (Fv'/Fm’) and operating efficiency of photosystem Il (DPSII) (Figure 4A and
4B). By contrast, the electron transport rate (ETR) of the revertant line was
significantly higher than that of the WT and mutant line (Figure 4C). After five days of
exposure to salt stress, the Fv'/Fm  and @PSIl of the WT and mutant line

significantly decreased, whereas those of the revertant line were maintained (Figure
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4A and 4B). However, salt stress did not affect the ETR in the WT and mutant line,

whereas it induced a higher ETR in the revertant line (Figure 4C).
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Figure 4 Efficiency of the light reaction in the Arabidopsis wildtype (WT), at1¢65230
mutant, and revertant line (rev) determined after five days of treatment under
control and salt-stress (200 mM NaCl) conditions. Excitation capture efficiency (A),

operating efficiency of PSIl (B), and electron transport rate.

The chlorophyll a content in the mutant line was lower than in the WT
(Figure 5A) under control conditions, whereas the chlorophyll b content was similar
to that of the WT (Figure 5B). Therefore, the total chlorophyll content in the mutant
line was lower than that in the WT (Figure 5C). However, the mutant line exhibited
significantly lower chlorophyll a/b ratio than the WT (Figure 5 D). When
LOC 0Os01¢68450 was ectopically expressed in the revertant line, the chlorophyll a
content significantly increased to a level similar to that in the WT under the control
conditions (Figure 5A). Salt stress did not affect the chlorophyll b6 content in the
revertant line (Figure 5B), leading to significantly higher total chlorophyll content and
chlorophyll a/b ratio in the revertant line than the mutant line (Figure 5C and 5D).

After five days of exposure to salt stress, the content of chlorophyll a
decreased in all the lines, whereas only the mutant line exhibited a significantly
lower chlorophyll b content than the control plants. Furthermore, salt stress
resulted in a significantly lower chlorophyll a content in the WT (Figure 5A) and
significantly lower chlorophyll b content in the mutant line. Nevertheless, both the
WT and revertant line maintained chlorophyll b content under salt stress (Figure 5B),

resulting in a lower chlorophyll a/b ratio in the WT and significantly higher
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chlorophyll a/b ratio in the mutant line after five days of exposure to salt stress. By
contrast, no significant changes were observed in the chlorophyll a/b ratio of the
revertant line after salt stress (Figure 5D).

The mutant line exhibited a lower carotenoid content than the WT and
revertant line under control conditions. By contrast, salt stress decreased the
carotenoid content in all the lines. However, a remarkably lower carotenoid content
was observed only in the WT (Figure 5E).

The revertant line accumulated anthocyanins under control conditions,
whereas salt stress decreased the anthocyanin content in all the lines. However, the
anthocyanin content in the revertant line was dramatically higher than that in the

WT and mutant line after salt stress (Figure 5F).
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Figure 5 Pigment contents in the Arabidopsis wildtype (WT), at1¢65230 mutant, and

revertant line (rev) determined after five days of culturing under control and salt-

stress (200 mM NaCl) conditions: Chlorophyll a (A), chlorophyll b (B), total

chlorophyll (C), chlorophyll a/b ratio (D), carotenoids (E), and anthocyanin (F).
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3. Discussion

The growth responses of the selected mutant lines under salt stress were
different from that exhibited under drought stress. Based on a previous study, ndhO,
lhcb3, rrf, and at2¢27680 mutants exhibited higher growth rates than the WT under
drought stress [5], because the impairment in the components of the light-harvesting
complex prevented chloroplast damage. However, this response was not observed
under salt stress (Figure 1), which can be attributed to the increased ion imbalance
and toxicity. The knockout mutants of RRF, PGRL1B, PGRLIA, At2¢27680, and
At1¢65230 exhibited growth inhibition under both the control and salt-stress
conditions, particularly the at1¢65230 mutant, which was highly susceptible to salt
stress (Figure 1). This suggests an important role of At1¢65230 in salt tolerance.

Rice LOC 0Os01¢68450 is the homolog of At1¢65230, encoding the protein
Q8L604. Amino acid sequence alignment revealed 67.1% similarity between the two
homologs. Furthermore, the DUF2358 and transmembrane domains were conserved
between the two homologs, suggesting similar functions of their protein products
(Figure 6). Thus, to validate the role of LOC_0s01¢68450, it was ectopically expressed
in the at1¢65230 mutant and its phenotype reversal ability was determined under
salt stress.

Salt stress suppresses photosynthesis in various plant species, including rice
(Oryza sativa L.) [8], chick-pea (Cicer arietinum L.) [9], rocket (Eruca sativa L.) [10],
and maize (Zea mays L.) [11]. Two independent revertant lines, with the ectopic
expression of LOC_0s01¢68450, revealed significantly higher values of the green area
in the leaves under salt stress, suggesting that LOC Os01¢68450 increased salt
tolerance in the at1¢65230 mutant (Figure 2). Moreover, the increased P, and
decreased ETR in the revertant lines (Figure 3) prolonged the survival ability under
salt stress owing to the increase in water use efficiency (WUE). Plants have various
mechanisms to regulate the process of gaseous exchange to adapt to drought and
salt-stress conditions [12]. Treatment to increase WUE is one of the strategies to
increase salt tolerance in plants [13, 14]. Furthermore, the overexpression of AtHRDY
in rice ensured higher WUE than in the WT and increased drought and salt tolerance

[15].
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The P, of the revertant line was approximately twice the P, of the WT and
mutant line (Figure 3A), but all of them exhibited similar C, resulting in the increased
carboxylation efficiency of the revertant line under salt stress. The inoculation of
salt-tolerant plant growth-promoting bacteria to tomato and rice plants increased
plant growth rates under salt stress; the increase in the (DPSII, ETR, and
carboxylation efficiency were observed in the salt-tolerant phenotypes [16]. Similar
observations were reported in the revertant line (Figure 4), indicating that the ectopic
expression of LOC 0s01g68450 in the at1¢65230 mutant increased salt tolerance by
enhancing the efficiency of the light-harvesting complex under salt stress. This is the
first report on the characterization of the role of a protein with DUF2358 domain in
the enhancement of the efficiency of the light-harvesting complex under salt stress.

To further analyze the effects of salt stress on the components of the light-
harvesting complex and effects of the ectopic expression of LOC Os01¢68450, the
contents of the photosynthetic pigments and anthocyanins were determined. The
atl1g65230 mutant exhibited lower chlorophyll a and carotenoid contents, without
any effect on the chlorophyll b content. The revertant line exhibited chlorophyll and
carotenoid contents similar to those of the WT (Figure 5). Moreover, under salt stress,
the ectopic expression of LOC 0s01¢68450 helped plants to maintain chlorophyll g,
b, and carotenoids, which increased the stability of the light-harvesting complex.

Furthermore, the revertant line accumulated more anthocyanin under salt
stress (Figure 5F). The overexpression of the gene encoding leucoanthocyanidin
dioxygenase from Reaumuria trigyna Maxim in Arabidopsis conferred tolerance of
abiotic stress through anthocyanin accumulation [17]. Anthocyanins function as
antioxidants under stress conditions [18], indirectly preventing chlorophyll
degradation and maintaining the photosynthetic activity [19]. Carotenoids and

anthocyanins also scavenge ROS, which are generated in the cell after stress [20, 21].
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Figure 6 Amino acid sequence alignment of LOC Os01¢68450 and Q8L604, the

protein product of At1¢65230. Different motifs are demonstrated in yellow, pink, and

blue. LOC 0s01¢68450 sequence was obtained from the Rice Genome Annotation

Project [22] and that of Q8L604 was obtained from The Arabidopsis Information

Resource [23].

4. Materials and Methods

4.1 Plant Material

In this study, the Arabidopsis ecotype Columbia-0 and mutant lines with T-
DNA insertions in the genes of interest were used. The mutant lines SALK 097351,
SALK 020314,  SALK 015954,  SALK 059238,  SALK 133856,  SALK 073120,
SALK 060806, and SALK 130615 had the T-DNA inserted in the genes at1¢74880,
atb¢54270, at3963190, atdgl1960, atde22890, at2¢27680, atdg34830, and at1g65230,
respectively. All Arabidopsis mutant lines were obtained from the Arabidopsis

Biological Resources Center [24].
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4.2 Ectopic Expression and Revertant Line Generation

The cDNA of the rice ortholog of at1¢65230, LOC Os01¢68450 (Accession no:
AK068538), was cloned into the pJIM19 vector using the restriction enzymes Xbal and
Xhol and T4 ligase. The plasmid was then introduced into Agrobacterium
tumefaciens GV3101 using freeze-thaw transformation, and kanamycin, rifampicin,
and gentamicin were used as the selectable markers. The Col-O ecotype and
at1¢65230 mutant line were transformed using the floral dipping method to generate
the revertant lines [6, 7]. A completely randomized design (CRD) with 48 plants per

line was used as the experimental design.

4.3 Estimation of the Green Area of the Leaves

The seeds of all the Arabidopsis lines were sterilized, placed on square plates, and
kept undisturbed in the refrigerator for four days. The square plates were then
placed in a growth chamber for germination at 22 °C/20 °C, 16/8 h light/dark cycle,
120 pmol photons of PAR m s, and 60% humidity. After four days of germination,
the seedlings were transferred to 48-well plates, containing full Murashige and Skoog
(MS) solid medium (control) or MS solid medium supplemented with 75 mM sodium
chloride (salt stress) and grown under the same condition. The green area of the
leaves were estimated everyday using a PlantScreen XYZ system (Photon Systems

Instruments, Drasov, Czech Republic) [25].

4.4 Estimation of Physiological Parameters
4.4.1 Growth Conditions

The seeds of all the Arabidopsis lines were soaked in distilled water and kept
in dark for two days. The seeds were then sown in the soil mixture containing peat
moss, perlite, and vermiculite (3: 1: 1). Plants were grown at 22 °C, 180 umol
photons of PAR m?+s and 16/8 h light/dark cycle. Twenty-eight-day-old plants were
treated with distilled water (control) and 200 mM sodium chloride (salt stress). The
experiment was designed using a CRD, with four replicates and four plants per

replicate for each treatment.
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4.4.2 Estimation of Photosynthetic Parameters

Photosynthetic parameters were estimated five days after treatment using the
seventh leaf of all the Arabidopsis lines and a LI-6400XT portable photosynthesis
system (LICOR, Lincoln, NE, USA) [26]. P,, C, ¢, transpiration rate, Fv'/Fm', (O
and ETR were estimated at 300 mmol of flow of air m?*s, 1000 mol photon of

PARm?+s, 23-24 °C, and 400 mol*mol™ of CO, concentration.

4.4.3 Estimation of the Content of the Photosynthetic Pigments and Anthocyanins
Leaf disks (diameter: 7 mm) of all the Arabidopsis lines collected five days
after treatment were soaked in 80% acetone and maintained at 14 °C for 72 h to
extract chlorophylls and carotenoids. A spectrophotometer was used to measure the
absorbance of the leaf extracts at Agz, Asuss, and Agso. The contents of the

photosynthetic pigments were calculated using the following formulas [27]:

Chlorophyll a (Chl a) content = 12.25A435 - 2.79A4465 (1)
Chlorophyll b (Chl b) content = 21.5A4165 - 5.1A¢63.2 (2)
Total chlorophyll content = Chl a + Chl b (3)
Chlorophyll a/b ratio = Chl a / Chl b (4)

Total carotenoids = (100A47, - 1.82Chl a - 85.02chl b) / 198 (5)

Anthocyanin extraction was performed using the leaf disks soaked in 1% HCl
in methanol and kept at 14 °c overnight in microcentrifuge tubes. After overnight-
soaking, 200 UL of milli-Q water and 500 pL of chloroform were added to each
sample and centrifuged at 16,000 x ¢ for 3 min. The supernatant was discarded, 400
uL of 60% aqueous solution of 1% HCl in methanol was added to the pellet, and
absorbance was measured at Agsy and Agrs Using a microplate reader (Synergy™ HTX
Multi-Mode Microplate Reader, BioTex, USA). The anthocyanin content in the leaves

was calculated using the following formula [28].
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Anthocyanin content = (Ags7 — Asso) / area (m?) (6)

4.5 Statistical Analyses

The images of the green areas of the leaves were analyzed using MATLAB
(R2015; MathWorks Inc., Natick, MA, USA). Independent t-tests were performed using
SPSS version 22 (IBM, Armonk, NY, USA). Analysis of variance and Duncan’s multiple
range test were used to analyze the photosynthetic parameters and pigment

contents.

5. Conclusions

Based on this study, LOC 0s01¢68450 confers salt tolerance to plants by maintaining
higher contents of the photosynthetic pigments, including chlorophyll a and
carotenoids, and anthocyanins, which protect the light-harvesting complex and
increase the photosynthetic ability of the plants under salt stress. It is located in salt
tolerance QTL previously reported by Kanjoo et al. [4]. Therefore, it suggested that
this salt tolerance QTL supports the photosynthesis adaptation under salt stress

condition can be a target region for rice breeding program.
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CHAPTER IV

ADDITIONAL RESULTS

Gene expression of drought stress genes predicted by gene co-

expression network analysis

Introduction

Many genes are up-regulated and down-regulated by drought stress (Chamani
Mohasses et al, 2020). LOC 0s01¢72950 (Ndh-O), LOC Os07¢37550 (Lhcb3),
LOC 0s07¢38300 (Rrf) and LOC Os10¢10170 (Mrl1) were predicted to be drought
tolerance related genes. Their roles in drought tolerance were investigated by using
Arabidopsis thaliana mutant lines, ndh-O, (hcb3, rrf, and mrl1 mutants. The previous
results showed the higher green area of ndh-O, (hcb3, rrf, and mrll mutants than
wild-type under drought stress condition. Moreover, pgrlla and perl1b mutant, which
was mutated in the homologous genes of LOC 0s08g41460, show the lowest green
area under drought stress condition. Therefore, the gene expression of these genes

‘KDML105’, DH103 and CSSL104 rice was monitored under drought stress condition.

Materials and methods

Plant materials and growing conditions

KDML105, DH103 and CSSL104 rice seeds were incubated in the 60°C oven
for two days. Then, the hot-air treated seeds were soaked in distilled water for 7
days for germination. During the germination period, the distilled water was changed
daily. Seven-day old seedlings were transferred into a half-strength WP solution
(Vajrabhaya and Vajrabhaya, 1991). The WP solution was changed to full-strength WP
solution when rice plants were at the age of 14 and 21 days old. When rice plants

were 28 days old, the rice plants were separated into 2 groups, one was grown in the
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freshly prepared WP solution as a control condition, and the other group was
transferred to the freshly prepared WP solution supplemented with 15% of
polyethylene glycol 6000 (PEG6000) for drought stress condition. The experiment was

designed as Completely Randomize Design (CRD) with 4 replications.

RNA extraction and gene expression analysis by qPCR

The fresh leaves of KDML105, DH103 and CSSL104 rice were collected on day
0, 3, 6 and after treatment and then, the tissues were frozen directly in the liquid
nitrogen. The samples were grinded by using mortar and pestle. GENEzol™ reagent
(Geneaid, Taiwan) was used for RNA extraction. The total RNA concentration was
measured by NanoDrop spectrophotometers (Thermo Fisher Sciencitific, USA). The
RNA samples were treated with DNase | (Thermo Fisher scientific, USA) to remove

DNA. Then, the RNA was reverted to DNA by using AccuPower RT Premix (Bioneer,

Korea) and keep in -80 °C freezer.

The quantitative RT-PCR were conducted using Luna gPCR master mix (NEB,
USA) with 3 technical replications for each sample. The primers for gPCR were used

following Table 1.
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Table 1 Primer and product size for RT-PCR of NdhO, Lhcb3, Rif, Perl5-like and Mrl1

Gene name RT-PCR primer (5'—>»3’) product size
FW | TCTCTCGCAGGCAGTGAAGC
NdhO 199
Rv | TCGTGCCATCCAGAACCAGC
FW | GTCGACTTCAAGGAGCCCGT
Lhcb3 197
Rv | CCCATGAGGACGACCTGGAA
FW | TACTGTGAGGACAGGGCGGG
Rif 140
Rv | GTGTAACCCCCAGATTTGCAGC
FW | TGTGGCTGGCAACCCCATTA
Perl5-like 179
Rv | TCAGAGCTAAAACTGCTGCTGGA
FW | GCTGTTCCGGAAGCTGTTCGT
Mrl1 191
Rv | TTCCACACTTGGCACAAGTCGATA

The condition of PCR is followed initial denaturation 95°C for 60 seconds.

then, followed by 40 cycles of denaturation 95°C for 15 seconds, extension 61.5°C

for 30 seconds and 95°C for 5 seconds. The melt curve is at 60-94°C with

temperature increasing 5°C per 5 seconds.

The transcription levels were normalized by using EF10L (Bevitori et al., 2014).

The relative expression levels was calculated by using the AACt method (Pfaffl,

2001).
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Statistical analysis

The data were analyzed using Analysis of Variance (ANOVA) and the means
were compared with Duncan’s Multiple Range Test (DMRT) by SPSS Statistics program
version 22 (IBM, Armonk, NY, USA).

Results
Expression of LOC_0Os01¢72950 (NDH-O) gene

The significant difference of LOC Os01¢72950 gene expression was first
detected after 6 days of the treatment. The gene expression tended to decline,
except the expression in DH103, which could be maintained in control condition.
This resulted in the significant higher expression of LOC Os01¢72950 gene in normal-
grown DH103. However, after 9 days, no significant difference of LOC Os01¢72950

gene expression could be detected (Figure 1).

Expression of LOC_Os07¢37550 (LHCB3) gene

The relative expression of LOC Os07¢37550 gene in ‘KDML105’, DH103, and
CSSL104 was significantly different on day 0. The highest expression was detected in
CSSL104, while ‘KDML105" had the lowest level of expression. After nine days of
treatment, in normal grown condition, all lines show the similar level of expression,
but drought stress induced the LOC Os07¢37550 gene expression in ‘KDML105” and
DH103, but no significant changes in gene expression level were detected in CSSL104

(Figure 2).
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Expression of LOC_0s07¢38300 (ribosome recycling factor, RRF) gene

Under the experimental condition, all lines exhibited the similar level of gene
expression, and drought stress did not affect the expression of LOC Os07¢38300

gene in leaf tissues.

Expression of LOC Os08¢41460 (PGR5-like) gene

At the start of the experiment (day 0), CSSL104 showed the highest relative
expression compared to other lines. After 3 days of treatment, LOC Os08¢41460
gene in KDML105 was increased in normal grown condition after 3 days of
transplanting. However, drought stress caused the decrease of LOC Os08¢41460
gene expression in DH103 and CSSL104 after 3 days of the treatment. After
transplanting in normal grown condition, LOC Os08¢41460 gene expression in all
lines were decreased. Contrastingly, the expression in drought stress for 9 days
tended to cause the higher expression of LOC Os08¢41460 gene in all lines tested
(Figure 4).

Expression of LOC_Os10g10170 gene

There was no significant difference of LOC Os10910170 gene expression in all

lines and conditions tested in this experiment (Figure 5).
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CSSL104 under control and drought stress (15% PEG) at 0, 3, 6 and 9 days after

treatment

Discussion

LOC 0s01¢72950 is the gene encoded for chloroplast NADH dehydrogenase
(NDH) subunit O. NDH-O is a subunit in the stroma-exposed subcomplex A (SubA),
which is one of five subcomplexes of NDH complex. NDH complex interacts with
photosystem | (PSI) to form NDH-PSI supercomplex (Peng et al., 2009), which is
required to stabilize NDH (Peng and Shikanai, 2011). NDH complex is responsible for
Fd oxidization, electron transfer, and complex stabilization (Fan et al., 2015). NDH-O
involves in triggering cyclic electron transfer for ATP supply in chloroplast under
stress condition such as heat and drought stress (Shikanai, 2016; Sirpid et al., 2009).
However, in the drought condition in this study, the expression of LOC Os01¢72950
gene in all lines and condition was similar, suggesting no regulation at transcriptional

level of this gene due to drought stress
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LOC 0Os07¢37550, encoding LHCB3, which functions in the main light
harvesting complex chlorophyll a/b binding protein in photosystem IIl. LHCB1, LHCB2
and LHCB3 capture light energy in antenna complex (Damkjeer et al., 2009; Xu et al.,
2012). The disruption of LHCB3 gene was shown to affect responsiveness of stomatal
movement to ABA, resulted in the decrease of drought tolerance (Xu et al,, 2012).
Based on this study, the induction of LHCB3 gene by drought stress was detected in
‘KDML105’ after 9 days of treatment, suggesting that LHCB3 may play a role to cope
with drought stress in rice. However, the induction of LHCB3 gene was not detected
in CSSL104 after 9 days of drought stress. This suggested that CSSL104 had other
mechanisms to cope with drought stress, which was not directly involving LHCB3

transcriptional regulations.

LOC Os07¢38300 is expressed protein in rice, and AT3G63190 is a
homologous gene in Arabidopsis. At3¢63190 gene encodes ribosome recycling factor
(RRF), whose functions are splicing and splitting ribosomes to subunit for recycling
the ribosome to next translation. The hlf-108 Arabidopsis mutant with T-DNA
insertion in At3¢63190 decreased RRF gene expression and resulted in the decrease
of ribosome splicing efficiency (Wang et al., 2010). In this experiment, the expression
of LOC 0Os07¢38300 was unchanged by drought stress, suggesting that drought stress
did not affect the regulation of RRF gene expression at transcriptional level and the
efficiency of ribosome recycling in all rice lines might be not affected in this stress

condition.

LOC Os08¢41460 encodes the PGR5-like protein, which functions in
photosystem and involves in photosynthetic electron flow. At4¢11960 and
At4g22890, encoding Perl1b and Pgrlia, respectively, are the homologous genes of
LOC 0s0841460. The expression of Pegrll was induced by drought stress in
Arabidopsis (Lehtiméaki et al., 2010; Suorsa, 2015). This gene product triggers cyclic
electron flow which is important mechanism to help plant survive under stress

condition (Huang et al., 2012). The relative expression of LOC Os08¢41460 gene in
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KDML105 under drought stress was higher than that in control condition after nine
days of drought treatment. Moreover, the expression level of this gene in drought-
stressed DH103 and CSSL104 had the tendency to be higher than normal-grown ones
(Figure 4). This supports the role of LOC Os0841460 that is similar to AtPerll,

involving the enhancement of cyclic electron transfer during drought stress.

LOC Os10¢10170 is conserved pentatricopeptide repeat protein, MRL1. This
gene function by interact with rbclL for stabilization by acting at 5’ untranslated
region of rbcL to prevent degradation. Atmrll mutant showed slightly decrease of
RuBisCO content (Johnson et al, 2010). In this study, the expression of
LOC 0Os10¢10170 was not affected under drought stress, suggesting no direct effect

of drought stress on the regulation of LOC Os10¢10170 gene at transcriptional level.

Overall, KDML105 showed the induction of LHCB3 and PGR5-like gene
expression under drought stress condition, while the expression of these genes in
DH103 and CSSL104 was lower. This implies that DH103 and CSSL104 may have
other mechanisms to protect the photosynthesis and prevent from drought stress,
while LHCB3 and PGR5-like may be the important factors for drought stress

adaptation in ‘KDML105’ rice.

Conclusion

Based on the gene expression study in ‘KDML105’, DH103 and CSSL104, it
was suggested that LHCB3 and PGR5-like genes may play an important role in
drought stress response in ‘KDML105’, while in the other two lines, DH103 and
CSSL104, the induction of these two genes was not dramatically different from the
expression in normal-grown condition. Therefore, these two rice lines may have

other mechanisms to cope with drought stress.
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Green area of Arabidopsis wild-type, at1¢65230 mutant and ectopic

expression lines under drought stress conditions.

Introduction

Drought and salt stress are abiotic stress. It can limit growth, yield and
productivity of plants. Both salt and drought stress can cause water deficit stress to
plants. Osmotic adjustment can be induced by salt and drought stress. Moreover,
reactive oxygen species are generated by salt and drought stress. But the difference
of salt and drought stresses is ion toxicity that causes metabolism imbalance and
premature senescence in plants (Chaves et al., 2008; Isayenkov and Maathuis, 2019) .
LOC 0Os01¢68450 gene was identified as interesting node gene via co-expression
network analysis under salt stress in CSSLs which have the putative drought tolerant
chromosome segment on chromosome 1 (Chutimanukul et al., 2018). The aim of this
study is to investigate the impact of LOC Os01¢68450 gene expression in at1G65230
Arabidopsis mutant, revertant by LOC Os01¢68450 gene expression and ectopic

expression lines in WT Arabidopsis under drought stress condition.

Materials and methods
Plant materials

The Arabidopsis thaliana ecotype Columbia-0 (wild type), mutant lines with
T-DNA insertion in the AT1G65230 gene (SALK 130615), LOC Os01¢68450 ectopic
gene expression and revertant lines were used in this study. The Arabidopsis mutant
line was ordered from The Arabidopsis Biological Resources Center (ARBC) (Lamesch

et al., 2012).
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Expression vector construction

The LOC 0Os01¢68450 gene was amplified from AK068538 cDNA in pFLC1

vector using PCR and primer pairs as described below.

Forward primer 5" TCTAGATACCAATGGCCACCGCCACCGCCA 37

Reverse primer 5’GACAGGCTCGAGGGAAATAGATACACACAC 3’

The LOC Os01¢68450 gene was cloned into binary vector, pJIM19, via xbal
and xhol restriction sites to generated pJIM19 LOC Os01¢68450. The
pJIM19 LOC 0s01¢68450 plasmids were transferred into Agrobacterium tumefaciens
GV3101 by freeze-thaw method (Jyothishwaran et al, 2007). The kanamycin,
rifampicin and gentamycin were used as selectable markers to select for the right
clones. Plant transformation was performed to transfer the gene cassette to WT and
at1¢65230 mutant by floral dipping method (Zhang et al., 2006) in order to generate
ectopic expression of LOC 0s01¢68450 and revertant lines, respectively. The ectopic
expression of LOC 0s01¢68450 and revertant lines were grow on MS agar media
supplemented with kanamycin to screened T;, T, and T; generation. The
homozygous transgenic lines were selected by monitoring of segregation analysis on
MS medium supplemented with 50 mg/L kanamycin and PCR analysis to detect the

existing of the inserted gene.

Drought stress treatment and growing conditions

Arabidopsis thaliana ecotype Columbia-0, at1g65230 mutant lines, revertant
lines, and transgenic Arabidopsis with ectopic expression of LOC Os01¢68450 gene
were sterile and germinated on filter paper covering over Murashige and Skoog (MS)

agar media for four days. Then, the seedlings were transferred to 48-well plates filled
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with MS agar media for control condition, MS agar media supplemented with 75 mM
mannitol or 150 mM mannitol for mild and severe drought stress conditions,
respectively. Seedlings were grown in growth chamber with the condition of
22°C/20°C, 16/8 h light/dark cycle, 120 pmol photons of PAR m? s* and 60%
humidity. The green area were collected by RGB imaging using PlantScreen™ XYZ
system (Photon Systems Instruments, Drasov, Czech Republic) (De Diego et al., 2017).

Each plate contained 48 plants / line.

Statistical analysis

The images from the PlantScreen™ XYZ system were analyzed using MATLAB
(R2015; MathWorks, Inc., Natick, MA, USA). Mean of green area were analyzed by
independent sample t-test using SPSS statistics program version 22 (IBM, Armonk, NY,

USA) to compared with WT.

Results

The mutation in At1g65230 gene resulted in growth inhibition in normal grown

condition, but conferred less effect of drought stress on plant growth

When comparing the green area of WT and at1¢65230 mutant of normally
grown plants, the mutation in At1g65230 gene resulted in growth inhibition,
according to the significantly less green area in the mutant line (Figure 6). In mild
drought stress (75 mM mannitol), the significant lower green area of the mutant line
was also detected (Figure 7), but under severe drought stress (150 mM mannitol)
condition, wild-type and at1¢65230 mutant plant show no significant different green
area between lines (Figure 8). If we compare the green area reduction percentage,

the green area reduction percentage of the mutant was less than WT.
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Ectopic expression of LOC Os01¢68450 gene in WT Arabidopsis helped

maintenance of green area under severe drought condition.

In normal grown condition, at the beginning of the experiment, green area of
WT and ectopic expression of LOC Os01¢68450 was similar, but after 7 days, ectopic
expression lines had the significant higher level of green area than WT (Figure 9). At
75 mM mannitol, ect-1 and WT showed the similar average green area, while the
green area of ect-2 leaves were significantly lower than wild-type during day 2- 6
after treatment. However, seven days of treatment, the green area of ect-2 become
similar to wild-type after 7 days of mild drought stress (Figure 10). In severe drought
(150 mM mannitol) condition, the leaf green area of ect-1 and ect-2 was higher than
WT for the whole experiment (Figure 11). This suggested the role of LOC Os01¢68450

gene in drought tolerance.

The expression of LOC Os01¢68450 gene rescued growth inhibition effect due

to mutation in At1g65230 gene and confer drought tolerance in mild stress.

When compared green area of at1¢65230 mutant line with revertant lines
with ectopic expression of LOC_0s01¢68450, the rev-1 and rev-2 showed significantly
better than the mutant line under control condition (Figure 12). Under mild drought
stress, the rev-1 line showed significantly more green area than the mutant line, but
after 7 days of treatment, the level of green area of rev-1 was similar to the mutant
line. This was contrast to rev-2, whose green area was similar to the mutant line at
the beginning of the experiment, but it showed significantly more green area than
mutant line after three days of treatment (Figure 13). In severe drought stress (150
mM mannitol) condition, the rev-1 line had significantly higher green area when
compared to the mutant line, while rev-2 line showed less of green area than wild-

type (Figure 14).
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LOC 0s01¢68450 (ect-1 and ect-2) lines under severe drought stress condition (150

mM mannitol)
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stress condition (75 mM mannitol)
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lines with expression of LOC Os01¢68450 gene (rev-1 and rev-2) under severe

drought stress condition (150 mM mannitol)

Discussion

The mutation in AT1G65230 gene resulted in the decrease of green area,
when compared to wild-type in normal-grown and drought stress condition. These
results are similar to wild-type and at1¢65230 mutant in the experiment of salt stress
(Chapter ll). The green area in both lines show less decrease when grown under
drought stress than salt stress. which means drought and salt affected plant growth,

but salt stress is more severe than drought stress.

The green area of ectopic lines with expression of LOC 0Os01¢68450 gene was
higher than the green area of WT, especially under severe drought stress (150 mM
mannitol). It can suggest that LOC Os01¢68450 can help Arabidopsis plants to
maintain growth rate under drought stress condition. The rev-2, revertant lines with
expression of LOC Os01¢68450 gene, show better growth rate under control and
mild drought stress (75 mM mannitol). These results were the same as the rev-2

when grown under mild salt stress condition (75 mM NaCl) (Chapter Ill). It confirms
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that LOC 0s01¢68450 gene can function instead of AT1G65230 under drought and
salt conditions. In contrast, rev-1 showed less green area under control and mild
drought stress condition. But this line showed higher green area than at1¢65230
mutant under severe drought stress. The growth of rev-1 was better than rev-2 under
severe drought stress probably because of the high synthesis and accumulation of
compounds in the cell. When plant synthesize unusual compound, it can cause
negative effect on plant growth and development (Zargar et al, 2017). The
differences in phenotypic responses under abiotic stress of different transgenic lines

may be due to the position effects of the transgene.

LOC 0Os01¢68450 may function in drought stress in the similar response to
salt stress. According to the increasing of the photosynthetic pigments and ability to
maintain photosynthesis activity in the revertant and ectopic expression lines
(Chapter 1Il), leading to the better adaptation in abiotic stress, the function of
LOC 0Os01¢68450 gene in the maintenance of the ligsht-harvesting complex stability
can be proposed. LOC 0Os01¢68450 could help plants to maintain pigment content,
especially anthocyanin to reduce ROS in the cell and prevent photosynthesis

reduction under drought stress (Sperdouli and Moustakas, 2012).

Conclusion

Based on the drought stress response of the transgenic lines with
LOC 0s01¢68450 expression, may be proposed that LOC Os01¢68450 functions in

drought tolerance mechanism to maintain green area during drought stress.



CHAPTER V

CONCLUSION

The photosynthesis rate of CSSL104 is higher than ‘KDML105" but similar to
DH103 which is drought tolerant line. CSSL104 suggested to be drought tolerance

line.

When compared the genome sequences of CSSL104 with ‘KDML105’ via
whole genome sequencing and SNPs data found 101,950 SNPs located on 3440
genes separated on every chromosome. The dense SNPs located on chromosomes 1,
8,9 and 11. These SNPs data were analyzed by gene co-expression network analysis
and found 18 gene nodes but 9 nodes are genes involve in photosynthesis including
LOC Os01¢72800 (Cpftsy), LOC Os01¢72950 (Ndh-o), LOC Os03¢19760 (Soql),
LOC 0s07¢37550 (Lhcb3), LOC 0s07¢38300 (Rrf), LOC Os08¢41460 (Pgrl5-like),
LOC Os08944000 (Hcf244), LOC 0Os09¢39390, LOC Os10¢10170 (Mrl1). These genes

may have potential to be drought tolerance genes

Eigsht homozygous Arabidopsis mutant line with T-DNA insertion in the gene,
which is ortholog with predicted rice gene, were used to study including ndhO
(at1¢74880), |hcb3 (ath¢54270), nf (at3¢63190), pegrllb (atdgl1960), perlia
(at4g22890), at2¢27680, mrl1(atdg34830) and at1¢65230, the orthologous gene with
LOC 0s01¢68450 predicted from CSSL16. The results of green area show that the
ndhO, lhcb3, rrf and mrll mutant lines have higher green area than WT under
drought stress and at2¢27680 mutant line show the lowest green area under salt
stress condition. These genes may have potential in drought and salt tolerance in

Arabidopsis and rice.

at1¢65230 mutant, ectopic expression of LOC 0Os01g68450 and revertant lines

were used to characterize the gene function of LOC Os01¢68450. The revertant lines



95

show high photosynthesis rate, Excitation capture efficiency (F,’/F,’), operating
efficiency of PSII, electron transport rate, chlorophyll a content, carotenoids content
and anthocyanin content under salt stress condition. The growth rate of at1¢65230
mutant and revertant lines that grow under salt stress are similar to these lines when
grown under drought stress. The revertant lines can grow better than mutant lines
under drought and salt stress. It means LOC Os01g68450 gene can function instead
of AT1G65230. Which conclude that LOC Os01¢68450 gene is function in light-
harvesting complex stabilization by maintaining pigment content including

chlorophyll a, carotenoids and anthocyanin under drought and salt stress.

Moreover, the high expression of LOC Os07¢37550 and LOC Os08¢41460
genes in ‘KDML105" compared to DH103 and CSSL104 under drought stress condition
can confirm the drought susceptibility of ‘KDML105’, which have more susceptible to
drought than CSSL104 and DH103.
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1. Drought-tolerance gene identification using genome comparison and co-

expression network analysis of chromosome substitution lines in rice

Table 1 means of leaf dying score and Fv/Fm under normal (100% field capacity)

and drought stress (50% field capacity).

Lines 100% field capacity 50% field capacity
Leaf dying score CSSL97 2.25 + 0.95 5.00 + 1.22%
CSSL104 2.25 £ 0.25 2.75 + 0.48°
CSSL106 2.75 £ 0.63 7.00 + 0.4°
CSSL107 2.25 +0.25 3.50 + 0.65°
KDML105 2.25 £ 0.25 5.25 + 1.38%
DH103 1.75 + 0.48 3.00 + 1.15°
Fo/Frn CSSL97 0.77 + 0.01 0.21 + 0.20°
CcssL104 0.79 + 0.01 0.80 + 0.01°
CSSL106 0.77 + 0.03 0.61 + 0.19°
CsSsL107v 0.78 + 0.01 0.61 + 0.20°
KDML105 0.79 £ 0.01 0.41 + 0.23%
DH103 0.78 £ 0.01 0.80 + 0.01°

Data are shown as the mean + SE. Means in a column with a different superscript

lowercase letter are significantly different (p value < 0.05).
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Table 5 stability during mild drought stress (75 mM mannitol). * and ** above the
mean + SE of the mutant line represent significant difference (p value < 0.05) and

highly significant difference (p value < 0.01) between WT and mutant.

lines Stability index
WT 0.44 + 0.01
ndh-o 0.48 + 0.01*
lhcb3 0.57 + 0.01**
rf 0.67 + 0.02%*
pgrl1b 0.51 + 0.01**
perlla 0.46 + 0.01
at2¢27680 0.62 + 0.02**

mrl1 0.66 + 0.03**
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Table 6 stability during severe drought stress (150 mM mannitol). ** above the mean
+ SE of the mutant line represent highly significant difference (p value < 0.01)

between WT and mutant.

lines Stability index
WT 0.29 £ 0.01
ndh-o 0.45 + 0.04**
lhcb3 0.30 £ 0.01
rf 0.47 + 0.02%*
pgrl1b 0.37 + 0.01**
perlla 0.30 + 0.01
at2¢27680 0.33 + 0.01**

mrl1 0.39 + 0.01**
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2. Role of LOC_0s01g¢68450 in Salt Tolerance is Mediated via the Maintenance

of the Light-Harvesting Complex

Table 7 Growth ratio to WT after 5 days of mild salt stress (75 mM NaCl). ** above
the mean + SE of the mutant line represent highly significant difference (p value <

0.01) between WT and mutant.

Lines Growth ratio to WT
WT 1.00 + 0.00
ndh-o 1.20 + 0.03**
lhcb3 0.96 + 0.03

rrf 0.77 += 0.03**
perl1b 0.58 + 0.03**
perlla 0.88 + 0.02**
at2¢27680 0.93 + 0.02%*
mrl1 1.01 £ 0.02

atlg65230 0.39 + 0.01**
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Table 8 Percent leaf green are reduction after 5 days of mild salt stress (75 mM
NaCl). ** above the mean + SE of the mutant line represent highly significant

difference (p value < 0.01) between WT and mutant.

lines Percent leaf green area reduction
WT 37.15 + 2.61
ndh-o -0.43 + 1.59**
lhcb3 19.86 + 2.42%*
nf 24.25 + 1.00%
perl1b 43.51 + 3.16
pgrlla 31.42 + 1.77
at2¢27680 22.25 + 1.87*
mrl1 -2.09 + 2.18*

atlg65230 54.12 + 1.45*
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3. Gene expression of drought stress genes predicted by gene co-expression

network analysis

Table 13 Relative expression of LOC 0Os01¢72950 under control and drought stress
(15% PEG). Data are shown as the mean + SE. Means in a column with a different

superscript lowercase letter are significantly different (p value < 0.05).

days after treatment

conditions Lines
day 0 day 3 day 6 day 9

Control KDML105 1.00+0.00 1.61+045 057 +0.12° 1.01  0.09
DH103 ~ 1.17 £0.08 091 £0.27 0.93 + 0.03* 1.02 + 0.03
CSSL104 112 +0.24 1.04+0.01 0.66 +0.16° 0.70 + 0.11
drought stress ~ KDML105 - 119 £0.14  0.64 +0.03° 1.02 + 0.07
(15% PEG) DH103 - 1.06 + 0.23  0.62 + 0.06° 0.84 + 0.09
CSSL104 - 111 +0.19 057 +0.06° 0.93 + 0.20
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Table 14 Relative expression of LOC Os07¢37550 under control and drought stress

(15% PEG). Data are shown as the mean + SE. Means in a column with a different

superscript lowercase letter are significantly different (p value < 0.05).

days after treatment

conditions Lines
day O day 3 day 6 day 9

Control KDML105 1.00 + 0.00 2.19 + 0.46 0.71 = 0.14 0.55 + 0.15"
DH103 185+ 038 134+ 023 147 +022 0.95+ 0.26™
CSSL104 244 + 038 156 + 0.35 1.26 + 0.70 0.45 + 0.13°
drought stress KDML105 - 0.75+ 0.24 081 +0.19 1.80 = 0.56°
(15% PEG) DH103 2 1.34 £+ 0.39 1.89+045 1.73 +0.45°
CSSL104 - 0.96 £ 0.19 0.65 + 0.04 0.58 + 0.15"
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Table 15 Relative expression of LOC 0s507¢38300 under control and drought stress

(15% PEG). Data are shown as the mean + SE.

days after treatment

conditions Lines
day 0 day 3 day 6 day 9

Control KDML105 1.00 + 0.00 4.30 + 1.91 0.63 +0.20 0.81 = 0.17
DH103 212+ 0.76 197 +0.39 180+ 0.36 1.07 +0.25
CSSL104 191 +0.66 2.67 +0.06 0.98 +0.47 0.82 +0.24
drought stress KDML105 - 1.83 £+ 0.31 1.33+0.32 1.45+0.60
(15% PEG) DH103 - 1.75+0.49 146 +0.37 1.17 +0.17
CSSL104 - 255+0.15 147 +0.18 094 +0.03
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Table 16 Relative expression of LOC 08¢41460 under control and drought stress
(15% PEG). Data are shown as the mean + SE. Means in a column with a different

superscript lowercase letter are significantly different (p value < 0.05).

days after treatment
condition Lines

day 0 day 3 day 6 day 9

Control KDML105 1.00 + 0.00°  1.63 + 0.40* 0.62 + 0.08 0.61 + 0.08"
DH103  0.94 +0.09° 1.18 + 0.25®° 0.78 + 0.08 0.59 + 0.06*

CSSL104  1.30 + 0.07° 126 +0.08®° 0.71+0.17  0.42 + 0.06°

Drought stress KDML105 1.08 + 0.13%° 078 +0.05 1.01 +0.15
(15% PEG) DH103 0.70 + 0.08° 0.86 + 0.05 0.76 + 0.15%

CSSL104 0.83 + 0.04° 0.58 £ 0.04 0.61 + 0.11b°
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Table 17 Relative expression of LOC Os10¢10170 under control and drought stress
(15% PEG). Data are shown as the mean + SE. Means in a column with a different

superscript lowercase letter are significantly different (p value < 0.05).

days after treatment

condition Lines
day 0 day 3 day 6 day 9

Control KDML105 1.00 £ 0.00 2.62 +0.61 0.39 +0.18 0.55 + 0.18
DH103 154 +0.48 191 +050 0.69 +0.13 0.72 + 0.22
CSSL104 256 + 1.19 283 +0.10 0.41+0.05 0.83+0.35
drought stress KDML105 - 1.45 + 0.54 091 +£0.30 1.26 + 0.64
(15% PEG) DH103 - 1.38 £+ 0.51 0.88 +0.29 0.89 +0.16
CSSL104 - 1.69 £ 047 0.73 +0.07 0.49 £ 0.15
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