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INTRODUCTION

1.1.Rice production, its constraints and mitigation

Rice is a crop plant that loves to sustain itself in adequate levels of water on the field.
About 1400 litres of water is required to produce 1Kg rice on average. 75% of the total
water resource and 34-43% of total irrigation water worldwide is utilized solely for rice
production (Laha et al., 2017). The green revolution caused a boom in rice production in
many nations between 1940 and 1960 but continued population increase, and shortage
of land and water resources imposed a challenge to its sustainability. For example,
around 20% of rice cultivated area faces moderate to severe water stress during the
cultivation period. Drought stress at any period of a rice life cycle, especially during the
reproductive stage, can cause significant yield loss. Additionally, demand of rice is
expected to increase by 70% in the next 30 years (Laha et al., 2017; Muthayya et al.,
2014). Therefore, the development of varieties resistant to abiotic stresses like drought
is an urgent requirement to meet snowballing demand of rice. Recent advances in the
genome based research like the development of transgenic approaches, availability of
high quality genome sequence, and rice transformation protocols provide ample
opportunities for identifying and characterizing novel genes and integrate them for

developing stress tolerant varieties of rice (Mottaleb et al., 2012).

1.2.Importance of rice in plant genome research
In order to identify essential traits and manipulate genetic sequences for attaining
agronomic benefits, understanding the molecular and functional basis of plant
physiology is of utmost importance. The genetic make-up of the plant guides such
phenomena. Thus, having detailed information regarding gene sequences and their
respective annotation is valuable for any genomics based research. The function of any
model organism is to provide genomic information that can be shared with different
biological systems. Arabidopsis was the first dicot plant to get its genome sequenced (in
2000), followed by rice (Oryza sativa). Rice is a diploid (2n=24) annual plant with a
genome size of ~400Mb and a life span of 3-6 months (Izawa & Shimamoto, 1996;
Rensink & Buell, 2004). It has been considered a model crop for cereals primarily

because of its small genome size. Other cereals like maize, sorghum, and wheat possess
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a genome size of 3000 Mb, 750 Mb, and 16000 Mb, respectively, which automatically
makes rice the crop with a higher gene density. It has been calculated that rice has one
gene per 15 kb, while maize or wheat has one per 100 or 500 kb, respectively (Tyagi et
al., 2004). Moreover, studies show that rice shares a syntenic relationship with other
cereals like wheat and sorghum. So studies in rice can provide a direction in the
functional characterization of genes in related cereal crops. The other reasons for rice to
be considered a model crop are that it has lesser repetitive DNA and the availability of
highly efficient transformation protocols with shorter regeneration time (Jackson, 2016;
Tyagi et al., 2004). Rice has come a long way in the evolutionary trajectory that resulted
in the introgression of characters from both wild and domesticated species. It has adapted
itself to a wide range of ecological and environmental conditions leading to the
incorporation of essential traits in its genome. Thus, the rice genome serves as a
repertoire of critical agronomic characters that advanced genomics technologies can
explore (Wing et al., 2018).

A total of four groups worked on sequencing the complete rice genome, which signifies
the its importance in the arena of genomics research in crop plants. The initial sequencing
efforts started in 1997 by the International Rice Genome Sequencing Project (IRGSP)
comprised scientific teams from India, Japan, US, France, South Korea and China. Each
group was responsible for sequencing specific chromosomes, e.g.: India was responsible
for sequencing chromosome number 11, Japan for chromosomes 1, 6, 7 and 8, US for
chromosomes 3 and 10 etc. Clone by clone (CBC) method was undertaken for this
project. In 2000, the first draft genome was released by Monsanto. Alongside, two
groups, i.e. Syngenta and Beijing Genomics Institute (BGI), initiated rice genome
sequencing projects of their own. IRGSP, Monsanto and Syngenta focussed on
sequencing the japonica cultivar Nipponbare, while BGI directed its work towards that
of the indica cultivar 93-11. Later, data from Monsanto and Syngenta was merged with
that of IRGSP, and the complete sequence was made available in the public domain in
2005 (Song et al., 2018; Vij et al., 2006). According to the latest release of IRGSP
(release 7), a total of 55,986 gene loci were annotated. Thus the availability of high
quality genome sequences paved the way for detailed studies in functional genomics,
expression analyses, insights into evolutionary relationships, and comparative studies

with other species.
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1.3.Mutagenesis techniques
Mutagenesis study is the crucial technique to identify novel genes and develop tailor-
made varieties of plants. The advancement in rice functional genomics and
transformation protocols has enabled researchers to identify several candidate genes that
can be manipulated for improving agronomic characteristics. We have discussed several
mutagenesis techniques in the following section.

1.3.1. Loss of function mutagenesis
1.3.1.1.Random mutagenesis techniques

Traditional mutagenesis techniques involve random mutations via the application of
physical and chemical mutagens or by inserting engineered DNA elements into the host
plant genomes (insertional mutagenesis) (Viana et al., 2019). Bombardment of plant
material, preferably seeds, with physical mutagens like X-rays, vy rays, and neutron
bombardments cause mutations via deletions or DNA breakage. Fast neutron
bombardment results in the deletion of large portions of DNA, thus proving an effective
technique for functional genomics study in rice. Chemical mutagenesis involves the use
of mutagens like ethyl methane sulphonate (EMS), methyl methane sulphonate (MMS),
sodium azide, hydrogen fluoride etc. to induce point mutations (transitions or
transversions) in the chromosomal sequences (Holme et al., 2019). Mutations via EMS
has proved to be very efficient in crop improvement studies, but the main drawback to
these techniques is that these are non-specific, time consuming and can hamper the
viability of the plant (Chaudhary et al., 2019; Sikora et al., 2011). Insertional mutagenesis
is another widely used approach in mutagenesis studies. In this approach, specific DNA
elements like T-DNA or transposons are delivered into the plant genome via
Agrobacterium mediated gene transformation. These elements, in turn, get lodged in the
genic sequences of the genome, causing the loss of function of the respective gene.
Availability of rice genome database and efficient transformation techniques have made
this tool a very fruitful one in rice mutagenesis study (Chaudhary et al., 2019; Viana et
al., 2019). Generation of a pool of mutants using T-DNA insertions takes a longer time,
hence transposons (Ac/Ds or En/Spm system from maize) are preferred for developing
large scale mutant populations in rice. Transposons, with their inherent excision-

insertion capability in the genic regions can induce ten times more mutations in the
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genome as compared to the T-DNA technique. Thus, use of transposons become less
labour intensive and more time efficient (Viana et al., 2019).

Targeting Induced Local Lesions IN Genome (TILLING) is a well-known reverse
genetics approach involving traditional chemical mutagenesis techniques to induce
random, high density point mutations in the genome. Mutations are followed by the
identification of single nucleotide polymorphisms in the target sequences following a
specific procedure. This tool can be used in any plant species regardless of its ploidy
level and genome size. In rice, EMS is the widely used chemical mutagen for this

technique (Kurowska et al., 2011).

1.3.1.2.Targeted mutagenesis techniques
1.3.1.2.1. Gene silencing

Gene silencing involves RNA interference (RNAI) technology, which can be either
antisense induced, hairpin RNA (hpRNA) induced or virus induced. This technique is
used to generate knockdown mutants in plants. RNAI using antisense technique involves
either translational attenuation or degradation of mMRNA via antisense RNA molecules.
The hpRNA based RNAI technique, on the other hand, is associated with the introduction
of both sense and antisense sequences of the target gene in a vector under the expression
of a constitutive promoter. pHANNIBAL , pKANNIBAL, pHELLSGATE are some of
the vectors used in this approach (Helliwell & Waterhouse, 2003; Kusaba, 2004). Virus
induced gene silencing (VIGS) involves cloning of the target gene into a viral vector
followed by plant transfection. Upon infection, suppression or degradation of the target
MRNA occurs via RNAI mechanism. TMV, PVX, TGMV etc. are some of the viral

vectors used in this process (Burch-Smith et al., 2004).
1.3.1.2.2. CRISPR/Cas9 technique

This technique is a targeted mutagenesis approach, which involves a site specific DNA
endonuclease called Cas9. The enzyme forms a complex with a guide RNA that identifies
and induces double strand breakage in the target DNA sequence, which is repaired either
by non-homologous end joining (NHEJ) or by homologous recombination (HR) method.
Both methods involve base pair substitutions, deletions or modifications which
eventually leads to gene knockouts. In rice, the mutation frequency ranges from 85-

100%. This budding method has proved to be cost-effective and less time consuming in
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functional genomics research (Belhaj et al., 2015; Bortesi & Fischer, 2015; Viana et al.,
2019).

1.3.2. Gain-of-function mutagenesis techniques

Although many loss-of-mutation techniques have proven to be very efficient in mining
novel genes, they have a major drawback that these tools cannot identify the function of
the redundant and lethal genes. Eukaryotic organisms have efficient genetic machinery
against null mutations in the genome. Multiple copies of genes exist, so that mutation in
one copy is compensated by the other existing copies present in the genome. Thus it is
difficult to identify such redundant genes as loss of a single copy fails to reciprocate any
phenotypic changes in the plants. Such is the case for the genes responsible for the
embryonic and gametophytic development of plants. Elimination of these genes can lead
to lethality, thereby making it difficult to identify their function (Tani et al., 2004; Weigel
et al., 2000). This limitation can be avoided by generating gain-of-function mutants
through activation tagging (Qu et al., 2008). This forward genetics technique functions
by activating the tagged gene above its normal level of expression. Such a gain-of-
function approach is advantageous for identifying agronomically important traits in
plants and analyzing dominant conditional mutants like stress responsive ones (Wan et
al., 2009). Activation tagging in plants is mostly done either by introducing a strong
promoter (CaMV35S promoter) or by increasing the endogenous gene expression level
by introducing multiple CaMV35S enhancers in the genome. Mutants generated via
promoters can only tag the genes, which are under its direct control, in contrast to those
generated via enhancers can activate the flanking genes upto 10 kb upstream and
downstream from the point of the integration of the multiple enhancer elements
independent of its orientation (Jeong et al., 2002; Moin et al., 2017b; Weigel et al., 2000).
The mechanism of activation tagging with promoters and enhancers is explained in figure
1.1(a, b).

Ac/Ds based activation tagging

Maize Ac/Ds based transposon system has proved to be very efficient for generating a
large scale mutant population. A typical transposon based activation tagging vector
contains an Ac (Activator) element and a Ds (Dissociator) element. It relies on the
conventional ‘“cut-and-paste” method where Ac encodes a transposase enzyme that

identifies the 11 bp inverted repeats present on either side in the Ds element, cuts and
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(a) T-DNA containing promoter (b) T-DNA containing enhancers

¥

T-DNA integration into the genome

T-DNA integration in the genome

Gene X Target genome

Direct activation of the gene under Upregulation of flanking genes upto 10Kb
the control of the integrated promoter

p— Target genome
Gene X getg

Fig. 1.1: Mechanism of Activation Tagging via (a) promoters and (b) enhancers

integrates it randomly into the genome. Here Ac is autonomous and does not depend on
Ds for its transposition (McClintock, 1950). Therefore employing this transposon based
activation tagging method, a large population of transgenic lines can be generated
effectively (Tani et al., 2004).

Based on this concept, an Ac/Ds based cis-activation tagging vector (pSQ5) was
developed by Qu et al. (2008). Our previous studies used this vector to generate a pool
of mutant populations in the widely cultivated indica rice variety, BPT-5204. Several
genes responsible for protein ubiquitination (cullin4) and ribosome biogenesis (RPL6
and RPL23A), helicase activity (SEN1 and XPB2) and transcription factors (GRAS,
WRKY 96 and NF-YC13) were identified from the tagged population (Dutta et al., 2021a;
Manimaran et al., 2017; Moin et al., 2016).

1.4 Water use efficiency (WUE)
For crop scientists, water use efficiency is defined as the ratio of biomass production to
the amount of water used. WUE is an essential parameter for both experimental and
agricultural purposes to understand the productivity of a plant. A high water use efficient
plant can produce more biomass or uphold sustainable yield even under limited water
supply (Avila et al., 2015; Stanhill, 1986). Rice is the staple food consumed throughout
the world. Compared to other crops like maize or sorghum, rice utilizes twice or thrice
the amount of water. Usually, 5 cm flooding is maintained in rice fields, and about 30%
of the total freshwater worldwide goes towards its cultivation (Karaba et al., 2007).
Therefore, to make rice a water use efficient plant, we either need to sustain the water
supply or develop certain varieties that can minimize their water utilization without

compromising the yield. Environmental stress conditions like drought, salinity, increased
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population, competing interests of industries and agriculture have imposed serious water
threats for rice cultivation. It is expected that such constraints are going to intensify in
the upcoming years. Hence, developing tolerant varieties for efficient water utilization is
required (Bhuiyan et al., 1995; de Avila et al., 2015).

Apart from reduced grain yield, several other secondary characters are important for
determining the WUE of a plant during water stress. It includes early flowering, reduced
chlorophyll content and a higher carbon isotope ratio. Other physiological parameters
involve a reduction in plant growth and leaf area, leaf wilting percentage, regulation of
stomata, extensive root proliferation and higher accumulation of osmolytes like proline,
sugar etc. Efficiency can also be judged by studying the quantum efficiency of
Photosystem Il (PSII), which is directly associated with the photosynthetic capability of
a plant. Such secondary characteristics can influence the WUE of a plant and can be used

to identify tolerant varieties from the susceptible ones (Silva et al., 2013).

A pool of activation tagged mutants of indica rice (BPT5204) was developed (Moin et
al., 2016), which were screened under limited water supply to gauge the WUE of the
gain-of-function mutants. The above mentioned parameters were used to analyze the
WUE, and those with high WUE were selected for further assessment. In the present
work, we have identified and characterized the roles of two helicases (SEN1 and XPB2)
to ameliorate drought stress tolerance in rice. We have also corroborated the function of
GRAS transcription factors (identified previously by Moin et al., 2016 from the pool of
mutants) in abiotic and biotic stress tolerance by their gene expression and bioinformatics

analysis.
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REVIEW OF LITERATURE

2.1.Abiotic stress responses in plants

Environmental constraints like drought, flooding, salinity, extreme high and low
temperature exert adverse effects on plant health, photosynthetic capability and yield.
Such conditions elicit various molecular and biochemical changes within the cells that
damage the cellular integrity, metabolism and osmotic balance (Hoang et al., 2017).
Being sessile, plants cannot avoid any such adversities. Hence, they have developed
strategies to combat them. These are mostly done either by stress avoidance or via stress
tolerance mechanisms (Ahmad et al., 2014). The latter mode of plant response has
proved to be an exciting strategy to scientists worldwide. Hence, with the help of modern
technologies and easily available databases, the current focus is to develop stress-tolerant
plants by tweaking the key players involved either in metabolic or in regulatory roles in
a cell (Hoang et al., 2017; Joshi et al., 2016).

2.1.1. Drought stress

Among several abiotic stress factors, drought has imposed a maximum threat to food
security. Studies indicate that more than 50% of crop losses occur due to drought, and
this condition is likely to worsen in the upcoming days (Joshi et al., 2016). Plants respond
to this stress via complicated physiological and molecular responses (Agarwal et al.,
2006). It is either done via biosynthesis of osmolytes, heat shock proteins (HSP), ROS
scavengers, transporters, LEA proteins or via modulating signaling cascades through
hormones, kinases and TFs (Joshi et al., 2016). During water deficient conditions, plants
tend to synthesize more osmolytes like proline, sugars, glycine betaine, etc. to maintain
the osmolarity of the cells as well as to protect the cellular integrity. These
osmoprotectants, in turn, act as ROS scavengers and protect the plants from oxidative
stress. HSPs and LEA proteins help during stress by acting as protein chaperones and
stabilizing the membranes, respectively (Ali et al., 2017). Stress meditation during
drought can happen via ABA-dependant or independent pathways.

ABA is an important phytohormone, which can mediate drought stress via regulating the
guard cells. Arabidopsis ABA mutants were found to be sensitive to drought (Ali et al.,

2017). Several transcription factors are present that can either bind to the ABRE or DRE
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elements present in the promoter regions of the target genes, and thereby control the
ABA dependant or independent pathways to follow, respectively (Ali et al., 2017; Joshi
et al., 2016). Any kind of abiotic stress can be vulnerable to rice since more than 50% of
the globally produced rice is rain-fed, with water scarcity and drought as the major
constraints. It can affect the crop at any phase of its life cycle. The tillering, flowering
and panicle formation stages are the most sensitive stages that can lead to massive crop
loss (Kim et al., 2020; Venuprasad et al., 2007).

2.1.2. Salinity stress

About 20% of the irrigated area under cultivation is under salinity stress. It is another
critical abiotic stress component that hampers plant productivity. Salt stress can be either
irrigation mediated salinity or dryland salinity. In glycophytes, high salt concentration
creates an osmotic imbalance leading to the cessation of water uptake. While the plant
faces water stress initially, a high concentration of Na* and CI" ions in the cell cause salt
toxicity leading to cell and ultimately plant death (Lauchli & Grattan, 2007). High salt
stress can also cause nutritional disorders, reduce photosynthetic capability, and hamper
plant lateral shoot formation. Plants deploy similar methods as mentioned earlier under
drought stress like production of osmolytes, scavengers, LEA proteins, gene regulation
etc., for the mitigation of the imposed stress (Sairam & Tyagi, 2015). Rice cultivation is
also severely damaged due to salinity as it is often grown in saline marshy areas. Several
mechanisms are currently being employed to overcome the yield losses in rice due to salt
stress (Dionisio-Sese & Tobita, 1998).

2.2.Biotic stress responses in plants

Pests and pathogens are continuously threatening plants in both natural and cultivated
environments. About 31-42% of the yearly agricultural yield is lost due to biotic stress
factors (Pandey et al., 2020). Studying such aspects of plant health becomes difficult as
it involves specific interaction between the host and the pathogen. Biotic stress responses
in a plant can be divided into pathogen infection and diseases due to pest infestations
(Diaz, 2018; Saraswathi et al., 2018). Plants avoid pathogen infections via excessive
production of ROS and subsequent activation of signaling cascades, which restrict them
from spreading. The downstream genes involve those encoding pathogen-related
proteins (PR-proteins), kinases, TFs etc., involved in hormone and ROS signaling

pathways. Apart from this, plants may put up morphological changes like cell
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lignification or stomatal closure, which prevent the entry of pathogens. Hormones like
SA, JA, ABA and ethylene play essential roles in biotic stress tolerance (Madani et al.,
2018; Rout & Das, 2013). Several QTLs have been identified for stress resistance in
plants, including those for rice blast disease (Ballini et al., 2008), powdery mildew of
barley (Aghnoum et al., 2010), blight diseases of potato (Danan et al., 2011), wheat
(Buerstmayr et al., 2009) and barley (Massman et al., 2011) etc. Since each QTL contain
multiples genes, it is often challenging to incorporate such traits into sensitive genotypes
of the crop through conventional breeding. Hence, genetic engineering methods for
introducing specific genes have proved to be more favourable (Kushalappa & Gunnaiah,
2013). Biotechnological approaches have exploited major pathways for achieving
sustainable solutions to biotic stress responses in plants. The major breakthrough was the
identification of Bt genes encoding Cry proteins identified from the bacterium, Bacillus
thuringiensis that provided protection against lepidopteran insects in different crop
plants. The first Bt crop was reported in tobacco (1985), which did not get
commercialized. Later it was commercialized in corn, potato, cotton, brinjal and soybean
(Abbas, 2018; Parmar et al., 2017). Other group of proteins that are being manipulated
include protease inhibitors, trypsin inhibitor, cystatins, lectins etc. These have been
reported to have important roles in defence mechanism of plants against insects, aphids

and nematodes.

Bacterial, fungal and viral pathogens impose a more significant amount of stress on
plants. Thus, genes encoding chinitase, glucanase, polyamines, defensins, PR proteins
etc. were studied for their involvement in improving plant immunity (Parmar et al.,
2017). Cell wall degrading enzymes like chitinase, glucanase etc. are the primary targets
for improving plant stress tolerance against fungal pathogens (Ceasar & Ignacimuthu,
2012). Rice chitinase gene RCC2 has been well exploited to develop tolerant varieties of
chrysanthemum, grapevine and cucumber (Kishimoto et al., 2002; Takatsu et al., 1999;
Yamamoto et al., 2000). Several PR proteins involved in systemic acquired resistance
(SAR) are also being studied for improving disease resistance in plants. AtNPR1 gene
from Arabidopsis overexpressed in tomato has shown tolerance against tomato mosaic

virus and bacterial wilt, bacterial spot and Fusarium wilt diseases (W. C. Lin et al., 2004).
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2.2.1. Bacterial leaf blight (BLB) of rice

BLB was first reported in Japan way back in 1884-1885. Xanthomonas oryzae pv. oryzae
(Xo0) is the causal organism responsible for causing this disease. This pathogen can
cause a loss of 20-40% of rice yield at the tillering stage, while an infection at a younger
vegetative stage can cause losses over 50%. This is a vascular disease, and a major
infection can result in complete crop failure (Chukwu et al., 2019). The symptoms
usually develop on leaf blades and sheath, sometimes on the grain. An infection can be
observed as early as a month after transplantation of the seedlings. It appears as water
soaked drops on leaf edges that gradually turn yellow and spread along the veins into the
whole plant. Later, the spots turn white or greyish, leaving the plant to wither. “Kresek”
is the final wilting stage of the infection. Stunted growth and discolouration are often
associated with this disease (Mizukami & Wakimoto, 1969; Yasmin et al., 2017). A pale
amber coloured bacterial ooze can be observed on the lesions, which primarily develop
on the upper edges of the leaves with profuse water pores. These pores enable the bacteria
to invade and spread more quickly. Usually, the tropical climate with a temperature of
25-34°C with 70% humidity favours the spread of the disease (Chukwu et al., 2019;
Yasmin et al., 2017).
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Fig. 2.1: Bacterial leaf blight infection in rice
The figure shows healthy rice plant without any symptom, while the other shows clear

yellow lesion on the edges of leaf blades of rice (Chukwu et al., 2019).

Chemical control has not been very effective in controlling Xoo pathogens.

Hence, the application of antibiotics like ampicillin, kanamycin, streptomycin etc. was
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tried. Reports suggest that Plant Growth Promoting Rhizobacteria (PGPR) is very useful
in controlling the spread of the pathogen (Chithrashree et al., 2011). Pseudomonas sp.
and Bacillus sp. have been particularly very useful. These PGPRs suppress the spread of
the pathogen either by producing antibiotics, cell wall degrading enzymes, siderophores
or by competing with the pathogen for nutrients (Bardin et al., 2015; Yasmin etal., 2017).
Apart from biological control of Xoo, multiple strategies involving conventional
breeding and molecular techniques are currently being employed to develop a sustainable
solution to this infection (Chukwu et al., 2019).

2.2.2. Sheath blight (SB) of rice

SB was first observed in Japan in 1910. This fungal disease of rice is caused by the wide
host range fungal pathogen, Rhizoctonia solani. It is a soil/ water borne fungus and can
cause a yield loss of 45% depending on the severity of the infection. Favourable
conditions can also lead to 100% yield loss (Kumar, 2020; Singh et al., 2019). To date,
no resistant cultivars of rice have been identified. Hence, farmers have to rely on the use
of fungicides to control this disease. The fungicides include carbendazim, carboxin,
zineb etc. (Kumar, 2020). The high genetic variability in the pathogen and the broad
range of host plants make it even more difficult to develop any control mechanism
against this pathogen (Molla et al., 2020). R. solani can form sclerotia, which can spread
via irrigation water to the entire field. It can also remain dormant over the cropping
seasons (upto 2-3 years) and attack the plants when re-transplanted (Molla et al., 2020;
Zhou et al., 2021). SB infection mostly occurs via appressorial penetration of the
sclerotia and can spread from one plant to another via tillers and leaves. The initial
symptoms originate on the margins of leaf sheaths and blades as water soaked brownish
or greyish elongated spots. Such lesions show similarity with the snake’s skin because
of which this disease is colloquially known as “snake skin disease” of rice. Eventually,
such lesions interfere with grain filling, thereby hampering the yield. The use of semi-
dwarf cultivars of rice, excessive usage of nitrogen fertilizers, humid conditions and high
crop planting densities further aid in the spread of the pathogen (Molla et al., 2020; Singh
et al., 2019). Recent advances have shown the use of PGPR (Bacillus subtilis), along
with a reduced dosage of the fungicide Azoxystrobin can reduce R. solani infections
(Zhou et al., 2021). Scientists are incorporating advanced molecular technologies to
unravel the molecular mechanism governing the sheath blight disease and develop

tolerance in rice.

14



Chapter 2: Review of Literature

Fig. 2.2: Tillers showing symptoms of sheath blight of rice (source:

https://www.apsnet.org/edcenter/disandpath/fungalasco/pdlessons/Pages/RiceSheath.as

pX)

2.3.Strategies for improving stress tolerance
Since stress tolerance is a complex multigenic trait, incorporating such traits in plant
genotypes with the help of traditional breeding techniques becomes difficult and is met
with limited success. This process is time consuming and involves tedious breeding
techniques for several generations that can often result in mutations and somaclonal
variations. With new-age functional genomics approaches like large scale expression
data analysis through microarrays or omics techniques or mutant analysis (both loss and
gain-of-function mutants), identification of novel stress tolerance genes has become a
reality. Compared to conventional breeding techniques, introducing important candidate
genes for the desired phenotype to target plants through genetic modifications has proved
to be a much faster and reliable method (Ahmad et al., 2014; Cushman & Bohnert, 2000;
Joshi et al., 2016). Genes that are being manipulated so far to improve stress tolerance in
plants can be broadly classified into (a) genes involved in biosynthesis pathways, (b)
genes responsible for water and ions transport and (c) genes involved in transcriptional
control and cell signaling pathways (Cushman & Bohnert, 2000; Parmar et al., 2017).
Out of these, the third category comprising TFs was very efficient in mediating stress
tolerance in plants, as they can regulate multiple downstream genes by directly binding
to their promoters (Joshi et al., 2016). A detailed list of few important genes for stress

tolerance in plants is provided in Table 2.1.
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Category Gene/  Gene | Traits/ Induced by Type of | Source organism | Target References
family protein/function organism
Genes involved | Osmoprotectants P5CS Drought Proline biosynthesis Vigna aconitifolia | Triticum (Vendruscolo et
in bio-synthetic aestivum al., 2007)
pathways CodA drought Glycinebetaine Arthrobacter Potato (Cheng et al.,
biosynthesis globiformis 2013)
SoBADH Salinity,  oxidative | Glycinebetaine Spinacia oleracea | Ipomoea (Fanetal., 2012)
stress, cold biosynthesis batatas
Stress related | OsHSP18.6 Heat, drought, salt, | Heat Shock Proteins Oryza sativa Oryza sativa (Wang etal., 2015)
proteins cold
(chaperones, AtHSFAla Heat, oxidative stress | Heat Shock Proteins Arabidopsis Arabidopsis (Qian et al., 2014)
proteins for thaliana thaliana
membrane CgHSP70 Heat, drought, | Heat Shock Proteins Chrysanthemum Arabidopsis (Song et al., 2014)
stabilization) salinity morifolium thaliana
OsLEA3-1 Drought, salt, ABA Late embryogenesis | Oryza sativa Oryza sativa (Xiao et al., 2007)
abundant proteins
CaLEA Drought, salt, heat Late embryogenesis | Capsicum annuum | Chinese (Park et al., 2003)
abundant proteins cabbage
ShDhn1/2 Oxidative stress Dehydrins Sorghum bicolor | Nicotiana (Halder et al.,
tabacum 2018)
AtLPK1 Botrytis cinerea, Lectin Arabidopsis Arabidopsis (Huang et al,
Salinity thaliana thaliana 2013)
OseEUL Pathogen, insect | Lectin Oryza sativa (Lambin et al.,,
infestation, 2020)
Drought and salt
stress
Chickpea Alternaria brassicae, | Lectin Chickpea Brassica (Kumar et al.,
Lectin Salt, juncea 2015)
drought
RCC2 Botrytis cinerea (gray | Chitinase Oryza sativa Chrysanthemu | (Kishimoto et al.,
mould), m, 2002; Takatsu et
Uncinula necator Grapeving, al., 1999;
(powdery mildew) Cucumber
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Yamamoto et al.,
2000)

Enzymes AtNCED3 Drought ABA biosynthesis Arabidopsis Arabidopsis (luchi et al., 2001)
thaliana thaliana
0sGS Cadmium stress Glutamine synthetase Oryza sativa Oryza sativa (Lee et al., 2013)
AtNUDX2 Oxidative stress Nudix hydrolase Arabidopsis Arabidopsis (Ogawa et al.,
thaliana thaliana 2009)
Membrane TaEXPB23 Oxidative stress Expansins Triticum aestivum | tobacco (Han et al., 2015)
associated proteins
Genes Water transport | AtPIP1;4 Drought, cold Aquaporins Arabidopsis Arabidopsis (Jang et al., 2007)
responsible for | proteins AtPIP2;5 thaliana thaliana ,
water and ion Nicotiana
transport tabacum
TsTIP1;2 Drought, salt, | Aquaporins Thellungiella Arabidopsis (Wangetal., 2014)
oxidative stress salsuginea thaliana
TaAQP8 Salt stress Aquaporins Wheat Tobacco (Huetal., 2012)
CfPIP2;1 Dehydration stress Aquaporins Cucumber Arabidopsis (Jang et al., 2007)
thaliana
MaPIP1;1 Drought, salt Aquaporins Banana Arabidopsis (Xu et al., 2014)
thaliana
MusaPIP1;2 Drought, salt, cold Aquaporins Banana Banana (Sreedharan et al.,
2013)
HvPIP2;5 Salt, osmotic stress Aquaporins Hordeum vulgare | Arabidopsis (Alavilli et al.,,
thaliana 2016)
lon transporters AtMPT Salt stress Mitochondrial phosphate | Arabidopsis Arabidopsis (Zhu et al., 2012)
transporter thaliana thaliana
AtHKT1 Salt stress Potassium transporter Arabidopsis Arabidopsis (Alietal., 2019)
thaliana thaliana
McHAK2/3 Salt stress Potassium transporter Common ice plant (Su et al., 2002)
AtSUC2/4 Salinity, osmotic | Sucrose transporter Arabidopsis Arabidopsis (Gong et al., 2015)
stress, ABA thaliana thaliana
treatment, low
temperature
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HtNHX1/2 Aluminium stress, Potassium transporter Helianthus Oryza sativa (Lietal., 2020)
soil acidity tuberosus
HtNHX1/2 Salinity Potassium transporter Helianthus Oryza sativa (Zeng et al., 2018)
tuberosus
ROS scavengers CuzZnSOD, Oxidative, high | Superoxide-dismutase, Potato Potato (Kimet al., 2010)
APX and | temperature stress ascorbate peroxidase and
NDPK2 nucleoside  diphosphate
kinase 2
miR529a Oxidative stress Micro-RNA  encoding Oryza sativa (Yue etal., 2017)
genes
Gene regulators | Kinases SnRK2 ABA signalling, | Serine/Threonine kinases | -- - (Kulik et al., 2011)
Kinases drought stress
IbMPK3/6 Salt, SA, H,O,, ABA | MAP kinase Sweet potato -- (Kim et al., 2016)
OsSAPK Xanthomonas oryzae | Stress activated protein | Oryza sativa -- (Xu et al., 2013)
kinase
CDPKs Drought, salinity, | Calcium dependent (Singh etal., 2017)
oxidative, protein kinases
temperature  stress,
wounding and
pathogen interactions
AtPIP5K Drought, salt and | Phosphatidylinositol-4- (Mikami et al.,
ABA phosphate 5-kinase 1998)
At SRK2C Drought SnRK2 family Arabidopsis Arabidopsis (Umezawa et al.,
thaliana thaliana 2004)
AtNDPK2 Oxidative stress NDP kinases Arabidopsis Arabidopsis (Moon et al., 2003)
thaliana thaliana
AtMKK9 ABA and salt | MAP kinase kinase Arabidopsis Arabidopsis (Alzwiy & Morris,
tolerance thaliana thaliana 2007)
ZmMPK17 ABA, H,0,, SA, JA, | MAP kinase Zea mays Nicotiana (Panetal., 2012)
ethylene, cold and tabacum
osmotic stress
Protease inhibitors | BWI-1a Pseudomonas Serine proteinase | Buckweed Tobacco, (Khadeeva et al.,
syringae inhibitor Potato 2009)
Clavibacter

michiganensis
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NtKTI1 Rhizoctonia solani Trypsin inhibitor Nicotiana Nicotiana (Huang et al,
Rhizopus nigricans tabacum tabacum 2010)
Phytophthora
parasitica
TaMDC1 Pseudomonas Cystatin Triticum aestivum | tomato (Christova et al.,
syringae 2018)
Botrytis cinerea
Alternaria alternate
Leptinotarsa
decemlineata
FchCYS1 Wounding Cystatin Fragaria (Valenzuela et al.,
chiloensis 2018)
PR-protein AtNPR1 Tomato Mosaic Virus | PR-protein Arabidopsis Tomato (W. C. Lin et al.,,
Bacterial wilt, thaliana 2004)
Bacterial spot,
Fusarium wilt
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2.3.1. Helicases

Helicases are molecular ATPases that carry out a wide range of tasks by utilizing the
energy released during ATP hydrolysis. A DNA or RNA helicase can be one of these
motor proteins. DNA helicases are primarily involved in unwinding stable DNA
duplexes so that genetic information can be replicated, transcribed, repaired, and
recombined. On the other hand, RNA helicases are primarily involved in inducing
conformational changes in RNA. A total of 217, 199, 215, and 248 helicase genes have
been reported in Arabidopsis, rice, maize, and soybean, respectively (Passricha et al.,
2018). All helicases consist of a three-dimensional conserved core region with two
tandemly placed RecA domains (RecAl and RecA2) connected via a flexible linker
protein (Sloan & Bohnsack, 2018). The core domain includes 350-400 amino acids and
14 conserved motifs (Q, Ia, Ib, Ic, I1, 11, Ila, IV, Iva, V, Va, Vb, VI from N terminal to
C terminal, respectively). It serves as catalytic pockets for the helicases, where substrate
interactions, unwinding activity coordination, and ATP binding and hydrolysis occur
(Passricha et al., 2018; Umate et al., 2010). The diversity of functions within helicases
may be attributed to differences in nucleic acid binding patterns or variations in the N
and C terminal domains. Besides the core structure, some helicases may have additional
N or C terminal extensions responsible for protein-protein interactions, nucleic-acid
binding, oligomerization, and helicase specificity (Jankowsky & Fairman, 2007; Seraj et
al., 2018). These are unidirectional proteins either translocating 3’ to 5’ or 5 to 3’

directions, with some being bipolar (Passricha et al., 2018).

Helicases are classified into six superfamilies based on their structural and functional
properties (SF1 to SF6). Most DNA and RNA helicases belong to the SF1 and SF2
families, and they have monomeric architectures. The SF1 family of helicases has a well-
defined structure and can be classified into various sub-groups, including UvrD/Rep, Pif
1-like, and Upfl-like. Upfl-like helicases are RNA helicases, while the others two are
DNA helicases. SF2 comprises the largest helicase family capable of translocating on
both single and double-stranded nucleic acids. It comprises of ten subgroups which are
RecG-like, RecQ-like, Rad3/XPB, Ski2-like, T1R, Swi/Snf, RIG-I-like, DEAD box,
DEAH/RNA and NS3/NPH. Out of these, Rec-G, Rec-Q, Rad3/XPB, T1R, Swi/Snf like
helicases are DNA helicases, and the rest are RNA helicases (Passricha et al., 2018; Seraj
etal., 2018).
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2.3.1.1.Role of helicases in stress responses

Apart from the general housekeeping functions of helicases, several of them were found
to be involved in mediating both abiotic and biotic stress conditions in plants. DNA
helicases were mostly found to be expressed for repairing DNA damage. Arabidopsis
Pifl-like DNA helicase has been reported to be induced by wounding, thereby indicating
its role in biotic stress tolerance (Seraj et al., 2018). The most explored DNA helicase
gene for salinity stress is PDH45 isolated from pea and overexpressed in tobacco, rice,
sugarcane, peanut, and chili (Passricha et al., 2018; Seraj et al., 2018; Singh et al., 2013).
Another pea helicase (p68), a DEAD box RNA helicase was shown to provide salt
tolerance in tobacco (Tuteja et al., 2014). This group of RNA helicases (DEAD box) has
been well reported in stress responses. Arabidopsis RH8 helicase interacts with PP2C
and modulates ABA signaling pathway. Heat tolerant DEAD-box helicase includes
TOGR1 and AtRH7, which are responsible for low temperature tolerance (Pandey et al.,
2020). Some other DEAD-box helicases include OsABP of rice responsive to abiotic
stress (Macovei et al., 2012), SIDEAD31 of tomato responsive to salinity, and drought
(Zhu et al., 2015), and rice OsBIRH1 helicase responsive to pathogen infection and
oxidative stress (Li et al., 2008). Apart from these, several Arabidopsis RH genes have
been shown to have roles against several plant viruses (Kovalev et al., 2012; Kovalev &
Nagy, 2014; Li et al., 2016) and tobacco PINP1 against Phytophthora infections (Pandey
et al., 2020; Qiao et al., 2015). RNA helicases like Mda-5 and RIG-I belonging to the
DEAH family have been reported to detect and initiate antiviral responses in cells
(Jankowsky & Fairman, 2007). Thus, helicases belonging to different families (not only
DEAD-box) have significant roles in plant stress tolerance, and this shall be elaborated
further in the subsequent sections.

2.3.1.2.XPB2 (Xeroderma Pigmentosa group B2)

Rice XPB2 (Xeroderma Pigmentosa group B2) is a DNA helicase (3’ to 5" helicase) of
the superfamily 2 group. RAD25 (SSL2), XPB2 and XPB (ERCC3) are the rice XPB2
homologs in yeast, Arabidopsis, and humans, respectively (Bhatia et al., 1996; Umate et
al., 2010). UV radiations and other chemical mutagens can distort DNA double helical
structure or lead to defective replication and transcription (Guzder et al., 1995). Hence,
the cellular machinery has developed an inherent DNA damage repair system in which
a massive lesion is repaired by nucleotide excision repair (NER) and the damage is not
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transferred to the next generation (Morgante et al., 2005). NER involves several steps,
including damage recognition, double incision around the lesion, unwinding of DNA and
removal of damaged portion, gap filling, and sealing of the newly synthesized fragment
with the existing one (Costa et al., 2001; Morgante et al., 2005).

XPB2 is a subunit of the eukaryotic transcription factor, TFIIH, associated with RNA
polymerase Il during transcription (Bhatia et al., 1996; Morgante et al., 2005). It
functions as a DNA-dependent helicase that creates a DNA bubble during transcription
initiation by RNA polymerase I1. Besides, it also helps in NER by unwinding the DNA
at the site of lesion (Raikwar et al., 2015; Richards et al., 2008). Altogether, these impart
a dual role of TFIIH in eukaryotes viz. transcription initiation and DNA damage repair
via nucleotide excision (Bhatia et al., 1996; Costa et al., 2001). TFIIH dissociates shortly
after transcription elongation. When damage occurs, the RNA polymerase comes to a
halt, and numerous coupling factors recruit the NER complex to the lesion site. This
complex restores the damage and continues the elongation process (Bhatia et al., 1996).
Defects in damage repair systems can lead to severe mutagenic effects, especially in
humans (Guzder et al., 1995). Xeroderma pigmentosum is an autosomal recessive
disorder, which arises due to the mutation of XPB2. These mutants are incapable of
creating a double incision around the damaged portion of DNA, thereby making the
individual much sensitive towards the light (Costa et al., 2001; Lehmann et al., 2018;
Park et al., 1992). The mechanism of DNA repair is almost conserved in all prokaryotes

as well as eukaryotes, but the proteins are not homologous (Morgante et al., 2005).

In yeast, a mutation in the walker A motif of RAD25 helicase was observed to be lethal.
Hence, RAD25 is essential for the viability of the cells and RNA polymerase 1| mediated
transcription (Guzder et al., 1995; Park et al., 1992). In contrast to both yeast and human,
XPB mutation was not found to be lethal in Arabidopsis. In Arabidopsis, XPB2 mutation
caused delayed the developmental process, loss of seed viability, delayed germination,
and sensitivity towards alkylating agents, although the mutants exhibited normal
morphology. The reason behind such features might be the redundancy of the XPB genes
present in Arabidopsis. The two homologs of XPB (XPB1 and XPB2) were 95% similar
(Costa et al., 2001; Morgante et al., 2005). Also, it was observed that the transcript level
of XPB2 was elevated during its early developmental stage (Morgante et al., 2005).
Further, studies have shown that archaeal XPB protein isolated from Sulfolobus
solfataricus also binds to its DNA around a lesion and exhibits DNA dependent ATPase
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activity (Richards et al., 2008). Recently, it has been reported that the promoter of rice
XPB2 gene is a multi-stress inducible and might play an essential role in orchestrating
plant stress tolerance. The promoter has cis-elements that respond to various abiotic
stresses (e.g., salt, dehydration, cold) and phytohormones (e.g., auxin, abscisic acid,
methyl jasmonate; Raikwar et al., 2015). OsXPB2 expression has also been influenced
by gamma-irradiation and salinity stress (Macovei et al., 2014).

2.3.1.3.SENL1 (t-RNA splicing endonuclease)

Rice SEN1 (t-RNA splicing endonuclease) is an RNA helicase belonging to the Upf1-
like subfamily under the superfamily 1B group. UPF1, SEN1, and SETX (Senataxin) are
rice SEN1 homologs discovered in Arabidopsis, yeast, and humans, respectively
(Martin-Tumasz & Brow, 2015; Umate et al., 2010). RecAl and RecA2 are two
conserved helicase cores that attach to the 3' and 5' ends of RNA, respectively and
unwind itin a 5' to 3' orientation (Han et al., 2017; Leonaité et al., 2017; Martin-Tumasz
& Brow, 2015). Although the specific mechanism of rice SEN1 is unknown, the helicase
domains are largely conserved among eukaryotes (Han et al., 2017; Leonaité et al.,
2017), suggesting that these proteins may work similarly. Non-coding aberrant RNAs
are formed during pervasive transcription that interferes with the regular transcription of
coding mRNASs (Han et al., 2017). SENL1 is a part of the NNS (NRD1-NAB3-SEN1)
complex, which is responsible for transcription termination of yeast non-coding RNAs
such as cryptic unstable transcripts (CUTs) and small nucleolar RNAs (sno RNAS;
Leonaité et al., 2017; Sariki et al., 2016). NRD1-NAB3 are RNA binding proteins, which
form a heterodimer that identifies specific sequences on the nascent RNA, GUA(A/G)
by NRD-1 and UCUU (G) by NAB3 (Han et al., 2017; Mischo et al., 2018). The serine
residue (Ser5) belonging to the C-terminal heptapeptide (YSPTSPS) repeat of RNA
polymerase Il gets phosphorylated during transcription termination. The phosphorylated
Serine residue interacts with NRD1 of the NNS complex (Mischo et al., 2011) and helps
NRD1-NAB3 dimer in loading of SEN1 (having helicase properties) onto the nascent
RNA, which dislodges the RNA polymerase Il by its helicase activity (Mischo et al.,
2018). After transcription is terminated, NRD1-NAB3 heterodimer recruits TRF4 of the
TRAMP complex (TRF4/ AIR2/ MTR4 polyadenylation complex) to degrade the
nascent transcripts. The complex polyadenylates the 3’ end of RNA and directs the

exosomes to degrade it from 3’ to 5’ direction. These exosomes cause complete
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degradation of the CUTs and partial degradation of sno RNAs (Leonaité et al., 2017,
Mischo et al., 2011).

SENL1 is a rate limiting enzyme with low processivity in the NNS-mediated transcription
termination. Reports have shown that SEN1 must be loaded within 20-40 nucleotides
upstream of RNA polymerase 1l. Otherwise, it fails to terminate transcription (Han et al.,
2017; Mischo et al., 2018). In a recent report, it has been observed that SEN1 levels are
maintained low during the G1 phase by proteasomal degradation during the cell cycle
(Martin-Tumasz & Brow, 2015), whereas its activity is increased during S and G2
phases. In the case of its human homolog SETX, the protein changes its localization
during the cell cycle. Studies indicate that the abundance of SEN1 can cause excessive
NNS-mediated transcription termination (Mischo et al., 2018). It plays an important role
in several other functions like RNA processing, eliminating short protein coding genes,
resolving R loop structures, and maintaining genomic stability (Mischo et al., 2011). In
case of a double strand break, Senl has been reported to restrict the formation of DNA:
RNA hybrids at the breakage site, thereby ensuring the appropriate repair of the break
and maintenance of genomic stability (Rawal et al., 2020). Defects in SEN1 result in
defective R loop resolution and increased frequency (Leonaité et al., 2017; Martin-
Tumasz & Brow, 2015; Mischo et al., 2018), abnormal nucleolar organization, genomic
instability, and defects in replication (Mischo et al., 2018). SEN1 mutation leads to an
increased sensitivity of the cells towards DNA damaging agents and defects in cell
regulation checkpoints (Sariki et al., 2016). Apart from regulating the expression of non-
coding genes, SEN1 also co-ordinates the expression of small protein coding genes like
NRD1, HRP1, IMD2 and CYC1 (Steinmetz et al., 2006). Mutant cells with N-terminal
truncations of SEN1 had more sensitivity towards oxidative stress, loss of mitochondrial
DNA, high ROS accumulation, resistance to rapamycin treatment, cell death and
shortened life span. Arabidopsis homolog of SEN1, UPF1 plays a vital role in nonsense
mediated decay (NMD) of abnormal RNA. It also prevents translation initiation of
aberrant mRNA, thereby suppressing the production of truncated proteins. In
Arabidopsis, upfl mutants exhibited abnormal floral and vegetative development
(Arciga-Reyes et al., 2006). It also helps the plant in maintaining seed size (Yoine et al.,
2006). In yeast, the upfl mutants were sensitive to oxidative stress (Rodriguez-Gabriel
etal., 2006). Thus, it has a significant role in regulating both transcription and translation

in most of the eukaryotes. SEN1 was also observed to have been associated with all three
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RNA polymerases (Yuce & West, 2013). It was also found to be involved in transcription
coupled repair mechanisms (Li et al., 2016). Hence, the primary function of SEN1 is
likely to dissociate any stalled elongation complex on the nucleic acid during

transcription.
2.3.2. Transcription factors

Regulation of gene expression is necessary for cellular activities like growth,
differentiation, metabolism, signal transduction, and stress responses due to external and
internal stimuli. Such regulation is mainly done at the transcriptional level via
transcription factors (TFs) (Meshi & Iwabuchi, 1995). TFs are the proteins that influence
gene expression by binding with several elements present in the promoter regions of their
targets (Gonzalez, 2013). TFs are encoded by 5-7% of the coding sequences present in
the plant genome (Hoang et al., 2017). Sequence analyses indicate that these belong to
multigenic families and have evolved via genetic duplication events followed by their
subsequent translocation. Such kind of evolution justifies the conserved structure and
function of various TF families among different organisms. About 320k TFs from 165
different plant species have been reported. Some important transcription factors include
WRKY, MYB, AP2/EREBP, bZIP, GRAS, and others (Shen et al., 2020; Sidhu et al.,
2020; Zhang et al., 2018).

2.3.2.1.Domain organization of TFs

This group of proteins consists of a DNA binding site, a protein oligomerization region,
a regulatory domain, and a nuclear localization signal (NLS) (Liu et al., 1999). DNA
binding domain determines the specificity of the TFs and is mostly lined by basic amino
acid residues. This enables them to interact with the major or minor groove of the DNA
to either activate or repress the expression of their target genes (Gonzalez, 2013; Liu et
al., 1999). In regulating gene expression, the interactions of the TFs with their partner
proteins play essential roles. This is done either via hydrophobic interactions between
the secondary structures of the oligomerization domain or hydrophilic interactions
between the residues resulting in the formation of homo or heterodimers (Huang et al.,
1996). Amino acid sequences are found to be conserved in this domain (Liu et al., 1999).
Factors belonging to Leucine-zipper and helix-loop-helix families tend to function by
forming dimers (Gonzalez, 2013). The regulatory domains of the TFs determine their

ability to function as enhancers or repressors of gene expression. This activity is
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regulated by the subcellular localization of the factors. Thus, single or multiple NLS rich
in basic amino acids like arginine and lysine can be observed in plant TFs. The number

and composition of NLS vary among the families (Gonzalez, 2013; Liu et al., 1999).
2.3.2.2.Classification of TFs

Based on their DNA binding domains, TFs are divided into several families (Gonzalez,
2013). This includes the APETALAZ2/ethylene responsive element binding protein
family (AP2/EREBP), the basic leucine zipper (bZIP) family, the MYB, MYC, WRKY,
NAC, and GRAS transcription factor families (Agarwal et al., 2006; Hoang et al., 2017).

The DREB TFs belong to the AP2/EREBP family and have been reported to play crucial
roles in responses against pathogen attacks as well as cold and drought stress. They
mediate stress responses via ABA independent signaling pathway. The bZIP, MYB, and
MY C factors are involved in ABA dependent signaling cascades (Agarwal et al., 2006;
Singh et al., 2002). The bZIP factors or the master regulators bind to the ABA responsive
elements (ABRE) of the promoter regions of the genes via their leucine zipper domain
and regulate downstream genes responsible for multiple stress responses (Agarwal et al.,
2006; Hoang et al., 2017; Joshi et al., 2016). MYB and MYC factors bind to their
corresponding cis-acting elements via Leucine zipper or helix-loop-helix structure and
control signaling cascades related to abiotic stress responses, especially drought, salinity,
and extreme temperatures. WRKY class of TFs interact with DNA via specific WRKY
domains and have been reported to have important roles against pathogen invasion and
abiotic stress tolerance in plants. The NAC family of TFs work mostly in drought and
salinity tolerance as well as auxin, ethylene, and ABA signaling pathways (Agarwal et
al., 2006; Ahmad et al., 2014; Hoang et al., 2017; Joshi et al., 2016; Singh et al., 2002).
Another family of TFs includes the GRAS family, which will be discussed in detail in
the subsequent sections. The corresponding examples of each TF family is provided in
the attached Table 2.2.
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Gene Traits/ induced | Family Source Target References
by organism organism
TSRF1 Drought, ERFTF | Tomato Oryza sativa (Quan et al., 2010)
osmotic stress
PsDREB2 Abiotic stress ERFTF | Paeonia (Liu et al., 2019)
suffruticosa
OsABF2 Abiotic stress bZIP TF | Oryza sativa | Oryza sativa (Hossain et al.,
2010)
OsAREB1 Drought, heat bZIP TF | Oryza sativa | Arabidopsis (Jinetal., 2010)
thaliana
HAHB4 Wounding, HD-Zip | Sunflower Arabidopsis (Manavella et al.,
Spodoptera TF thaliana, 2008)
littoralis Zea mays
Spodoptera
frugiperda
SIICEla Cold, osmotic, | MYC TF | Tomato Tobacco (Feng et al., 2013)
salt stress
AtMYC2 JA induced | MYC TF | Arabidopsis (Lorenzo et al.,
defence thaliana 2004)
ZjICEl Cold MYC TF | Zoysia Arabidopsis (Zuo et al., 2019)
japonica thaliana
OsMYB6 Drought, MYB TF | Oryza sativa | Oryzasativa | (Tangetal., 2019)
salinity
LeAN2 Oxidative, MYB TF | Lycopersico | Nicotiana (Meng et al., 2014)
chilling stress n esculentum | tabacum
OsWRKY45 Drought, WRKY Oryza sativa | Arabidopsis (Qiu & Yu, 2009)
disease TF thaliana
resistance
AtWRKY30 Drought, heat WRKY Arabidopsis | Triticum (Esawi etal., 2019)
TF thaliana aestivum
OsNAC52 Drought NAC TF | Oryzasativa | Arabidopsis (Feng Gao et al.,
thaliana 2010)
RD26 Drought, NAC TF | Arabidopsis | Arabidopsis (Fujita et al., 2004)
salinity, ABA thaliana thaliana
MbNAC25 Cold, salinity NAC TF | Malus Arabidopsis (Han et al., 2020)
baccata thaliana
GmNAC109 Abiotic stress NAC TF | Soybean Arabidopsis (Yang et al., 2019)
thaliana

2.3.2.3.Factors influencing TFs expression and their regulation

TFs can be expressed either constitutively or can be regulated spatially or temporally.
These can be triggered by many environmental stressors such as drought, salinity, low
temperature, nutrient-deficient conditions, light, heat, hypoxia, wounding, pathogens,
and plant hormones like abscisic acid, gibberellins, auxin, ethylene, and salicylic acid
(Hoang et al., 2017; Liu et al., 1999; Singh et al., 2002). Plant regulate these TFs at two
levels; one at the time of their synthesis and another before their activity. The former

level of regulation is done by controlling the synthesis of TFs in certain tissues. The cis
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and trans-acting elements of the gene promoter regions play an essential role. The latter
is done via activation or repression of already existing TFs in the cell. One of the common
methods of doing so is via phosphorylation or de-phosphorylation of the proteins
(Latchman, 1997; Liu et al., 1999).

2.3.2.4.GRAS transcription factors

GRAS proteins are a group of plant-specific transcription factors first reported in bacteria
and assigned to the Rossman fold methyl transferase superfamily (Zhang et al., 2012).
Later, this group radiated towards the ancestors of bryophytes, lycophytes, and other
higher plants via horizontal gene transfer (Cenci & Rouard, 2017; Zhang et al., 2018).
Several GRAS genes have been identified in more than 30 different plant species,
including Arabidopsis, rice, maize, Populus trichocarpa, and many others (Cenci &
Rouard, 2017; Guo et al., 2017; Liu & Widmer, 2014; Tian et al., 2004). A list
mentioning some of the GRAS genes identified to date is provided in Table 2.3.

Table 2.3: List of GRAS transcription factors identified from various plant species

Name of the organism Number of GRAS genes | References

identified
Arabidopsis thaliana 33 (Lee et al., 2008)
Oryza sativa 60 (Liu & Widmer, 2014)
Brassica rapa 48 (Song et al., 2014)
Pinus radiata 31 (Abarca et al., 2014)
Prunus mume 46 (Lu et al., 2004)
Populus trichocarpa 106 (Liu & Widmer, 2014)
Solanum lycopersicum 53 (Huang et al., 2015)
Vitis vinifera 43 (Xin Sun et al., 2016)
Phyllostachys edulis 59 (Zhao et al., 2016)
Ricinus communis 48 (Xu et al., 2016)
Nelumbo nucifera 38 (Wang et al., 2016)
Brachypodium distachyon 44 (Wu et al., 2014)
Glycine max 117 (Wang et al., 2020)
Gossypium hirsutum 150 (Zhang et al., 2018)
Hordeum vulgare 62 (To et al., 2020)
Cucumis sativus 37 (Lu et al., 2020)
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GRAS TFs belongs to multigenic families and were divided into eight to upto
thirteen subfamilies in Arabidopsis, rice, tomato, cotton, poplar, castors beans, and others
(Huang et al., 2015; Liu & Widmer, 2014; Tian et al., 2004; Xu et al., 2016; Zhang et
al., 2018). A higher number of genes in this gene family indicates that the expansion of
this gene family might have happened via segmental and tandem duplication events
followed by the retention of multiple copies post duplication events (Huang et al., 2015;
Tian et al., 2004).

2.3.2.4.1. Domain organization of GRAS proteins

The nomenclature of GRAS proteins was derived from the first identified members of
this family, i.e., Gibberellin-Acid Insensitive (GAI), Repressor of GAl (RGA), and
Scarecrow (SCR) (Bolle et al., 2000; Pysh et al., 1999; Zhang et al., 2017). These
proteins are 400-770 amino acids long and carry a variable N- terminal domain and a
conserved C- terminal domain (GRAS domain), which transcriptionally regulate the
downstream genes. The GRAS domain again comprises five motifs, which are (i)
Leucine heptad repeat | (LHR 1), (ii) VHIID motif, (iii) Leucine heptad repeat 1l (LHR
I1), (iv) PFYRE motif, and (v) the SAW motif respectively. (Pysh et al., 1999).

Q) Leucine heptad repeats
The LHR present in the GRAS domain indicates the ability of the protein to function in
multimers. LHR | consists of two units LHR 1A and LHR IB, separated by a proline
residue. LHR IA consists of three to five repeats of heptad sequences, while IB has a
couple of repeats. LHR Il also has two to three repeat units in its sequence. This sequence
is conserved in GRAS proteins (Pysh et al., 1999).

(i) The VHIID motif
It consists of an identifiable VHIID motif with conserved P-N-H-D-Q-L residues in its
sequence. This motif ends in the LRITG sequence towards the C- terminus. This motif

is responsible for protein-DNA interactions (Pysh et al., 1999; Tian et al., 2004).

(i)  PFYRE motif
This motif can be divided into three parts, i.e., the P residue, the FY residue, and the RE
residue. The sequences of this motif are not very conserved, but it shows similarity

among the members belonging to the same family (Pysh et al., 1999).
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(iv)  SAW motif
This motif is situated at the C- terminal end of the GRAS domain, and the presence of
W-W residues characterizes it. Other conserved regions in this motif are R-E and W-G
residues.
The PFYRE and SAW motif function are not clearly known, but they are assumed to
have important roles in regulation or maintaining the structural integrity of the GRAS

domain’s structural integrity (Pysh et al., 1999; Xiaolin Sun et al., 2012).

N c
—— LHRI < VHUD = LHRI - pfryRE ._

Fig. 2.3: Figure representing the motifs present in GRAS transcription factor

The GRAS transcription factor domain showing the sequential arrangement of five

motifs from N- terminal to C- terminal ends (Dutta et al., 2021b)
2.3.2.4.2. Functions of GRAS genes

The majority of the GRAS proteins are localized in the nucleus, PAT1 being the
exception is located in the cytoplasm (Tian et al., 2004). The conserved domain is
important for gene regulation, while the variable N-terminus of GRAS proteins
comprises of intrinsically disordered regions (IDRs), which aid in molecular recognition
during developmental processes (Cenci & Rouard, 2017; Xiaolin Sun et al., 2012). This
group of TFs identifies environmental and regulatory cues and plays crucial roles in plant
growth and development. They are involved in various biological pathways like
gibberellic acid signaling (GAI and RGA of DELLA subfamily and SLR1 of rice) (Pysh
et al., 1999; Liu et al., 2014; Vinh et al., 2020), SHR and SCR genes in radial root
patterning (Helaritutta et al., 2000), SCL3 in root elongation (Huang et al.,2015), HAM
in shoot meristem formation (Stuurman et al., 2002), PAT genes in phytochrome
signaling (Bolle et al., 2000), NSP1 and NSP2 in nodulation signaling pathway (Huang
et al., 2015) and some others in abiotic and biotic stress responses (Sun et al., 2012;
Zhang et al., 2018; Zeng et al., 2019). In many higher angiosperms, several GRAS genes
like ZmSCL7, AtRGA, AtGAI were shown to have roles in salt stress tolerance in maize
and Arabidopsis (Zeng et al., 2019). PeSCL7 from Populus is associated with the
modulation of drought and salt tolerance (Ma et al., 2010). OsGRAS23 was shown to
induce drought stress tolerance in rice (Xu et al., 2015). Other genes like SIGRAS4 and
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SLGRAS40 were shown to improve drought tolerance and phytohormone signaling in
tomato (Liu et al., 2017, 2021). In Arabidopsis plants, several GRAS genes like VaPAT1
of Vitis amurensis improved abiotic stress tolerance (Yuan et al., 1910), BrLAS of
mustard improved drought tolerance (Li et al., 2018), and HcSCL13 of Halostachys
caspica (Zhang et al., 2020) exhibited roles in growth and salt tolerance.
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SCREENING OF ACTIVATION TAGGED
MUTANTS AND IDENTIFICATION OF
HELICASES

3.1.Chemicals used

All the chemicals used in this study were obtained from Sigma-Aldrich Corporation,
USA; Himedia Chemicals, Mumbai, India; SRL India, Invitrogen, USA; Clonetech,

Takara Biotech, Japan; Fermentas, Germany.
3.2.Vectors used
3.2.1. TAcloning vector (pTZ57R/T, Fermentas, Germany)

pTZ57R/T vector was used to clone PCR amplified products with poly A overhangs
followed by sequence confirmation. The positive clones were selected based on

Ampicillin resistance marker and blue-white screening.
3.2.2. Ac/Ds based activation tagging vector (pSQ5) (Qu et al., 2008)

This vector works on the principle of Activator/Dissociator (Ac/Ds) method of
transposition as indicated by McClintock (1950). Based on this background, an Ac/Ds
based activation tagging vector (pSQ5) was generated where tetrameric CaMV35S
enhancers were introduced in the Ds element along with an Ubi::RFP tag as a reporter.
The original inverted repeats were kept intact for the transposition events to occur. The
Ac element was engineered to become stable and expressed under the control of
CaMV 35S constitutive promoter along with an Ubi::GFP tag in the T-DNA backbone.
This was done so that the Ds element only with the inverted repeats containing the
enhancers and the GFP tag can transpose during transposition. Plants containing only Ac
or Ds element will be stable after segregation, and only those plants carrying both the
elements will be able to have the process of transposition to randomly integrate Ds
element further into newer locations in the genome. The tags were introduced for visual
tracking of the elements. The vector map of pSQ5 and their transposition pattern is
explained in figure 3.1. As transposons have the inherent ability to jump and get
randomly integrated into the genome, many gain-of-function mutants were generated by
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in-planta method of plant transformation followed by repeated selfing (Moin et al.,

2016).

4x enhancers
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Ds Element

l Plant transformation and random integration of pSQ5 vector into the genome
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Fig. 3.1: pSQ5 vector with various elements and their integration patterns

The pSQ5 vector works on the principle of Ac/Ds transposition. It consists of an
immobilized Ac (Activator) element that is stable and capable of encoding a transposase
protein that identifies the inverted repeats of the Ds (Dissociator) element and integrates
it randomly into a newer location in the genome. The modified Ds element consists of
tetrameric CaMV 35S enhancers that upregulate the expression of flanking genes present
~10 kb upstream and downstream from their integration point. Each transposition leads

to the formation of Ds plants, Ac/Ds plants, and only Ac plants (not shown in the figure).
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The Ac/Ds plants continue to transpose in subsequent generations due to both Ac and Ds
elements and generate Ac, Ds, and Ac/Ds plants again. The Ds plants are stable and do
not show further transposition due to the absence of the Ac element. Irrespective of the
presence of the Ac element, the Ds element continues to upregulate the flanking genes

when integrated into the genome.
3.3.Bacterial strain (DHS5a)

For storage of pSQ5 vector and bacterial transformation Escherichia coli strain DH5a

was used.
3.3.1. Preparation of E. coli competent cells

A single DH5a colony was chosen with a sterile tip, inoculated into 10 ml of LB broth,
and cultured overnight at 37°C with steady agitation. About 200 ul of this primary culture
was inoculated into 100 ml LB medium and grown further for 3-5 h until the ODegoo
reached 0.6. The secondary culture was kept on ice for 30 min and then centrifuged at
5000 rpm for 5 min at 4°C in Oakridge tubes. The supernatant was discarded, and the
pellet was suspended in an equal volume of 0.1 M ice cold CaCl,. The suspension was
incubated on ice for 10-15 min and re-centrifuged at 5000 rpm for 10 min. The
supernatant was discarded, and the pellet was resuspended in 3-5 ml of ice cold 0.1 M
CaClzand 15% (v/v) sterile glycerol solution. Aliquots of 200 ul of the suspension were

stored in 1.5 ml Eppendorf tubes, freezed in liquid Nitrogen, and stored at -80°C.
3.3.2. E. coli transformation by heat shock method (Inoue et al., 1990)

The DH5a competent cells were thawed, and 20 pl of the ligation mixture was added and
incubated on ice for 15 min. The cells were subjected to heat shock at 42°C in a water
bath for 90 s and immediately transferred to ice. An aliquot of 1 ml of LB medium was
added to the cells and incubated for 1 h at 37°C. The tubes were centrifuged at 3000 rpm
for 5 min and the pellets were resuspended in LB medium and spread on specific

antibiotic containing LA plates.
3.3.3. Bacterial growth conditions

The E. coli cells were incubated at 37°C in Luria Broth (LB) or Luria Agar (LA) media
in an incubator shaker at 150-200 rpm. The glycerol stocks were maintained at -80°C in

50% glycerol (v/v).
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3.3.4. Plasmid isolation

Plasmid from DH5a strains was isolated using both the kit method (Clonetech, Takara
Biotech, Japan) and the conventional method (Birnboim & Doly, 1979).

For the conventional method, a single colony of DH5a strain was inoculated in 10 ml
LB at 37°C and cultured overnight. The culture was taken and centrifuged at 12,000 rpm
for 1 min. The supernatant was discarded, and the step was repeated 4-5 times. The final
pellet was dissolved gently in 200 ul of an ice cold solution I of 50 mM Glucose, 25 mM
Tris- HCI pH 8.0, 10 mM EDTA, 100 ug RNase A. To this, 400 pl of freshly prepared
solution 1l containing 200 mM NaOH and 1% (w/v) SDS was added and incubated for
3-5 min. Finally, 300 pl of solution Il (3.0 M potassium acetate, pH 4.8) was added,
mixed gently, and incubated on ice for 5 min. The tubes were then centrifuged at 12,000
rpm for 10 min at 4°C. An equal volume of ice cold isopropanol was added to the
supernatant and incubated on ice for 20-30 min. The plasmid was pelleted down by
centrifuging at 12,000 rpm for 10 min. The pellet was washed with 70% ethanol at 8000

rpm for 5 min, air-dried, and dissolved in 30-40 pl of nuclease free water.
3.4.Ligation

T4 DNA ligase was used in the ligation reaction (Fermentas, Germany). A mixture of 2
pl ligation buffer (10 x), 2U of Ligase, and a 1:3 to 1:5 ratio of plasmid to insert
concentration was made up into a 20 pl ligation reaction mixture, which was incubated
for 12-16 h at 16°C.

3.5.Plant material

The plant material used in this study was Oryza sativa ssp. indica cv. Samba Mahsuri
(variety BPT-5204).

3.5.1. Seed sterilization and plant growth conditions

The seeds of BPT-5204 were dehusked and surface sterilized with 70% ethanol for 1
min. It was followed by a single wash with 4% aqueous sodium hypochlorite solution
for 15 min. Finally the seeds were washed five times with sterile double distilled water
for 2 min per wash. The blot dried seeds were inoculated on solid MS media (full or half
strength depending on the experiment) under 16 h /8 h light/dark cycles. The
acclimatized plants were shifted to pots containing black alluvial soil in the greenhouse
with 30 £ 2°C, 16 h light/ 8 h dark photoperiod, and relative humidity of 55+5%.
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3.5.2. Genomic DNA extraction (CTAB method)

Genomic DNA from rice leaves was isolated using CTAB buffer (CTAB: 2%, 1 M Tris
base pH: 8; 0.5 M EDTA pH: 8; and 5 M NaCl). About 100 -150 mg leaf samples were
crushed in a mortar and pestle using liquid Nitrogen and transferred to Eppendorf tubes
containing 1 ml CTAB buffer. To this, 20 ul of B-mercaptoethanol was added, mixed,
and incubated at 65°C for an hour. Post incubation, the tubes were centrifuged at 11000
rpm for 15 min at 4°C. The supernatant was collected and an equal volume of Phenol:
Chloroform: Iso-amyl alcohol mixture (25:24:1) was added. The solution was mixed by
inversion and was allowed to incubate at 4°C for 5 min. This was followed by
centrifugation at 5000 rpm for 8 min. The upper aqueous layer was transferred into a
fresh tube, and an equal volume of Chloroform: Iso-amyl alcohol (24:1) was added,
incubated at 4°C for 15 min followed by centrifugation at 12000 rpm for 12 min. This
step was repeated twice. The clear upper phase was taken, and an equal volume of ice
cold isopropyl alcohol was added and mixed well. The mixture was incubated at -20°C
for 8-12 h followed by centrifugation at 11000 rpm for 15 min. The supernatant was
discarded, and the pellet was washed using 70% ethanol, air dried, and dissolved in
nuclease free water. This resulted in high quality genomic DNA (2000 ng/ul) free from
protein and salt contamination (260/280 = 1.8, 260/230= 2.1).

3.5.3. Isolation of total RNA using Tri-Reagent

The total RNA was isolated using the Tri-Reagent (Takara Bio, UK) as per the
manufacturer’s protocol. The RNA quality was checked on 1.2% agarose gel in TBE
(Tris-Borate EDTA) buffer and quantified using a Nanodrop spectrophotometer. 2 pg/ul
RNA was used to synthesize first strand cDNA using a reverse transcriptase enzyme
(Takara Bio, UK).

3.5.4. Quantification of DNA and RNA

A Nano-drop spectrophotometer (ND-1000, USA) was used to analyze the quality and
quantity of DNA and RNA. DNA with OD 260/280 and 260/230 values of 1.8 and 2.1,
respectively, devoid of protein and salt contamination, was chosen. In the same way,

values between 1.9 and 2.1 were chosen for RNA.
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3.5.5. First strand cDNA synthesis

MMLYV reverse transcriptase enzyme (Takara Bio, UK) was used to synthesize first
strand cDNA from total RNA (2 pg concentration) as per the manufacturer’s protocol.
The cDNA was diluted seven to ten times depending on the experiment, and 2 pl of it
was used in qRT-PCR analysis.

3.5.6. Quantitative Real-Time PCR (QRT-PCR)

Quantitative Real-Time experiments were done to check the expression of various genes
in the mutants as well as the wild-type plants. The primers (IDT, USA) for all gRT-PCR
analyses were prepared using OligoCalc and Primer3 online tools. All the primers had a
working concentration of 10 uM. The qRT-PCR was performed using SYBR Green ®
Premix (Takara Bio, USA) as per manufacturer’s protocol with 2 pl of seven to ten times
diluted cDNA as template in an Eppendorf Master Cycler Realplex* machine. The
reaction conditions included an initial denaturation at 94°C for 2 min, followed by 40
cycles of 94°C for 15 s, annealing temperature (depending on the primer) for 25 s, and

72°C for 30 s followed by a melting curve. The primer list is given in table 3.3.
3.6.Generation of activation tagged mutants

Our group has previously generated a large pool of gain-of-function mutant rice plants
via the Ac/Ds method of activation tagging. The vector pSQ5 was mobilized into the
indica rice genome via Agrobacterium mediated in-planta method of plant
transformation. The transformed plants were initially screened on 50 mg/L Hygromycin
containing solid MS medium followed by their molecular analysis through PCR and
Southern-blot hybridization (Moin et al., 2016). The confirmed stable Ds plants were
then examined for WUE traits by subjecting them to limited water conditions. Following
their phenotypic and physiological analysis, these plants were further screened for the
potential candidate genes that were tagged by the integrated enhancer elements of the
pSQ5 vector.

3.7.1dentification and confirmation of genes
3.7.1. Carbon isotope analysis

WUE in plants can be determined with a non-invasive method using carbon isotope
discrimination (A'3C). The negative association between the WUE of a plant and A*C

readings is a useful tool for identifying plants that perform better in low-water
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environments (Chen et al., 2011). In Cs plants, the molar abundance ratio (R) of 13C/*?C
is less than that of the atmosphere as plants discriminate in the uptake of 3C during
photosynthesis. The carbon isotope composition (§*C%o) is estimated using the formula
[(Rsample/Rstandard)-1]*x10% and compared to a Pee Dee Belemnite (PDB) fossil carbonate
standard. The carbon isotope discrimination (AC%o) is measured by the formula
[(813Ca-813Cp)/(1+ 813Cp)x10° where §13C, and §13C, are the §'°C values of atmosphere
and plant, respectively (Farquhar et al., 1982, 1989; Gao et al., 2018). The mature leaf
samples of 500 mg of the genotypes under study (control and the tagged lines) grown
under limited water conditions were collected and dried at 65°C for 3 d to calculate the
carbon isotope discrimination values. The samples were crushed, and the carbon isotope

was detected using an Isotope Ratio Mass Spectrometer (IRMS).
3.7.2. ldentification of flanking gene sequences

Genotypes with high WUE under limited water conditions were selected for flanking
gene sequence analysis to identify the genes tagged by the integrated enhancers. They
were subjected to thermal asymmetric interlaced PCR (TAIL PCR) technique (Liu et al.,
1995). This tool utilizes one degenerate primer and three sets of specific or nested
primers. The primary reaction involves the binding of a degenerate primer and the first
nested primer that are relatively far apart in the genome. It is followed by secondary and
tertiary reactions, which involve the same degenerate primer, but different sets of nested
primers that bind relatively closer. After each reaction cycle, the PCR products were
diluted and used as templates for the next reaction. It was done to obtain more specific

products and reduce the number of non-specific PCR products.

In our experiment, we used three nested primers (NP) specific to the 5’ end of the
integrated Ds element and one set of degenerate primers to locate the tag in the genome
and identify the flanking gene sequences. NP1, NP2, and NP3 were respectively 1 kb,
500 bp, and 100 bp upstream to the Ds element. For the primary reaction, genomic DNA
of rice was used as a template, while for secondary and tertiary reactions 1 ul of diluted
products from the preceding cycles were used as templates. Multiple bands were
observed at the end of the primary reaction, which gradually reduced in the subsequent
reactions. The reaction cycle and the primer sequences are provided in table 3.1 and 3.2.
The final amplicons were ligated in the TA cloning vector (pTZ57R/T) and subjected to

Sanger sequencing commercially. The point of enhancer integration and the flanking
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gene sequences were identified by performing a BLAST search in the rice genome
database (RGAP-DB, RAP-DB, and OrygenesDB). DEB. 36 (referred to as XM3) and
En.124 (referred to as SM4) were the two potential mutants identified with significant
WUE. Within the 20 kb spanning the region of the enhancer integration, three and five
genes were present, respectively. The level of expression of these genes was analyzed
via quantitative real-time PCR (qRT-PCR).

Table 3.1: The reaction protocol for TAIL-PCR

Reaction type PCR Protocol Number of
cycles
Primary reaction 95°C 3 min 1
(Primer concentration: 10 uM, 94°C 30 s*; 60°C 30 s; 72°C 2 min 3
NP1: degenerate primer =1:4) (annealing temperature is according to
the NP)
94°C 30 s; 25°C 2 min; 0.2 2
°C/sec;72°C 2 min
94°C 30 s; 60°C 30 s; 72°C 2 min 5-10
94°C 30 s; 60°C 30 s; 72°C 2 min
94°C 30's; 35°C 30 s; 72°C 2 min
72°C 10 min. 1
Secondary reaction 95°C, 3 min 1
(Product from primary reaction | 94°C 30 s; 35°C 30 s; 72°C 2 min
was diluted to 100 pl and 1 pl 94°C 30 s; 35°C 30 s; 72°C 2 min
was used; 94°C 30 s; 60°C 30 s; 72°C 2 min 30
NP2 and degenerate primer 72°C 5 min. 1
added: 1 pl)
Tertiary reaction 95°C, 3 min 1
(Product from secondary 94°C 30 s; 60°C 30 s; 72°C 2 min 15-20
reaction was diluted to 100 pl 72°C 10 min. 1
and 1 pl was used;
NP3 and degenerate primer
added: 1 ul)
* s means seconds
Table 3.2: List of primers used in TAIL PCR
Primer name Primer sequence (5'-3") Purpose
Degenerate primer 1 | NGACGA(G/C)(A/IT)GANA(AIT)GAA TAIL-PCR
Degenerate primer 2 | NGACGA(G/C)(A/IT) GANA(AIT)GAC TAIL-PCR

Ds.NP1 CTCACAGCACTTAGCAGTACAGCACG | Nested primer in
TCAGC Primary TAIL PCR
Ds.NP2 GTGCGCGTGGGCATGGATGTGGC Nested primer in
Secondary TAIL
PCR
Ds.NP3 ATAGTTTAGTTAAAGGTCAGTTGTGTC | Nested primer in

Tertiary TAIL PCR
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3.7.3. Expression analysis of flanking genes

The identified mutant lines XM3 (DEB.36) and SM4 (En.124) displaying normal or
better growth and yield parameters under water limited conditions compared to their
wild-type counterparts were subjected to gRT-PCR analysis. The transcript levels of all
genes present in the 20 kb region on either side of the enhancer integration were analyzed
using gene-specific primers in three biological and technical replicates. Total RNA was
isolated from the leaves of 60 d old plant using Tri-Reagent (Takara Bio, UK) and 2 ug
cDNA (Takara, Clonetech, USA) was prepared as per the manufacturer’s protocol. The
cDNA was diluted seven times, and a 2 pl aliquot of this was used for gRT-PCR. The
expression level was normalized using rice actin (actl) as an internal reference gene, and
the fold change was calculated using the AACt method (Livak & Schmittgen, 2001).

3.7.4. Differential transcript analysis of identified helicases

XPB2 and SEN1 helicases were identified from flanking sequence analysis that was
responsible for the high WUE trait in the shortlisted mutants XM3 and SM4,
respectively. In order to understand the involvement of these two helicases against
various environmental stressors, differential expression patterns were evaluated. For this,
10 d old rice seedlings were treated with various phytohormone concentrations like 2
mM salicylic acid (SA), 100 uM methyl jasmonate (MJ) and 100 uM abscisic acid
(ABA), and abiotic stress-inducing agents such as 15% polyethylene glycol (PEG 8000),
250 mM sodium chloride (NaCl) and heat treatment at 42°C. The phytohormone, salt,
and dehydration stress (PEG) treatments were applied by growing the seedlings in the
respective solutions. Seedlings were subjected to heat treatment by placing them in a hot
air oven maintained at 42°C. The root and shoot samples were obtained separately at 0 h
(collected at the beginning of stress treatment), 3 h, 6 h, 12 h, 24 h, and 48 h after the
start of the stress treatments. Seedlings grown in a stress-free medium under identical
growth conditions served as normalization controls. The primer sequences are provided
in table 3.3.

Leaf samples of rice infected with Xanthomonas oryzae pv. oryzae (Xoo, which causes
bacterial leaf blight of rice) and Rhizoctonia solani (which causes sheath blight of rice)
were utilized for transcript analysis of these genes under biotic stress conditions. The
stress treatments were carried out in controlled culture room conditions where bacterial

suspension of Xoo was applied on the leaf blades, and R. solani containing agar blocks
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were placed on leaf sheaths of one months old rice plants. Samples were collected 20
and 25 d later for Xoo and R. solani treatment, respectively (Saha et al., 2017). The
untreated leaf samples were considered as the controls for normalizing the gene
expression levels. Rice actin was used as the internal reference gene, and the relative
fold changes were calculated through the AACT method (Livak & Schmittgen, 2001).

3.8.Analysis of identified lines
3.8.1. Physiological and biochemical analysis

3.8.1.1.Growth and phenotypic parameter measurements of tagged

mutant lines under simulated stress

Seeds of XM3, SM4, and WT (BPT-5204) were grown on Murashige and Skoog medium
for 25 d to study the behavioral tendencies of the two mutants under abiotic stress settings
(Saha et al., 2017). They were then transferred to test tubes containing phytohormones
and stress-inducing chemicals in a nutrient Yoshida liquid solution at half strength
(Yoshida et al., 1976). As controls, seedlings were kept in a plain half-strength liquid
Yoshida solution. Every seven days, the seedlings were subjected to fresh stress by
changing the solutions. For revival experiments, the seedlings were transferred to full
strength Yoshida solution twenty days after stress (DAS). Before shifting to revival
solution, root and shoot samples were collected separately for transcript analysis, and
entire seedling samples were collected for biochemical experiments. The samples were
freeze-dried in liquid Nitrogen and stored at -80°C. During the plant recuperation, a
similar pattern was followed. The seedlings were measured for root length (cm), shoot
length (cm), fresh weight (g), percentage of leaf withering, and survival. For the leaf
wilting percentage calculation, each leaf’s length and wilted length were measured
separately for each leaf. After the revival period, the seedlings were transferred to the
greenhouse and grown till maturity. During their growth, several physiological and
morphological parameters like plant height, number of total and productive tillers
(panicles), boot leaf length v/s panicle length, photosynthetic efficiency, and yield related
parameters like number of branches per panicle, number of seeds per panicle, and per

plant and weight of 100 seeds were measured.
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3.8.1.2.Chlorophyll fluorescence measurement

The chlorophyll present in the reaction centre of photosystem 11 (PSII) is responsible for
the absorbance of light energy. A part of the absorbed energy, which is re-emitted as
fluorescence, is utilized for photosynthesis. Hence, a measurement of chlorophyll
fluorescence connotes the quantum yield of a plant. Pulse Amplitude Modulated
fluorometer (PAM) gauges the photosynthetic performance of plants indirectly by testing
the quantum efficiency of photosystem I1 (PSII). It involves the exposure of dark-adapted
leaves to a strong pulse of light. The minimal level of fluorescence observed upon
irradiation is considered Fo, while Fm shows the maximum fluorescence value. The
difference between F, and Fr is Fy or variable fluorescence. The ratio between variable
fluorescence and the maximum fluorescence (F./Fm) indicates overall photosynthetic
efficiency and the stress level experienced by a plant under unfavourable conditions. In
a healthy unstressed plant, the F./Fm value ranges around ~0.83 (Murchie & Lawson,
2013), corresponding to the maximum photosynthetic yield in a plant. A significant
reduction in this value indicates stress induction in the plant. We studied the quantum
efficiency of selected mutants compared to their respective controls using a portable
MINI-PAM (Walz, Effeltrich, Germany) by following the manufacturer’s protocol. All
of the plants were given a 30 min dark period before being exposed to a light pulse of

8000 pmol m2s™. A histogram of the F./Fr, ratio was generated.
3.8.1.3.Chlorophyll and proline content estimation

Two sets of samples collected after application of stress followed by their revival under
simulated conditions were used for chlorophyll estimation. About 100 mg of tissue was
ground to a fine powder in liquid Nitrogen, and chlorophyll was extracted using di-
methyl sulphoxide (DMSQ). The corresponding absorbance was taken at 663 nm and
645 nm using a UV spectrophotometer, and chlorophyll a, b, and total chlorophyll
contents were calculated (Zhang et al., 2009). The mean and standard errors were plotted
in the form of bar graphs.

Similar samples were used to estimate the contents of an important osmolyte, proline
(Bates et al., 1973). For this, 100 mg of plant tissue was homogenized in 5 ml of 3%
sulfosalicylic acid. The homogenate was centrifuged at 12,000 rpm for 15 min, and the
supernatant was used for proline estimation. The supernatant was mixed with acid

ninhydrin and glacial acetic acid (400 pl each) and was incubated at 100°C for 1 h.
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The solution was immediately transferred to an ice bath, cooled, and 800 pl toluene was
added, and the mixture was vortexed. Subsequently, the organic phase was pipetted out
to a new tube, and the absorbance was recorded at 520 nm. The proline content was
estimated using a standard curve, and the values from individual samples were indicated

in a bar diagram.
3.8.1.4.Pot level water withholding experiments

For understanding the behavioural pattern of XPB2 and SEN1 helicases, fifteen days old
mutants and the wild-type lines were first acclimatized under lab conditions, followed
by their shifting into pots containing black alluvial soil. They were grown under similar
greenhouse conditions as mentioned before. Three plants were transplanted in each 7.5
Kg pot, and triplicates were considered for further experiments. After growing them for
thirty days under normal water conditions, the overlaying water was withdrawn, and the
plants were subjected to water limiting conditions. This was continued consecutively for
three and seven days, followed by their recovery.

Our previous study demonstrated that the Permanent Wilting Point (PWP) for BPT-5204
variety under our greenhouse conditions was 21 days (Moin et al., 2017a). Drought
studies are often measured in percent field capacity (FC), which varies greatly depending
on the soil type. The PWP for black alluvial soils found in South India, which were also
used in this study, ranges from 10% to 18% FC (http://www.indiawaterportal.org).
Therefore, the FC for three and seven days drought treatment would be ~60 and 40%,
respectively, in this study. After the drought period was over, all three plants from each
pot were uprooted, followed by the collection of their root and shoot samples to study
the expression pattern of various drought responsive genes. The remaining pots were
allowed to recover by gradual application of water (as required normally for rice
cultivation) and were grown till maturity.

The setup was repeated three times, and a comparative investigation was carried out
between the identified mutants with their treated and untreated control counterparts. The
analysis was mostly done on yield related parameters to check if the overall yield of the
mutants was reduced, maintained or improved under drought. Changes in 100 seed
weight, seed length: breadth ratio, and amylose: amylopectin ratio were used to monitor
the grain quality. The amylose content was measured spectrophotometrically using a

standard amylose curve at 600 nm (Sowbhagya & Bhattacharya, 1971).
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3.8.1.5.Seed germination assay
The seeds of the mutants and WT were germinated on half-strength MS media containing
50 uM and 75 uM ABA under 16/8 h light/dark cycles. Seeds germinated on half-
strength MS media without ABA were used as untreated controls. The germination of

the seeds was documented after five days.
3.8.2. Transcript analysis of stress-responsive genes

The transcript pattern of seven stress-regulated genes such as Trehalose Phosphate
Phosphatase-1 (OsTPP1), Late Embryogenesis Abundant 3-1 protein (OsLEA3-1), type
2C Protein Phosphatase (OsPP2C), Dehydration Responsive Element Binding protein
2B (OsDREB2B), NAM-ATAF1-2-CUC2 proteins (OsNAC1, OsNAC2) and Ser/Thr
protein Kinase -1 (OsSIK1) was examined in the root and shoot tissues of mutant and
WT plants exposed to phytohormone (ABA), dehydration stress (PEG), and pot-level
drought (for three and seven days). These genes play a role in ABA signaling as well as
heat, cold, salt, and drought stress modulation. Normalization of the expression data in
the mutant lines was done using the transcript levels of the said genes in the stress
induced wild-type plants. qRT-PCR was used to examine the transcript patterns of the
stress-related genes, and the relative fold change was estimated using the double-

normalization approach. The primer sequences are provided in table 3.3.

Table 3.3: List of primers used in differential transcript analysis

Primer name Primer sequence (5'-3")
OsSEN1RT Fp AATCATGGTGTGGGTTTCGT
OsSEN1 RT Rp AGGAAGTCCTTGGGAATGGT
OsXPB2 RT Fp TCAATGGGCATTTCAGTTCA
OsXPB2 RT Rp ATGTGCAGGAACAACATGGA
OsLEA3-1Fp GCGAGTGAGCAGGTGAAGA
OsLEA3-1Rp GTGGCAGAGGTGTCCTTGTT
OsDREB2BFp ATCCACAGGGTCCAAAGAAG
OsDREB2BRp CACACCACGGAAGTCACAAC
OsNAC1Fp AAATCCCTCACAACCCACAA
OsNAC11Rp CTCATCCCCATCGCTTCTT
OsNAC22Fp AGGGCGAGAAGACCAACTG
OsNAC2Rp ACCCAATCATCCAACCTGAG
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OsSIK1Fp CTCGCATAATCCACAGAGATG
OsSIK1Rp TGGCAGAGGGGACACATT
OsTPP1Fp TTCTGCTTTGGCTTCCTTCA
OsTPP1Rp TCATCCACAATAGGCGACAG
OsPP2CFp GGAGGCACTTCTATGACACC
OsPP2CRp AGAAGTTCAGAGTCCGTGCT
OsActin-1 Fp CTCCCCCATGCTATCCTTCG
OsActin-1 Rp TGAATGAGTAACCACGCTCCG

3.8.3. In-silico analysis
3.8.3.1.In-silico promoter analysis of SEN1

About 1 kb sequence upstream to the start codon of SEN1 (LOC_0s10g02930) was
retrieved from RGAP-DB and was subjected to an in-silico analysis for the presence of
cis-acting elements using the PlantCARE (Lescot et al., 2002) online tool. Similar
promoter analysis of the XPB2 gene (LOC_0s01g49680) has been reported earlier
(Raikwar et al., 2015).

3.8.3.2.Principal Component Analysis of the observed morpho-

physiological and biochemical data

Principal component analysis (PCA) is a statistical tool for an efficient interpretation of
highly correlated multivariate data. In this case, the dataset comprised of complex
phenotypic and physiological traits of three genotypes (WT, XM3, and SM4) under four
conditions (UT and three simulated drought conditions: PEG 50 uM, and 75 uM ABA).
The main aim of PCA is to reduce the dimensionality of a dataset to two or three principal
components while still capturing a majority of the variance of the variables (Wold et al.,
1987; Yano et al., 2019). We performed PCA using the "R" programming language to
identify the patterns in the dataset of the three genotypes under simulated conditions
(Kassambara & Mundt, 2016; R Core Team, 2019). For analyzing the data, the cos2
values have been considered. A high cos2 value indicates a higher impact of that variable

in the principal component. A cutoff of 0.5 cos2 value had been considered.
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HELICASES AS POTENTIAL CANDIDATE
(GENES FOR DROUGHT STRESS
TOLERANCE IN RICE

4.1.Introduction

Generation of loss-of-function mutants is a traditional approach for dissecting the
mechanisms of a genetic pathway. But this approach is difficult for characterization of
redundant genes where the function of the mutant gene is masked by that of its existing
isoforms. So is the case for the lethal genes, whose lack of function results in embryonic
lethality. Therefore, the production of gain-of-function mutants serves as an alternative
approach where the expression of the genes is upregulated by integrating either
promoters or enhancers. This approach is known as activation tagging (Weigel et al.,
2000).

Using a tetrameric 35S enhancer-based activation tagging strategy, we have previously
generated a sizeable population of gain-of-function mutant lines in the extensively
farmed indica rice variety BPT-5204 (Samba Mahsuri) (Moin et al., 2016). These
mutants were screened based on their phenotypic and physiological performance under
limited water availability. High WUE phenotypes were exhibited by some of the mutants,
which indicated a probable role of gene activation by the integrated enhancers. High
quantum efficiency and low carbon isotope discrimination values are considered to be
proxies for high WUE. Based on this, Moin et al. (2016) and Manimaran et al. (2017)
identified six mutants that showed the activation of GRAS, WRKY 96, and NF-YC13
transcription factors ubiquitination protein cullin4, and two ribosomal proteins (RPL6
and RPL23A).

We have analyzed the flanking sequences of the activation tags (tetrameric enhancers)
in two other gain-of-function mutants, which led to the identification of a DNA helicase,
XPB2, and an RNA helicase SENL. In this chapter, we will investigate the experimental
evidence on the roles of these helicases in drought stress mediation. Post identification
of the helicases in the activation tagged lines, their differential expression patterns were

studied under abiotic and biotic stress conditions. Based on the results, we further
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investigated the effects of these two genes in response to various stress situations, like
phytohormone, dehydration, and drought stress treatments in indica rice. The
performance of the mutant lines was studied with respect to the changes in their
physiology and agricultural productivity, apart from WUE. Our findings imply that in
addition to their fundamental cellular housekeeping functions, i.e., nucleic acid
unwinding, the helicases encoded by these genes play a significant role in stress
responses, possibly by protecting the genomic integrity of the plant when environmental

stressors arise.
4.2.1dentification of tagged genes

Two mutants, XM3 (DEB. 36) and SM4 (En. 124), were chosen for detailed analysis out
of the selected activation tagged lines showing enhanced WUE through high
photosynthetic performance and low carbon discrimination values. The function of these
two genes has been well studied for nuclear activities, but their involvement in stress

responses and WUE has not been elucidated till now.

2 23.75 23.75 == WT

WT XM3 WT SM4

Fig. 4.1: Carbon isotope discrimination (A*C%o) as measured by Isotope Ratio

Mass Spectrometer

Carbon isotope discrimination is an indirect method of identifying plants with higher
WUE under water stress conditions. A high A*C value indicates a lower WUE. Here the
WT lines were observed to have 23.75%o of A¥*C under limited water conditions, which
was higher than that of XM3 (20.05%0) and SM4 (20.14%o) lines.

49



Chapter 4: Helicases as Candidate Genes for Drought Stress Tolerance in Rice

Under limited water conditions, the WT lines were observed to have higher A¥*C
(23.75%o0) values as compared to the selected mutant lines, XM3 (20.05%0) and SM4
(20.14%o) (Fig. 4.1). Since carbon discrimination values (A*C) are inversely related to
WUE in plants (a lower value indicates higher WUE), these mutants were chosen for
flanking gene sequence analysis. TAIL-PCR analysis was conducted on the chosen
mutants, XM3 and SM4, to establish the transgenic nature of the plants, identify the
genes in the immediate proximity of the enhancer integration, and designate the site of
insertion of the tetrameric enhancers in their genomes. In order to map the exact point of
integration of the tag, a BLAST search was performed by subjecting the sequence
obtained from TAIL-PCR analysis in the rice genome database (Fig. 4.2). Thus, we

identified the flanking genes present in the 20 kb span of the enhancer integration.

In the 20 kb span of the enhancer integration site, the tagged line XM3 had
LOC_0s01g49670, LOC_0s01g49680, and LOC_0s01g49690 loci. LOC_0s01g49670
and LOC_0s01g49680, encoding for cytidylyl transferase domain containing protein
and DNA repair helicase XPB2, respectively, were found 8 kb and 0.1 kb upstream of
enhancers, respectively. The Ser/Thr protein phosphatase gene encoding loci,
LOC 0s01g49690, was found 2 kb downstream of the enhancer integration. The
enhancers in the SM4 mutants were flanked by the loci LOC_0s10g02890,
LOC_0s10g02900, LOC_0s10902910, LOC_0s10g02920, and LOC_0s10g02930.
The first two genes situated 4 kb, and 1 kb upstream of the enhancers encoded unnamed
putative proteins, but the following three genes situated 1 kb, 4 kb, and 7 kb downstream,

encoded a transposon protein, cytochrome b561, and SEN1 helicase, respectively.

A gRT-PCR analysis showed a 16-fold activation of the genes XPB2 (LOC 0s01g49680)
and SEN1 (LOC 0s10g02930) in the lines XM3 and SM4, respectively, in comparison
to WT (Fig. 4.3 a to d), whereas no significant changes in the expression level of the
other genes in the 20 kb regions of the selected mutants were observed.
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Fig. 4.2: Gene maps locating the point of integration of the 4X enhancer elements of activation-tagging vector and its 10 kb upstream

and downstream genes as obtained from the rice genome database

The sequences obtained from TAIL-PCR of (a) XM3 (DEB.36) and (b) SM4 (En.124) were subjected to BLASTN analysis in the rice genome
database. The blue rectangular box indicates the point of integration of the enhancer element and the selected region represents the surrounding
20 kb region of the enhancers. In the line XM3, 3 genes (LOC_0s01g49670, LOC_0s01g49680 and LOC_0s01g49690) in XM3 and 5 genes
(LOC_0s10g02890, LOC_0s10g02900, LOC_0s10g02910, LOC_0s10g02920, LOC_0s10g02930) in SM4 were present in the selected span.

52



Chapter 4: Helicases as Candidate Genes for Drought Stress Tolerance in Rice

A
v

. Tz T >

LOC_0s01g49670
Cytidylyl transferase domain

LOC_0s01g49680

LOC_0s01g49690
Ser/Thr protein phosphotase

containing protein

DNA repair helicase XPB2

(b) 20
*
= WT
= DEB.36
15
()
oo
{ =
©
< 10
(&)
=
L
()]
2
® 51
)
o
9 o o S
A &
3o° oo° 59@
Q’\Q’ Q\g’ NS
o° o° o(,o
(& C
Ned NS N
4 kb = 7kb
(c) 1kb | 4kb

«—> 4 «—> 1kb

| 1 |~ l [ | [ I

LOC_0Os10g02890 LOC_0Os10g02900 LOC_0s10g02910 LOC_0s10g02920 LOC_0s10g02930
Putative protein Helicase, SEN1

Putative protein Transposon protein Cytochrome b561

(d)

%

871 W
/1 En.124

Relative fold change

| I

L mm an W[
N N S
Q'ﬁ’o’ 6‘90 o> R

N
&>

T g <2 < <
7 7 7

Fig. 4.3: Gene map and quantitative real-time PCR of the tagged genes

Pictorial representation of the point of integration of the tetrameric enhancer element of

the activation tagging vector, the genes in the 20 kb span, and the subsequent quantitative



Chapter 4: Helicases as Candidate Genes for Drought Stress Tolerance in Rice

real-time PCR analysis (a & c) The bold double-headed arrow represents the enhancer
integration. In the line XM3, three genes were present (LOC Os01g49670,
LOC 0s01g49680, and LOC_0s01g49690), and in the line SM4 (En.124), five genes
were  present (LOC Os10g02890, LOC Os10g02900, LOC 0Os10g02910,
LOC 0s10g02920, LOC 0s10g02930) in the selected region. Quantitative real-time
PCR (gqRT-PCR) analyses showed up to 16 fold upregulation of two genes, i.e. (b) XPB2
and (d) SENI, compared to the WT in XM3 and SM4 lines, respectively. Other tagged
genes showed an expression level similar to that of the WT. The data were normalized
using rice actin as an internal reference gene. One way ANOVA was performed at a

significance level P < (.05 annotated by asterisks*.
4.3.Promoter analysis of SEN1

Many cis-acting elements were previously identified in the XPB2 promoter region,
including one for early dehydration responsiveness (ABRELATERDL1), a dehydration
responsive element (CBFHV), and an MYBCORE element that responds to water stress
(Raikwar et al., 2015). Several cis-acting stress-responsive elements were discovered in
our in-silico promoter study of SEN1. Figure 4.4 and table 4.1 indicate the definite
locations and the detailed list of the cis-regulatory elements. There were 12 MY B binding
elements (CAACTG and CAACCA/CAACAG) and two ABRE motifs (CGTGQG)
relevant for drought responsiveness. The corresponding responsive elements in the
putative promoter region can be attributed to the high transcriptional activation of these
two genes in response to ABA and the dehydration stress-inducing agent, PEG.

Table 4.1: List of cis-acting elements and their functions found in the 1 kb upstream
promoter region of SEN1 through PlantCARE database.

Element Position |Strand | Sequence Function
AE-Box 399 - AGAAACTT |Light response module (Wei et
al. 2013)
ARE 709 + AAACCA Element for anaerobic induction
AuxRR Core | 847 - GGTCCAT Element for auxin response
(Sakai et al. 1996)
CAAT Box [176 + CAAT Element in promoter and
366 N CAAT enhancer region
365 + CCAAT
647 - CAAT
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264 - CCAAT
571 + CCAAT
317 + TGCCAAC
845 + CAAT
251 + CAAT
536 - CAAT
306 - CAAT
572 + CAAT
G-box 419 + CACGAC Light responsivenes element (
Wei et al. 2013)
MBS 12 + CAACTG MYB binding site for drought
261 n CAACTG inducibility (Ambawat et al.
2013)
74 - CAACTG
620 + CAACTG
MYB 4 + CAACCA
491 + CAACCA
239 - CAACCA
860 + CAACCA
87 - CAACCA
558 - CAACCA
101 + CAACCA
874 - CAACCA
0O2- site 575 - GATGA(C/T)(|Element involved in  zein
AI/G)TG(A/G) |metabolism induction (Yunes et
al. 1994)
TATA-box |[705 - TATA Core promoter element
TCA- 957 - CCATCTTTT [Element for salicylic acid
element T responsiveness (Wei et al. 2013)
Unnamed_1 | 712 - CGTGG ABRE motif (Srivastav et al.
2010)
778 + CGTGG
Unnamed_4 |34 + CTCC Regulates gene expression for,
anther development (Zhou et al.
2017)
525 + CTCC
360 + CTCC
913 - CTCC
136 - CTCC
760 - CTCC
458 + CTCC
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659 + CTCC
83 - CTCC
867 + CTCC
140 - CTCC
Box S 565 + AGCCACC  |Responsive to wounding and
pathogen elicitation (Yin et al.
2017); Stress responsiveness
(Ding et al. 2019)
Circadian 428 - CAAAGATA [Element for circadian control (Fu
TC et al. 2014)
re2f-1 207 + GCGGGAAA |E2F binding site ( Chabouté et
al. 2002); Responsible for cell
cycle (Cakir et al. 2013)

GGGEBACCAG ACAACTGGAA CCTCTCAAAG AGABNEETGC TGTACATTAA AGTCCCAGCT GCTTTGCTGA
CCCGTTGGTC TGTTGACCTT GGAGAGTTTC TCTGAGGACG ACATGTAATT TCAGGGTCGA CGAAACGACT

TAACAGTTGC AGGGAGCTGT TGTGGATCAC CAACGARGAGNACACCTAGCT GCACCGAGCG AAAGTGGAGG
- ATTGTCAACG TCCCTCGABNEMBRECTAGTG GTTGGTTCTG TCTGGATCGA CGTGGCTCGC TTTCAcCHEEN W o

+ GAGGACTGCT ACTTCACTAG CCTGAGCAGC TTCATGAATT ACCACCATAT CAAAGCCATG ACTAAGEGGGN

BSTcEIEECGA TGAAGTGATC
PIGAREATAACT TGCGACCACT

+

+

CTAGACTAGC CCTAGCATCT

CGCACTGTAG AGGTGGTTAT

BIEEEETACGAT CTCTTTGAGC

+

- TTCGTAGGCHINCCCCG TTTCGAACCC TTCTCACGCC TTTTCCAAGA CTAGGTATGA GACATTTTGA
+ TCATCAATGG ACCCTGCAGENAACASTEISENGAGCTGTTGC TTGTGTTACC GCTAACTTGC TTGTAACTTT

EAECEATAGT AAGTTCCCTT

GGACTCGTCG AAGTAGTTAA TGGTGGTATA GITTCGGTAC TGATICCGCC | | (GTGG

GCTTGAAACT GTTGTAAAAA CAATTTCTGC TTCATTGGCG AAACTTGCTT D MBS
- CTTTTATTGA ACGCTGGTGA CGAACTTTEANGAAGATTTTT GTTAAAGACG AAGTAACCGE TTTGAACGAA

TCCATATTGA AGTTGCTGCC AAGACGGAAC CTGCTTTCTA ATATCAGCAG  [I| CTCC
GATCTGATCG GGATCGTAGA AGGTATAACEICAACGACGG TIGTGCCTTG GACGAAAGAT TATAGTCGTC

GCGTGACATC THEMEGAATA CTTTATCCCT GCTTTCTACT GAAGCAGCAA GTTTCTGAAG TAGAAAATENN B re2e1

GAARATAGGGA CGAAAGATGA CTTCGTCGTT CAAAGACTTC ATCTTTTAGT

[ caaT-Box

GAGCACATCA GGGTCTACTEEEECTGAACC CTGCGATCTG CCAGCCGCTG
- GCTGATGCTA GAGAAACTCG CTCGTGTAGT CCCAGATGAG GTTGACTTGG GACGCTAGAC GGTCGGCGAC . G-Box

TGTAGAAGGG CTATEEEETG TGATAATTGC TGCTCACGGC ATTTTAGCTG D AE-Box
- GTTGGTATCA TTCAAGGGAA ACATCTTCCC GATAGAGGAC ACTATTAACG ACGAGTGCCG TAAAATCEAGH AR

CATCACGGCC CTTCATTAAA AGCTGGTCAG TCCTTCGCTC AACTGAAACA D Circadian

{A GTAGTGCCGE GAAGTAATTT TCGACCAGTC AGGAAGCGAG TTGACTTTGT

. Box-$
GCTTGAGCAG CACGAGATTG TGAATCAABMBBAACACGGG CAACATCAGG ACGATAGACC TTCATTTCAC [ Box
- CGAACTCGTC GTGCTCTAAC ACTTAGTTGA GGTTGTGCCC GITGTAGTCC TGCTATCTGG AAGTARAGTG D 02 Site

GTAGATATTT TGGTGCTAGT
AAGCATCCGT GGTTTGGGGC

+ CATCTATANNEEENCGATCA AGAACGCGAG CAAGCAGCTC ATCTGTGGCG GCGTTIGATG GAGCACATAC . )

TCTTGCGCTC GTTCGTCGAG TAGACACCGC CGCAAACTAC CSEicTATG
AAAGCTTGGG AAGAGTGCGG AAAAGGTTCT GATCCATACT CTGTAAMACT || TCA element

. AuxRR-Core

AGTACTHNBEINIGACGTCG TTGTCAGAGG CTCEAGHAGG AACACAATGG CGATTGAACG AACATTGAAA

CAGGAGCAAG CTTCTTGAGC AGAGCAGCAT AGTAATGTTG ATACTGAACA AGATGGATAA CATTTAGCAT
- GTEEEGTTC GAAGAACTCG TCTCGTCGTA TCATTACAAC TATGACTTGT TCTACCTATT GTAAATCGTA

+ CCCCCATACC GTATGGGTT

GGGGGTATGG CATACCCAA

Fig. 4.4: In-silico analysis of upstream promoter region of SEN1.

The putative promoter sequence (1 kb) was retrieved from the rice genome database and

subjected to PlantCARE online search tool to locate the cis-elements. Each element has

been colour coded, and the index is provided along with the figure.
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4.4. Transcript analysis of XPB2 and SEN1 under biotic and abiotic stresses

We investigated the responsiveness of the SEN1 and XPB2 genes to additional stressors
after they were found to be associated with the enhancement of WUE in rice under low
water conditions. Their transcript patterns were investigated in response to several
phytohormones and abiotic stress-inducing stimuli. Both genes demonstrated significant
overexpression, particularly in root tissues as compared to shoots. We classified the two
gene expression patterns as early (expressing within 3 to 12 h of treatment) or late

(expressing after 12 h of treatment).

As an early stress response, SA, NaCl, ABA, PEG, and heat stress (42°C) elevated the
level of XPB2 transcripts in the shoot by over threefold (Fig 4.5 a), except for PEG,
which increased its expression up to six fold after 48 h. Within 3 to 12 h, the transcript
level in roots was elevated by over five fold in all the six treatments illustrating the early
responsiveness of the gene. High transcript levels were identified after 48 h in response
to NaCl (11 fold), ABA (48 fold), and heat stress (14 fold) and the same in reaction to
PEG (10 fold) were sustained after 12 h till the end of the treatment (Fig. 4.5 b).
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10 = oh 60+ b
r =2 Ohr
a EE 3hr 40 e 3hr
[0} a = 6hr [Oldd == 6hr
g’) b =N 12hr g) == 12hr
s a = 24hr 5201 c cb  pa mm 24hr
G 6 b === 48hr G | I!l b ul K. i ol = gsnr
o b b k] 4T i b i H
e I b ¢ b '-Q 34 :
g g
= = 24
K ]
Q 4
14 o :
0_ &
Q&
&
($) ($)

(C),,.  SENTshoot . (d) 4o SENT root

=3 Ohr

=2 6hr
=N 12hr
mm 24hr
b- 48hr

-
o o

57



Chapter 4: Helicases as Candidate Genes for Drought Stress Tolerance in Rice

Fig. 4.5: Transcript analysis of XPB2 and SENL1 in response to phytohormones and

stress inducing chemical agents

Quantitative real-time PCR (qRT-PCR) analyses of (a), (b) XPB2 shoot and root (c), (d)
SEN1 shoot and root, respectively, in response to phytohormone and chemical
treatments. Ten days old rice seedlings were subjected to SA, MJ, NaCl, ABA, PEG and
heat treatments and root and shoot tissues were collected at various time points. Rice
actin, actl was used as the internal reference gene. The fold change was calculated using
the AACt method. The mean and the standard error are plotted in vertical bar graphs.
One way ANOVA was performed at a significance level P < 0.001 marked as a, P <
0.025 marked as b and P < 0.05 marked as c.

SENL1 transcript levels in shoots were induced immediately within 3 h of ABA (9
fold) and PEG (3 fold) treatments. Their levels in response to ABA dropped after the
initial surge but that under PEG peaked by 18 fold after 48 h (Fig. 4.5 c). In roots, SA,
NaCl, ABA and PEG exhibited an early response while the gene was induced late upon
the application of MJ and heat stress treatments. From 12 to 48 h, the transcript level of
SEN1 was maintained in response to PEG (5 fold), whereas ABA continued to enhance
its upregulation, reaching 320 fold at the end of 48 h (Fig. 4.5 d).

The pathogens Xoo and R. solani, on the other hand, were unable to induce the expression
of SEN1 and XPB2. Both SEN1 and XPB2 were downregulated by 0.4 and 0.3 fold,
respectively, following infection with Xoo. The transcript level of SEN1 was similar to
that of untreated samples in response to R. solani, but XPB2 showed a 2.4-fold increase
(Fig. 4.6).
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Fig 4.6: Transcript analysis of SEN1 and XPB2 in response to biotic stress
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Quantitative real-time PCR (qRT-PCR) analyses of SEN1 and XPB2 genes in response
to Xanthomonas oryzae pv. oryzae (Xoo) and Rhizoctonia solani, which cause Bacterial
Leaf Blight (BLB) and Sheath Blight (SB), respectively. The data were normalized using
untreated (UT) plant samples grown under similar conditions. No significant
upregulation was observed under biotic stress conditions. The fold change was calculated
using the AACt method.

4.5.Phenotypic and physiological analyses of the tagged mutants under PEG
and ABA

Improved tolerance of the tagged mutants was observed in response to dehydration stress
(10% PEG) and phytohormone (50 uM and 75 uM ABA) treatments 20 DAS. Under all
three circumstances, the cumulative wilting of WT varied from 9% (50 uM ABA) to
60% (PEG) 20 DAS, with 30 % (PEG) to 60% (50 uM ABA) 20 DAR (Fig. 4.7 a to d).
On the other hand, the XM3 and SM4 lines showed maximum wilting of 12 and 14 %
under PEG and maximum recovery of 85 to 95% 20 DAR from 50 uM ABA and PEG,
showing that the increased expression of both helicases enabled the plants more tolerant
to water stress than the WT.
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(c)

(d)

Fig. 4.7: Phenotypic comparisons of the mutants with the WT plants 20 DAS and
20 DAR

Figure depicting the phenotypes, wilting percentage and recovery of the plants WT, XM3
and SM4 lies 20DAS and 20 DAR. (a) shows the leaf wilting percentage 20 DAS and
(b) depicting the percentage of the revival of plant 20 DAR; (c) and (d) showing the
phenotypic differences of XM3 and SM4 20 DAS and 20 DAR, respectively in
comparison to the wild type. The wild-type plants experienced a very high rate of wilting
(60%) and low revival rate (30%) under PEG treatment compared to the tagged lines.
XM3 and SM4 showed 12%-14% wilting under PEG, and more than 85% revival was
observed under both PEG and 50 uM ABA.. The stress conditions include 10% PEG, 50
MM ABA and 75 uM ABA.
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4.5.1. Seedling shoot and root parameters

The fresh weight, shoot, and root lengths (Fig. 4.8 a to c) of the tagged genotypes were
measured at 10 and 20 DAS. Because of increased branching, the XM3 line had a higher
fresh weight 20 DAS (0.16 to 0.21 g) but identical shoot and root lengths to the WT line
(0.11t0 0.17 g). SM4 line had a longer shoot and root lengths than the WT, and the fresh

weight was found to be 0.21 to 0.25 g. The mean of these recordings was depicted as a

bar graph.
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Fig. 4.8: Variation in growth parameters of the mutants and the wild type lines

The mean readings of the growth parameters of the three genotypes were taken 10 and
20 DAS and were plotted in a bar chart. (a) Shows the variation in the fresh weight; (b)
and (c) shows the variation in the shoot and root length, respectively. XM3 and SM4
maintained a higher fresh weight under stress conditions in contrary to the WT plants.
The shoot length did not differ much between the tagged lines and the WT plants, but
the root lengths of SM4 lines were significantly high under stress compared to the WT
plants. The mean and the standard error is plotted in a vertical bar graph. One way
ANOVA was performed at a significance level P <0.001 marked as a, P <0.025 marked

as b and P <0.05 marked as c.
45.2. Yield-related traits

Following greenhouse acclimation, the XM3 and SM4 lines showed enhanced
phenotypic characteristics, including an increased number of tillers and panicles per
plant, increased plant height, boot leaf, panicle length, number of seeds per plant, seed
weight, and photosynthetic efficiency (Fig. 4.9 a &b). The parameters in the form of a
histogram are provided in figure 4.10 and table 4.2 depicts their mean values with

standard errors.

Following recovery from all three stress treatments, the WT lines displayed two to three
tillers per plant with one to two bearing panicles, shorter plant height, boot leaf and

decreased panicle length. The mutants, XM3 and SM4, respectively produced three to
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seven tillers and three to nine tillers per plant, and all were productive. These were larger
than the WT, with longer boot leaves and panicles. The lengths of the boot leaf and the
panicle were shown to be correlated.

A single WT plant produced only 11 seeds in response to 75 uM ABA. XM3 (~461
seeds) and SM4 (~557 seeds) produced 97 and 98% more seeds than the corresponding
WT, respectively. Under 10% PEG, a variation in seed production of around 75 to 80%
(XM3 and SM4, respectively) was also observed. Under untreated circumstances, the
weight of 100 seeds in the WT and tagged lines were nearly identical. However, under
PEG and 50 uM ABA stress conditions, a substantial difference was seen. These
physiological characteristics suggested that SEN1 and XPB2 were less sensitive to high

ABA concentrations.
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Fig. 4.9: Phenotypic and physiological analysis of tagged lines

Phenotypic and physiological observations were performed post acclimatization of the
tagged lines (XM3 and SM4) compared to the WT plants. These included the differences
in plant height, boot leaf, and panicle length (a) as observed phenotypically. (b)
Represents the observed phenotypic features plotted as a radar graph. The parameters
plotted were plant height (cm), number of tillers/plant, number of productive tillers/plant,
primary branch/panicle, seeds/branch, seeds/panicle, total seeds/plant, 100 seed weight
(9), boot leaf length (cm) and the panicle length (cm) and photosynthetic efficiency of
the WT lines compared to XM3 and SM4 lines. (i), (ii), (iii) and (iv) represent different
conditions such as untreated, 10% PEG, 50 uM and 75 uM ABA, respectively. The mean
values have been plotted on a logarithmic (logio) scale. The tagged lines were observed
to perform better under simulated stress conditions than the WT lines. The decrease in
size of the black undecagon (WT) represents the same.

4.5.3. Photosynthetic efficiency

The quantum vyield in untreated WT was 0.74, whereas it was 0.77 in both untreated
mutants. When exposed to 10% PEG and 75 uM ABA, the efficiency of WT declined to
0.63 and 0.67, respectively. On the other hand, the tagged lines continued to have better
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quantum efficiency than the untreated controls. Even after PEG and ABA treatments, the

Fv/Fm ratios in the XM3 and SM4 lines were in the range of 0.72 to 0.77.
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Fig. 4.10: Physiological analysis of the tagged lines

Figures (a) and (b) represent the number of tillers/plant and the number of productive
tillers/plant, ranging from 3-9/plant, all of which were productive in the tagged lines. The
WT had 2-3 tillers/plant, 1-2 of them was productive upon stress imposition (UT-
untreated; T-treated). The readings are depicted in the form of a histogram. (c) Depicts
the photosynthetic efficiency as measured by the mini PAM of the tagged lines compared
to the wild-type plants. The Fv/Fn ratio was 0.72 to 0.77 in XM3 and SM4 even after the
application of stress as compared to the wild type plants, whose efficiency dropped to

0.63 to 0.67. All the values have been plotted as a histogram.
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Table 4.2: Phenotypic characteristics observed in the tagged lines and the WT

plants post acclimatization in the greenhouse.

The observations included the number of primary branch/panicle, numbers of
seeds/branch of the panicle, seeds/panicle, total seeds/plant, boot leaf length and the
panicle length. The mean + standard error is represented in the chart. One way ANOVA
was performed at a significance level P <0.001 marked as a, P <0.025 marked as b and

P <0.05 marked as c.

[Treatment | Parameter WT XM3 SM4

uT Primary branch/panicle |7.33+0.66 |7.66 +0.33 7.33+£0.33
Seeds/branch 15.55 + 1.46|17.4667 £ 2.25/17.1538 + 1.58
Seeds/panicle 104.33 £5.2|102.66 + 7.17 [116.33 £9.24
Total seeds/plant 328 £21.21(299.5+85 3245+ 245
100 seeds weight (g) 1.30+0.02 |1.28+0.3 1.48 +0.012
Boot leaf length (cm)  |22.28 +1.04(21.62+1.4 |[27.71+1.13"
Panicle length (cm) 13.62 +0.66/13.42 £0.69 |14.79+£0.43
Plant height (cm) 73.25+1.06 [68+1.15 78.4+0.97

PEG 10% |Primary branch/panicle |4.28+0.28 |5.7+0.22° 6.5+0.22°
Seeds/branch 8.62+.420 |[12.52+.442% |14.16+.3?
Seeds/panicle 35.2+1.42 [69.2545.15* |84.12+4.212
Total seeds/plant 68.5+0.5 |277 +£30° 349.5 + 31.5°
100 seeds weight (g) 1.24£0.02 |11.36 £0.00* |1.45+0.01°
Boot leaf length (cm) 18.7 +0.86 [23.9 +0.8° 28.11 + 0.65?
Panicle length (cm) 10.92 £ 0.54|14.43 £ 0.5* [15.99 + 0.35?
Plant height (cm) 49.5+£1.5 57.1+1.64 64.5+1.50°

ABA 50uM| Primary branch/panicle [5.6+0.4 4.3+.21° 7.1+.26°
Seeds/branch 10.3+.365 |10.3+.579 16.64+.4942
Seeds/panicle 50.44+.365 [45+4.88 111.62+4.72%

151.33 4

Total seeds/plant 12.7 2065+ 185 [446.5+7.5%
100 seeds weight (g) 1.20 +0.04 [1.39 +0.016° [1.42 +0.03°
Boot leaf length (cm) 18.83 +0.83|20.32 +0.61 |30.33 £0.75%
Panicle length (cm) 13.08 £ 0.57|14.36 £ 0.37 |17.02 £ 0.35%
Plant height (cm) 4711 52+1.15 72.25+1.18%

ABA 75uM| Primary branch/panicle |1+0 5.33+.210° 7.16+.4772
Seeds/branch 11+0 14.17+.565 13.83+.382
Seeds/panicle 1140 69+7.17" 08.93+6.83"
Total seeds/plant 1140 461 + 16° 557.5 + 5.5°
100 seeds weight (g) 0.116+0 1.35+0.04* ]1.34+0.03?

66



Chapter 4: Helicases as Candidate Genes for Drought Stress Tolerance in Rice

Boot leaf length (cm) |11 +0 25.21 +1.34° [29.8 +1.25°
Panicle length (cm) 9+0 16.29 £ 0.42% |17.13 £0.38%
Plant height (cm) 28+0 56+3¢ 78.5+0.5"

4.5.4. Chlorophyll and proline estimation

In the WT and the tagged lines, the contents of chlorophyll a, b, and total chlorophyll
were assessed post-stress (Fig. 4.11 a to c¢) and post-recovery (Fig. 4.12 a to c). Under
PEG stress, the a, b, and total chlorophyll contents in XM3 were 17 pg, 10 pg, and 27
Hg/50 mg fresh weight, respectively, compared to 10 pg, 8 pg, and 21 pg/50 mg fresh
weight in WT. The chlorophyll content of XM3 was shown to be somewhat higher after
recovery under PEG and 50 uM ABA.

The post-stress levels of a, b, and total chlorophyll in SM4 varied from 11 to 15 pg, 11
to 19 pg, and 23 to 34 pg/50 mg fresh weight, respectively, whereas those in the WT
ranged from 8 to 11 g, 5 to 8 ug, and 15 to 21 pug/50 mg fresh weight. Under all three
stress situations, the chlorophyll content of SM4 was higher than that of WT following

revival.
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Fig. 4.11: Biochemical analysis of the tagged lines post stress
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total chlorophyll and proline contents post stress, respectively. One way ANOVA was
performed at a significance level P < 0.001 marked as a, P < 0.025 marked as b, P <
0.005 marked as c.

WT, XM3, and SM4 exhibited similar proline levels under untreated
circumstances, ranging from 0.6 to 0.7 mg/100 mg fresh weight. All of them had
increased their proline content to 0.9 to 1.0 mg/100 mg fresh weight after being treated
with 10% PEG and 50 uM ABA. In comparison to WT, SM4 acquired a remarkably
higher proline level (4 mg/100 mg fresh weight) after treatment with ABA 75 uM (Fig.
4.11 d). The proline content of all of the treated lines decreased after revival, and they
were nearly identical to their untreated counterparts (Fig. 4.12 d). Therefore, increased
chlorophyll and proline levels appeared to be linked to better photosynthetic efficiency
and stress tolerance in the tagged lines, resulting in sustainable production.
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Fig. 4.12: Biochemical analysis of the tagged lines post revival

Graphical representation of the biochemical studies carried out on XM3 and SM4 in
comparison to WT plants post revival. (a), (b), (c), (d) depicts chlorophyll a, chlorophyll
b, total chlorophyll and proline content post revival, respectively. One way ANOVA was
performed at a significance level P <0.001 marked as a, P <0.025 marked as b and P
<0.05 marked as c.
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The Principal Component Analysis of 24 morpho-physiological and biochemical
characteristics revealed that the variables impacting the first two dimensions were
responsible for 72.73% of the variation between genotypes (PC1 and PC2). The
characters 20 DAS fresh weight, 20 DAS chlorophyll and proline contents, revival
percentage, photosynthetic efficiency, plant height, tiller numbers and seven other yield-
related metrics were among them (Fig. 4.13 a; Table 4.3, 4.4). The 2D plot indicated that
the WT, XM3, and SM4 lines behaved the same under control conditions, but on the
application of stress (PEG, ABA 50 uM and ABA 75 uM), they drifted farther away in
different directions on the plot suggesting their differential behaviour (Fig. 4.13 b). SM4
and WT behaved differently in all three stress situations, whereas XM3 reacted
differently to PEG and 75 pM ABA. Under 50 uM ABA, XM3 and WT had similar
behavioural tendencies. These could be seen by altering the distance or proximity among
the points. The overlapping region in the plot showed a similar behavioural pattern of
XM3 and WT lines under PEG and ABA (50 uM) treatments, which are again depicted
by parameters corresponding to higher PC. WT moved along PC1, representing
increased leaf wilting, and SM4 moved towards PC2, having a higher tiller number and
proline content (Fig. 4.14). XM3 remained intermediate between PC1 and PC2,

correlating to intermediate changes in the parameters.

Table 4.3:Eigenvalue and the percentage of variance contributed by the parameters

of each component

Eigenvalue Percentage of variance Cumulative'percentage of
variance
Dim.1(PC1) 12.20 50.84 50.84
Dim.2(PC2) 5.25 21.89 72.73
Dim.3(PC3) 2.32 9.66 82.39
Dim.4(PC3) 1.45 6.04 88.43
Dim.5(PC5) 0.87 3.63 92.05
Dim.6(PC6) 0.72 2.99 95.05
Dim.7(PC7) 0.54 2.25 97.29
Dim.8(PC8) 0.34 1.40 98.69
Dim.9(PC9) 0.17 0.71 99.40
Dim.10(PC10) 0.09 0.36 99.77
Dim.11(PC11) 0.06 0.23 100.00
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Fig. 4.13: PCA for plant morpho-physiological and biochemical parameters

Principal Component Analysis of the 24 observed phenotypic, physiological and
biochemical parameters of the three genotypes (WT, XM3 and SM4) under simulated
stress conditions (UT, PEG, ABA 50 and 75 uM). (a) Scree Plot for the observed variance
under each dimension (or principal component). (b) Plot for PC1 and PC2, with the
genotypes across simulated conditions plotted. Each oval encompasses the observed

pattern of variance of each genotype across the simulated conditions under the first two
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principal components. The green, purple and yellow oval show the genotypes, i.e. WT,

XM3 and SM4, respectively.
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Fig. 4.14: BiPlot for morpho-physiological characters of the three genotypes

BiPlot showing the variance of 24 morpho-physiological and biochemical parameters of
three genotypes under UT and three simulated stress conditions represented under
Principal Component 1 and 2 (PC1 and PC2). The black ovals indicate the variance of
the parameters along PC1 and PC2 based on which the WT and SM4 move under stress.
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Table 4.4: cos2 values of each parameters in a principal component. The ones highlighted in green represent the parameters varying
under PC1 and PC2

Dim.1( | Dim.2( | Dim.3( | Dim.4( | Dim.5( | Dim.6( | Dim.7( | Dim.8( | Dim.9( | Dim.10( | Dim.11( | Dim.12(
PC1) PC2) PC3) PC3) PC5) PC6) PCT7) PC8) PC9) PC10) PC11) PC12)
Leaf.Wilting.. 3.5E-01 | 3.9E-03 | 4.4E-01 | 4.7E-02 | 3.9E-02 | 4.1E-02 | 4.4E-02 | 1.4E-03 | 3.4E-02 | 1.0E-04 | 3.5E-04 | 9.9E-34
X20.DAS.fresh.weight | 8.6E-01 | 8.5E-02 | 1.0E-02 | 4.3E-03 | 3.9E-03 | 4.8E-03 | 4.3E-03 | 1.3E-02 | 1.4E-04 | 1.2E-02 | 4.2E-03 | 1.2E-33
0.
X20DAS.shoot.length. | 2.4E-01 | 6.4E-02 | 3.3E-01 | 2.2E-01 | 6.9E-03 | 1.1E-02 | 8.8E-02 | 6.9E-03 | 3.2E-02 | 2.8E-04 | 1.2E-04 | 1.9E-32
cm.
X20.DAS.root.length.. | 6.9E-02 | 2.5E-01 | 2.3E-01 | 5.5E-02 | 2.8E-01 | 2.1E-02 | 6.9E-02 | 1.6E-02 | 1.5E-03 | 2.7E-03 | 5.1E-03 | 1.3E-33
cm.
X20.DAS.chl.a.conten | 5.0E-01 | 2.6E-01 | 5.6E-02 | 1.1E-01 | 3.9E-02 | 9.2E-03 | 2.7E-03 | 3.1E-05 | 2.2E-03 | 2.0E-02 | 1.4E-03 | 7.5E-32
t.mg.50mg.FW.
X20.DAS.chl.b.conten | 5:3E-01 | 3.5E-02 | 3.0E-01 | 3.9E-02 | 1.3E-02 | 5.4E-02 | 1.1E-02 | 6.0E-04 | 5.7E-03 | 6.5E-03 | 2.5E-05 | 6.6E-32
t.mg.50mg.FW.
X20.DAS.total.chl.con | 5:2E-01 | 1.2E-01 | 2.6E-01 | 4.8E-02 | 7.9E-03 | 3.4E-02 | 3.0E-03 | 3.0E-04 | 2.3E-04 | 4.6E-03 | 3.5E-03 | 1.1E-32
tent.mg.50mg.FW.
X20.DAS.proline.cont | 1.3E-02 | §.9E-01 | 4.0E-02 | 9.2E-02 | 1.0E-03 | 1.8E-02 | 8.5E-05 | 1.3E-01 | 6.8E-03 | 2.1E-04 | 7.7E-04 | 1.5E-32
ent.mg.100mg.FW.

Revival.. (.8E-01 | 3.3E-02 | 6.0E-02 | 4.4E-06 | 1.4E-03 | 8.6E-02 | 2.0E-03 | 2.9E-02 | 1.4E-03 | 1.2E-04 | 3.5E-03 | 1.5E-31
X20.DAR.chl.a.conten | 4.3E-01 | 3.8E-01 | 1.3E-02 | 1.5E-01 | 4.1E-04 | 3.4E-04 | 3.0E-03 | 3.0E-06 | 1.1E-02 | 3.6E-03 | 1.4E-07 | 2.1E-33
t.mg.50mg.FW.
X20.DAR.chl.b.conten | 3.4E-01 | 3.1E-01 | 9.8E-02 | 8.5E-02 | 8.6E-02 | 3.5E-02 | 1.1E-03 | 2.8E-02 | 6.3E-04 | 6.4E-03 | 2.5E-03 | 1.5E-31
t.mg.50mg.FW.

X20.DAR.total.chl.con | 4.3E-01 | 3.9E-01 | 3.7E-03 | 1.4E-01 | 1.9E-02 | 8.1E-03 | 4.1E-04 | 5.1E-03 | 3.1E-03 | 1.4E-05 | 4.3E-04 | 1.3E-32
tent.mg.50mg.FW.
X20.DAR.proline.cont | 2.4E-01 | 2.8E-01 | 2.4E-01 | 3.0E-02 | 2.0E-03 | 7.2E-02 | 1.2E-01 | 1.1E-04 | 3.2E-03 | 2.5E-03 | 1.7E-02 | 1.4E-32
ent.mg.100mg.FW.
Plant.Height..cm. 8.7E-01 | 1.3E-02 | 2.3E-04 | 6.5E-03 | 2.6E-04 | 8.6E-02 | 3.2E-03 | 4.2E-03 | 7.5E-03 | 5.9E-03 | 2.5E-03 | 2.6E-32
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No..of tillers.plant 2.2E-02 | 8.6E-01 | 5.0E-02 | 3.0E-02 | 4.1E-06 | 2.0E-02 | 8.6E-03 | 5.8E-03 | 2.2E-03 | 3.8E-03 | 1.6E-03 | 1.3E-33
No..of.productive.tille | 1.9E-01 | 6.9E-01 | 6.8E-02 | 2.7E-02 | 7.7E-03 | 1.4E-02 | 7.6E-03 | 1.9E-03 | 6.8E-04 | 1.3E-04 | 7.5E-04 | 1.6E-32
rs.plant

Boot.leaf.length.cm. (.8E-01 | 1.5E-01 | 1.8E-03 | 2.1E-02 | 2.2E-05 | 1.1E-04 | 1.9E-03 | 1.8E-02 | 1.7TE-02 | 2.5E-03 | 4.1E-05 | 1.2E-32
Panicle.length..cm. 6.4E-01 | 2.7E-01 | 4.2E-02 | 2.4E-02 | 2.1E-04 | 1.1E-02 | 1.7E-04 | 1.2E-02 | 8.0E-05 | 4.7E-04 | 1.8E-05 | 1.6E-32
Photosynthetic.efficie | £.8E-01 | 6.5E-03 | 1.0E-02 | 1.2E-02 | 1.1E-01 | 4.8E-02 | 2.7E-02 | 9.7E-04 | 6.7E-03 | 1.1E-03 | 2.0E-04 | 1.9E-31
ncy

Primary.branch.panic | 8./E-01 | 4.4E-05 | 2.5E-04 | 4.5E-03 | 1.2E-02 | 7.3E-02 | 2.5E-04 | 2.3E-05 | 3.1E-02 | 1.1E-02 | 2.2E-03 | 1.0E-32
le

Seeds.branch 6.3E-01 | 2.5E-02 | 2.9E-02 | 1.3E-01 | 6.0E-02 | 3.1E-03 | 7.9E-02 | 3.6E-02 | 2.9E-04 | 5.6E-04 | 6.9E-03 | 1.7E-33
Seeds.panicle 8.9E-01 | 1.1E-04 | 5.2E-03 | 2.3E-02 | 9.0E-03 | 5.1E-02 | 1.3E-02 | 3.1E-03 | 4.3E-04 | 6.5E-04 | 1.9E-03 | 8.5E-33
Total.seeds.plant 9.9E-01 | 3.2E-01 | 3.2E-02 | 1.7TE-02 | 2.0E-04 | 1.5E-03 | 1.9E-02 | 1.5E-02 | 4.5E-05 | 2.2E-03 | 7.3E-04 | 3.8E-33
X100.grain.weight..g. | 6.3E-01 | 1.1E-02 | 4.2E-03 | 1.3E-01 | 1.7E-01 | 1.7E-02 | 3.1E-02 | 5.0E-03 | 2.7E-03 | 1.5E-04 | 1.9E-04 | 2.1E-33
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4.6.Seed quality and yield-related observations on the tagged lines under pot-

level drought conditions

The three genotypes under study (WT, XM3 and SM4) were subjected to periodic
drought stresses for consecutive three (60% field capacity) and seven (40% field
capacity) days. After seven days, higher leaf rolling and pale green phenotypes were
observed in the case of WT lines compared to the other two mutants (Fig. 4.15), although
no significant difference was observed in the phenotype after three days of drought stress.
Seven days of continuous drought induction lead to a significant difference in yield
among the three lines. WT lines yielded ~200 seeds per plant, where the mutants
produced ~400 seeds per plant (Fig. 4.16). The grain quality was investigated by
calculating 100 seed weight, their length: breadth ratio and amylose: amylopectin ratio
(Table 4.5). Amylose: amylopectin ratio was observed to be 0.08 under both untreated
and stress conditions in all three genotypes (WT, XM3 and SM4). Similarly, no changes
in seed quality in terms of seed weight (1.3 to 1.4 g) and length: breadth ratio (2.7 to 2.9)
were noticed. The mean and the standard errors of the data were provided in Table 4.5.

Fig. 4.15: Phenotypic observation of the WT, XM3 and SM4 plants after a periodic
drought of 3 and 7 days
The WT lines showed less green phenotype with more leaf curling and wilting and poor

root development after completion of stress treatment.
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Fig. 4.16: Comparative analysis of yield related traits at pot-level drought conditions

Graphical representations of yield related traits were observed in the three genotypes (WT, XM3 and SM4) after imposing drought
conditions. Periodic removal of water was done consecutively for three and seven days, followed by re-application of water until seed setting.

For control setup all three genotypes were continuously watered normally throughout the experiment. (a,b,c,d) represents untreated condition
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and (e,f,g,h) and (i,j,k,I) represent consecutive three and seven day drought, respectively.
A significant difference in the total seeds per plant was observed after seven days of
drought. One-way ANOVA with a Bonferroni correction was performed at the
significance level P < 0.05, marked as c in bar diagrams.

Table 4.5: Chart showing phenotypic characteristics observed in the tagged lines
and the WT plants post 3 and 7 days of drought and revived till seed setting.

The observations included the weight of 100 seeds, seed length: breadth ratio (mm) and

Amylose: Amylopectin ratio. The mean + standard error is represented in the chart. One

way ANOVA was performed at a significance level P <0.005 marked as c.

Treatment | Parameter WT XM3 SM4
uT Primary branch/panicle | 7.62 +£0.37 | 6.88 £0.38 6.87 £0.29
Seeds/branch 16.86 +0.99 | 16.29 + 2.03 17.35+1.23
Seeds/panicle 112.4+£7.08 | 102 + 3.08 104 £5.72
Total seeds/plant 322 £23 299.5+£8.5 3245+245
Weight of 100 seeds (g) | 1.39 +0.01 | 1.41+8.37E-03 | 1.43 £0.03
Seed length: breadth | 2.9 2.9 3.0
ratio (mm)
Amylose: Amylopectin | .08 .08 .08
ratio
3D drought | Primary branch/panicle | 6.11+£0.42 | 8.22 £0.27 7.33+0.64
Seeds/branch 1492 +1.23 | 16.08 + 0.96 15.55+1.02
Seeds/panicle 108.16  +|124.14+2.98 111 +5.19
8.29
Total seeds/plant 306.66  +|3845%115 338.5+225
14.83
Weight of 100 seeds (g) | 1.29 +11.45+0.02 1.37+£0.01
8.11E-03
Seed length: breadth | 2.9 2.9 2.9
ratio (mm)
Amylose: Amylopectin | .08 .08 .08
ratio
7D drought | Primary branch/panicle | 6.66 +0.49 |[7.42 +0.29 7+0.32
Seeds/branch 13.83+0.85 | 14.27 £ 1.16 16.41+0.84
Seeds/panicle 87.83 + [ 104.75 +£6.73 106.14 +
11.30 4.17
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Total seeds/plant 205+ 22.94 | 394 + 64.46° 37733 £
8.45°

Weight of 100 seeds (g) | 1.28 £ 0.01 [ 1.34 +0.02 1.37 +
4.91E-03

Seed length: breadth | 2.7 2.9 2.9

ratio (mm)

Amylose: Amylopectin | .08 .08 .08

ratio

4.7.Seedling germination assay in ABA treatment

Retardation in seed germination was observed under 50 and 75 uM ABA containing
medium after five days compared to the control set (Fig. 4.17). On ABA containing
medium, seeds of the mutant lines XM3 and SM4 continued to germinate and sustain
their growth. These seedlings had longer roots and showed signs of shoot emergence
even at high ABA concentrations. On the contrary, the WT seeds exhibited mild
germination under 50 uM ABA and completely failed to germinate at 75 uM. Hence, it
can be concluded that higher XPB2 and SEN1 expression in the mutant lines rendered

the plants less sensitive to ABA.

{3(%(\\1@ AATTI

WT

M3 sM4

Fig. 4.17: Seedling germination assay on ABA containing medium

Figure depicting the seedling germination after 5 d. Growth retardation in the WT
seedlings was observed under stress conditions (ABA 50 uM and ABA 75 uM), but the
activation tagged lines continued to grow under high ABA concentration
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4.8.Transcriptional analysis of stress-responsive genes in tagged lines

The expression levels of seven stress-regulated genes (OsTPP1, OsLEA3-1, OsPP2C,
OsDREB2B, OsNAC1, OsNAC2 and OsSIK1) were studied in the shoot (Fig. 4.18 ato c)
and root tissues (Fig. 4.18 d to f) of the tagged and wild type lines under simulated stress
conditions (10% PEG, 50 and 75 uM ABA). The majority of the genes were expressed
in shoots under ABA treatment, while many were expressed in roots under PEG.
Therefore, the transcript analysis indicated that these two helicases play an essential role
in stress mediation by regulating the expression of various stress-responsive genes. In
both tagged mutant lines, ABA-dependent gene OsPP2C and ABA independent gene
OsDREB2B were either downregulated or exhibited an equal expression level as the WT
under ABA. The expression was identical in both shoot and root tissues. Such expression
pattern indicated that both XPB2 and SENL1 helicases are probably involved in ABA-

dependent and ABA-independent pathways of stress tolerance.

In shoot tissues of XM3 lines, 50 uM ABA induced the expression of OsNAC1, and
OsTPP1 and OsNACL1 were upregulated by 3 to 8 fold, respectively, under 75 uM ABA.
OsLEA3-1 and OsSIK1 were induced (2 to 9 fold) under both concentrations of ABA.
Under PEG treatment, OsSIK1, OsNAC2 and OsPP2C showed 2-3 fold upregulation in
shoots, whereas OsTPP1, OsLEA3-1, OSPP2C, OsDREB2B, OsNAC1 and OsNAC2
were upregulated moderately in roots. OsLEA3-1 and OsPP2C exhibited the highest
transcript levels up to 100 fold and 15 fold, respectively. In response to both 50 and 75
MM ABA, OsTPP1 and OsSIK1 showed 2-4 fold upregulation in XM3 lines.

SM4 shoots showed five to six fold upregulation of OsTPP1, OsLEA3-1 under 75 pM
ABA and a two fold upregulation of OSNAC2 under 50 uM ABA. PEG and ABA 75 uM
treatments led to the induction of OsSIK1 in shoots by eight fold and eleven fold,
respectively. In root tissues, PEG upregulated the expression of OsTPP1, OsLEA3-1 and
OSPP2C, with OsLEA3-1 exhibiting the highest transcript level of forty-two fold.
OsTPP1 and OsNAC2 were expressed by more than two fold and OsSIK1 by thirty seven
fold under 50 uM ABA treatment. Both 50 and 75 uM ABA induced the expression of
OsTPP1 and OsSIK1.

We have performed a similar comparative analysis on the tagged mutants by subjecting
them to pot-level drought stress consecutively for three and seven days (Fig. 4.18 g). It
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was observed that the activation of these stress-responsive genes was more pronounced

in root tissues than in shoots.

OsNAC2 and OsSIK1 exhibited a moderate upregulation of two to three fold in shoot
tissues after three days of drought induction. In roots, OSNAC1 and OsNAC2 were
expressed by seven and two fold, respectively in the XM3 mutant. SM4 root
demonstrated more than three fold upregulation in OsSIK1, whereas two to seven fold
upregulation was noticed in OSNAC1 and OsNAC2 expression in root tissues. Therefore,
three out of seven genes got expressed post three days of drought initiation. Prolonged
drought for seven consecutive days led to the expression of six out of seven genes.
OsTPP1 exhibited a two fold upregulation in XM3 shoots, and XM3 roots detected a
four fold upregulation in the OsPP2C gene. Likewise, a two fold upregulation of
OsTPP1 and OsNAC2 was noticed in SM4 shoots, and about three fold upregulation was
observed in the expression level of and OsDREB2B, OsNAC1 and OsSIK1 in root tissues.
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Fig. 4.18: Expression analysis of stress-responsive genes under simulated and pot-

level drought conditions

Graph representing the transcript level of seven drought specific genes under imposed
stress cues (10% PEG, 50 and 75 uM ABA ) in shoots (a to ¢) and roots (d to f) tissues
of the tagged lines with respect to the WT plants. Rice actin was used as the internal
reference gene. The individual WT sample for each treatment was used to normalize the
data. The fold change was calculated using the AACt method. The mean and the standard
error is plotted in a vertical bar graph. One-way ANOVA was performed at a
significance level P <0.001 marked as ‘a’, P <0.025 marked as ‘b’ and P < 0.05 marked
as ‘c’. (g) Transcript analysis of seven drought specific genes in root and shoot tissues
post 3days and 7 days drought. The data were normalized using rice actin as the internal
reference gene. The corresponding WT samples for each drought treatment was used to
normalize the data, and the fold change was calculated using the AACt method. The

results were depicted as heat maps generated by the MORPHEUS program.
4.9.Conclusion

Activation tagging is an effective approach to study the functions of redundant and lethal
genes in plants (Weigel et al., 2000). With the help of pSQ5 activation tagging vector
(Qu et al., 2008) our group generated gain-of-function mutant population in indica rice
showing high WUE and photosynthetic efficiency (Moin et al., 2016). This study led to
the identification of two important helicases, XPB2 and SEN1 having roles in stress

tolerance in addition to their usual housekeeping functions.
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The identified helicases were induced significantly under ABA and PEG
treatments rather than biotic stress, particularly in root tissues. Such preference
indicated their probable role in drought stress tolerance. This was further
corroborated by the presence of many stress-associated cis-acting elements in
their promoter (Raikwar et al., 2015).

An extensive analysis of morpho-physiological and biochemical data based on
24 different metrics under simulated stress conditions indicated the role of XPB2
and SEN1 in enhanced agricultural productivity under limited water conditions.
The greenhouse based drought experiments further supported our simulated
studies.

Although ABA induced the expression of the helicases, the mutants were
insensitive towards high ABA concentration, indicating the possibility of a
negative feedback mechanism or crosstalk between ABA-dependent and ABA-
independent machinery.

The induction of various stress-responsive genes in the mutants suggests that the
drought tolerance in the tagged lines is perhaps due to the coordinated expression

of these helicases and stress-regulatory genes.
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GENOME-WIDE IDENTIFICATION OF
GRAS TRANSCRIPTION FACTORS IN
RICE

5.1.Retrieval and nomenclature of GRAS sequences

Using Ac/Ds based activation tagging vector pSQ5, our lab has previously generated a
pool of gain-of-function mutant lines and screened them for high WUE, low AC*® values
and high photosynthetic activity. The integration of the tetrameric 35S enhancers in the
genomic regions of some mutant lines led to the identification of important candidate
genes, indicating their potential role in orchestrating stress tolerance in rice. Among
them, we have identified one GRAS transcription factor gene (yOsGRAS4) as a potential
player for improved water use efficiency (Moin et al., 2016). In another report, Xu et al.
(2015) suggested the role of OsGRAS23 in improving drought stress tolerance in rice.
Based on these cues, we performed a literature search and identified 57 GRAS genes
already reported in rice (Tian et al., 2004). All 57 genes were subjected to a BLASTN
search in the rice genome database (RGAP-DB, Orygenes DB), followed by the retrieval
of the loci of 47 genes. We also performed a keyword search of GRAS, DELLA,
Scarecrow, Monoculm, Chitin-inducible gibberellin-responsive protein, Gibberellin
response modulator protein, Nodulation signalling pathway and Short Root in the
database and matched the output results with those of the identified loci from the
literature search. A total of 60 genes were identified and matched with the list of Liu &
Widmer (2014) and followed their nomenclature pattern. We also performed a protein
database search of GRAS domains in NCBI, SMART, Prosite and Pfam databases for
further clarification. For our study, we shortlisted forty genes, one representing each
paralogous group of the GRAS genes in rice.

5.2.Genomic distribution of GRAS genes

The identified coordinates of all 60 genes acquired from RGAP-DB were entered into
NCBI Genome Decoration Page. The outputs were pooled, and the genes were marked

for understanding the chromosomal location of the rice GRAS genes.

5.3.Phylogenetic relationship of rice GRAS genes
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To comprehend the evolutionary relationships between the selected GRAS genes, we
performed a multiple sequence alignment of the amino acid sequences in the MEGA7
software, then constructed an unrooted phylogenetic tree. The tree was constructed with
a bootstrap value of 1000 using the Neighbour Joining method.

5.4.Motif arrangements and organization of GRAS genes

The amino acid sequences of the GRAS domains among the shortlisted genes were
analyzed in the MEME suite to identify conserved motif residues. The scan was
performed by setting the number of motifs to 10 and keeping the remaining parameters
as default. Based on an earlier study by Pysh et al. (1999), the 10 MEME motifs were
further identified as 5 GRAS motifs. Further, the structural organization of the genes was
studied by submitting the genomic and coding sequences to the Gene Structure Display
Server (GSDSv2). The number of exons, introns and untranslated regions (UTRs) were
recorded.

5.5.In-silico analysis of the putative promoter region

The expression of a gene was modulated by the presence of different cis-acting elements
in its promoter region, and the interaction of the different transcription factors and
activators binding to these elements controls its expression at different levels. Therefore,
an investigation of such regulatory elements helps associate the expression pattern of the
genes with the genetic components. To identify important elements responsible for
abiotic and biotic stress responses, we retrieved <I kb upstream sequences of the selected
GRAS genes and submitted them to PlantCARE (Cis-Acting Regulatory Elements)
database. Later, we mapped them manually on the chromosomes.

5.6.Biochemical properties of GRAS proteins

With the help of ExPASyProtParam, the amino acid length, molecular weight and
isoelectric point (pl) of the selected GRAS proteins were ascertained. 3DLigandSite
software (Wass et al., 2010) was used to understand their three-dimensional structures
and interacting ligands. In order to analyze the secondary structures of the protein, the
generated three-dimensional structures were subjected to Phyre2 (Protein
Homology/Analogy Recognition Engine v2; Kelley et al., 2015). Phyre2 online tool
helps identify the percentage of a-helix, B-sheets and disordered regions present in a

protein. The low complexity regions (LCRs) and the protein domains were analyzed
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using SMART (Simple Modular Architecture Research Tool). We also studied the
hydropathicity of the proteins by investigating the GRAVY (Grand Average of
Hydropathicity) indices obtained through ExpasyProtParam software. Further, the
protein localization and existence of probable transmembrane helices were predicted

using TargetP-2.0 and TMHMM software, respectively.

5.7.Preparation of Plant material for studying the gene expression under

native and stress conditions

For simulated abiotic stress experiments, BPT-5204 (Samba Mahsuri) seeds were surface
sterilized using 70% ethanol for 1 min followed by 4% aqueous sodium hypochlorite
solution for 15 min and five washes with sterile double distilled water, each of two
minutes duration. The sterile seeds were grown on Murashige and Skoog medium for 7
d under a 28 = 2°C for 16 h/ 8 h photoperiodic cycle (Saha et al., 2017). The 7 d old
seedlings were subjected to NaCl (250 puM), and ABA (100 M) stress conditions for 60
h. Shoot, and root samples were collected periodically at 0 h, 15 min, 3 h, 12 h, 24 h and
60 h after the onset of stress. The untreated samples were taken as controls for
normalization of gene expression.

We analyzed the native expression pattern of GRAS TFs in thirteen different
developmental tissues (Saha et al., 2017), including embryo, endosperm from 16 h
soaked seeds; plumule, radicle from 3 d old germinating seeds; shoot, root tissues from
7 d old seedlings; shoot, root, root-shoot transition region, flower, spikes and grain

samples from mature 20 d old plants greenhouse transfer.

To analyze the expression pattern of GRAS genes in biotic stress conditions, the leaf
samples of one month old rice plants infected with Xanthomonas oryzae pv. oryzae (Xo00
that causes Bacterial Leaf Blight, BLB) and Rhizoctonia solani (that causes Sheath
Blight, SB) were taken post 20 d and 25 d of infection, respectively. Leaf samples from
plants of the same age without any pathogen infection were considered as controls. The

protocol of infection has been stated previously in chapter 3.
5.8.cDNA preparation and Quantitative Real-Time PCR (qRT-PCR)

The plant material collected was used to isolate RNA using Tri-reagent following the
manufacturer’s protocol (Takara Bio, UK) and cDNA was prepared using 2 ug total RNA
samples (Takara Bio, UK). The cDNA samples were diluted ten times, and an aliquot of

2 Ml of each sample per reaction was used for gRT-PCR. All the primers (IDT, USA)
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were designed using Primer3 software, and 10 uM primer concentration was used per
reaction. The primer details are provided in Table 5.1. The PCR program included an
initial denaturation step of 94°C for 2 min followed by 40 cycles of the second
denaturation of 30 s, annealing for 25 s and extension at 72°C for 30 s. The samples for
the current study were taken in biological and technical triplicates, and the fold changes
were calculated using the AACt method (Livak and Schmittgen, 2001). Rice actin and
[S-tubulin genes were used as two housekeeping genes for internal normalization. For
abiotic and biotic expression studies, housekeeping genes and individual control samples
were used for double normalization. In contrast, single normalization was performed
using the Cr value of housekeeping genes for native expression studies. The graphs were
generated using the MORPHEUS program and GraphPad Prism software. One way
ANOVA was performed using SigmaPlot software for discerning the significance of

statistical differences between samples.

Table 5.1: List of primers

Name of primers Sequence (5'-3")

OsGRAS1Fp TTGCCGTCCACTTCACCA
OsGRASIRp CATGAGGCTGAAGTCGATGAC
OsGRAS?2 Fp GAGGGGAGTAGGTTCCTTGG
OsGRASZ Rp CAAATCCCTCACAAGGTGGT
OsGRAS3 Fp CCCTTCTCAGAGGATTGCAG
OsGRAS3 Rp CACCTTTGCAGGCTTCAAGT
OsGRASS Fp CCGCCAACCAGTCGATAC
OsGRASS Rp GCTCTGCTTCTTTCGTGAGC
OsGRAS7 Fp CTTCCACCCCCTCATACTCC
OsGRAST Rp CGAGGACTCCTTCTCTCTCG
YOsGRAS2 Fp CTGACCGTCGTGAACAACAC
FOsGRAS2 Rp AGCTTCAGGGCAGACAAGAG
OsGRASS Fp TCACGAAGGTATCGACACGA
OsGRAS8 Rp GCGAGGTAGAGGTCATCTGG
OsGRAS10 Fp TCTGGTTTTGGCGGTATCTC
OsGRAS10 Rp CAGCTGCTTCTCCAGCTCTT
OsGRAS11 Fp AGGTAGCCAGTGGGCAACTA
OsGRASLL Rp CATGACTAGCTGCTGGGACA
OsGRAS12 Fp GGCTCAAGGAGATGGTCTCA
OsGRAS12 Rp GTCCTGCAGCATCTGGAAC
OsSHR2 Fp GAAGCTGGCCTCCTACTTCC
OsSHR2 Rp CAGGAACGACTCGAGTATGG
YOsGRAS3 Fp CGTGTGCCGACTCAGTCTC
POsGRAS3 Rp CTGAAGGCGTCGTTAGTGAG
YOsGRAS4 Fp GCGCATTACATGAGGAAGCA
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YOsGRAS4 Rp GGCTCTGCTCAAACTAACACC
OsGRAS15 Fp AAGTTGCTCAGCCAAAAGGA
OsGRASLS Rp AGCAATACGCCAATCTCTGG
OsSLR1 Fp GTGCAGCAGGAGAACTTCG
OsSLR1 Rp GGCAGGACTCGTAGAAGTGG
OsGRAS18 Fp CAATACCCGTCTCCGTGACT
OsGRAS18 Rp ATTTGGCAAGACGAAGCACT
OsGRAS19 Fp CCAACCTACGGTTCGAGTTC
OsGRAS19 Rp CCGTCGTGTTTCTCGATCA
YOsGRASS Fp GGGTTGCTGGAGACTAGACC
FOsGRASS Rp GGACGACGGCAATAAACATT
OsGRAS20 Fp CCGCCTCCTACCTAAAGGAC
OsGRAS20 Rp ATACAAGACGCGGTTGTGCT
OsGRAS22 Fp CGCATGATGATTGCCTATTG
OsGRAS22 Rp CCTTTCTTTCGGCCTCTCTT
OsGRAS23 Fp CAGTTCCATCCGGTGCTATC
OsGRAS23 Rp CATCGTATGCTGGCTGGAT
OsGRAS24 Fp AGAGCTTCCTCAACCTGTGC
OsGRAS24 Rp GCTCGTGGACGATGGTGA
OsGRAS25 Fp CGCCTCGTCCACATTGTC
OsGRAS25 Rp CGGCGTAGAACTCGAAAAAC
OsGRAS26 Fp AGCTGGAGTTCAACGTCGTC
OsGRAS26 Rp GGACCGTGTCGAGGAAGAG
OsGRAS28 Fp ATCATCGCCTCCCCTCTCT
OsGRAS28 Rp GTGGATGTGAAGGTGGTGAA
OsCIGRL Fp CGGGATAGATGACCCAGTGT
OsCIGR1 Rp GGGTGTGGTGTAGCTGGAGT
OsGRAS32 Fp CGTGCTGAGCTCCTACCTG
OsGRAS32 Rp CCCTGCATGATGTCGAGGT
OsCIGR2 Fp CGGTATCTGGTGAGCCACTT
OsCIGR2 Rp ATAGCACCATTTGCCGACAT
OsSHRL Fp CTACTTCTTGCAGGGGCTGT
OsSHR1 Rp CGACCTCCAGGAAGGACTC
OsGRAS35 Fp ATCCTGTGGGTGCTCAACA
OsGRAS35 Rp CGTGAGGTCGATGAAGCTG
0sSCR1 Fp GGCTTGGGTGGATGGTATC
OsSCR1Rp GAGGGAGGAGAGCAGGATG
YOsGRASS Fp GGCTTGGGTGGATGGTATC
FOsGRASE Rp GAGGGAGGAGAGCAGGATG
OsGRAS39 Fp GACACCATCCCCTCGTACAC
OsGRAS39 Rp CATCAGTCCTCCCTGGGTTA
OSGRASAL Fp GAAAATGGAGCAGCCAGTTC
OsGRAS41 Rp TCTAGGATGGCCTGATTGGT
YOsGRAS9 Fp TGTTCTTTTTGCTGGGAACC
POsGRASI Rp TCGTCCGTCTCCTACTTTGC
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OsGRAS43 Fp ACCACCAGAGCTACGTGCAT
OsGRAS43 Rp TAGGAGGAGGCACAGGAGAG
OsGRAS44 Fp GTGGATGAGCCCACGTTAAT
OsGRAS44 Rp CCCTTTCATGATCACCTCGT
OsGRAS47 Fp GCACGAGACATGCATCAAAG
OsGRAS47 Rp AAAGCGTGCTGCTTGATCTT
YOsGRAS10 Fp GATTTCTCTGTCCCCAATGC
FOsGRAS10 Rp AGGTCGTCAAGCCTCGACAT
OsGRAS53 Fp AGCTGAGGATTGCCATGAAG
OsGRASS3 Rp CGTGCTGCTTGATCTGCTTA
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GRAS TRANSCRIPTION FACTORS AND
THEIR SPATIO-TEMPORAL REGULATION

6.1.Introduction

Transcription factors are involved in almost all cellular activities, including growth,
development, metabolism, signal transduction and resistance/ tolerance to abiotic and biotic
stress factors. They control the gene expression by binding to DNA or protein sequences
(Zhang et al., 2018). Therefore, the identification and analysis of TFs are critical in functional

genomics research.

In our previous study (Moin et al., 2016), our group has generated a pool of gain-of-function
mutants via activation tagging using tetrameric 35S enhancers and screening of some of these
mutants for water use efficiency led to the identification of several genes that were associated
with the target trait, the water use efficiency. These interesting gain of function mutants
included RNA and DNA helicases (SEN1 and XPB2) (Dutta et al., 2021a), and genes for
ribosome biogenesis (RPL6 and RPL23A), protein ubiquitination (cullin4) and transcription
factors like NF-YC13 (Manimaran et al., 2017), WRKY 96 and GRAS (LOC_0s03g40080)
(Moin et al., 2016). A GRAS gene was tagged in the mutant DEB.86 rice line, which showed a
high quantum efficiency of 0.82 and a low A*C value of 18.06%o.. Since high photosynthetic
efficiency and low carbon isotope ratio are proxies for high water use efficiency, DEB.86 was
further analyzed for other phenotypic characters. The activation tagged line DEB.86 exhibited
improved plant height with increased tillering and seed yield and had the YOsGRAS4 gene
tagged under the influence of the integrated 4X enhancers (Moin et al., 2016).

Several GRAS genes have already been identified in rice (Liu & Widmer, 2014), out of which,
OsGRAS23 has been reported to enhance tolerance to drought (Xu et al., 2015), and
POsGRAS4 has been identified to be associated with enhanced photosynthetic efficiency and
water use efficiency with enhanced agronomic features (Moin et al., 2016). These reports led
us to the idea of studying the genome-wide expression analysis of this gene family. In this
study, we have shortlisted forty genes, one gene representing each paralogous group and
provided an experimental basis to identify the potential GRAS genes capable of imparting stress
tolerance in rice. We have analyzed the genes selected in the GRAS family for their spatio-

temporal and stress induced expression. The phylogenetic relationships among GRAS proteins,
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their genetic arrangements and structure, in-silico analysis of putative promoter elements and
protein properties were also studied. This study helped identify important GRAS genes for

stress tolerance, which can be further exploited for their functional characterization.
6.2.Chromosomal distribution of GRAS genes in the rice genome

A total of sixty GRAS genes were identified based on literature and keyword search in the rice
genome database (RGAP-DB), which we matched with those of Liu & Widmer (2014). They
were distributed on ten out of twelve chromosomes, with chromosomes 8 and 9 not bearing
any GRAS genes. The number of genes on a single chromosome varied from a minimum of
two on chromosome 10 to a maximum of 12 on chromosome 11. Among others, a total of nine
genes were located on chromosome 3, while chromosomes 1, 7 and 12 carried six genes each,
chromosome 2, 4 and 5 exhibited five genes each and chromosome 6 had four genes (Fig. 6.1).
Out of the 60 genes located, we have shortlisted 40 genes for our study, with one representative

from each paralogous group selected.
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Fig. 6.1: Chromosomal distribution of GRAS genes in rice

Karyotypic representation of rice chromosomes was obtained from NCBI Genome Decoration
Page. The Rice genome carries 60 GRAS genes, which are represented in the figure with red
arrows indicating the position of each gene. The size of each chromosome and the number of

genes present are provided below each in each bracket.
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6.3.Analysis of evolutionary relationships of OSGRAS genes

In order to understand the evolutionary relationship among the rice GRAS family of genes, we
subjected the retrieved sequences to the phylogenetic analysis (Fig. 6.2) using MEGA7
software. A total of 16 different clusters were observed. These clusters were divided into 14
subfamilies based on the previous report of Cenci & Rouard (2017). Members belonging to the
same subfamily were found to cluster together except DLT and PAT subfamilies, where some
genes belonging to different orthologous groups (according to Cenci & Rouard, (2017) formed
separate clusters. Each cluster has been colour coded in the figure. The number of genes found
in each subfamily included four in SCL3, three each in SCR, NSP2 and HAM, one in RAM,
LS, SCL4/7and SCLA, two in DELLA, DLT, SHR and SCL32, six in PAT and nine in LISCL.
LISCL was found to be the largest subfamily with the maximum member of genes getting
clustered. YOsGRAS4 and YOsGRAS9 were placed close to the LISCL family since these
sequences were still unclassified. The highly expressed genes under biotic and abiotic stress
conditions belonged to SCL3, SHR, DELLA, HAM and PAT subfamilies.
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Fig. 6.2: Phylogenetic analysis of OsGRAS genes

An unrooted phylogenetic tree showing the evolutionary relationship among OsGRAS genes.

The tree was constructed using the Neighbour Joining method in MEGAT7 software with a
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bootstrap value of 1000. The number at each node represents the percentage bootstrap values.
Based on the previous literature, the genes have been divided into 14 subfamilies (mentioned

in boxes), and each subfamily has been colour coded.
6.4.Analysis of gene organization and GRAS motifs

The genomic and cDNA sequences of all the selected forty genes were subjected to the GSDS
server to observe the organization of different GRAS genes selected from each paralogous
group (Fig. 6.3). Based on the map generated by the server, it was observed that the genes
varied in length and the distribution of exons, introns and untranslated regions (UTRS). The
majority of genes (31 out of 40 genes studied) lacked introns in their gene structure and were
only composed of exonic sequences and UTRs. OsGRAS11 exon was flanked by a long stretch
of UTR at its 5" and 3' ends. It completely lacked introns and was the longest gene in this study
(6.7 kb). Ten genes were observed to contain only coding sequences in their structure without
any introns and UTRs. Among them, YOsGRAS3 had the smallest sequence of only 414 bp.
Only nine genes carried introns in their structure and they were OsGRAS3, OsGRAS39,
OsGRAS41, OsGRAS43, OsSCR1, YOSGRAS4, YOsGRASS, YOsGRAS9 and YOsGRASI0.
The number of intronic sequences among the genes varied from one (OsSCR1 and
YOsGRAS10) to a maximum of seven (YOsGRAS4). All of them showed low (OsGRAS43),
moderate (OSGRAS3, YOSGRAS4 and YOSGRASS) and very high (OsGRAS39, OsGRAS41,
OsSCR1, YOsGRASY and WYOsGRAS10) expression levels under abiotic and biotic stress
conditions. Six out of nine genes (OsSGRAS41, OsGRAS43, YOSGRAS4, ¥YOsGRASS,
YOsGRASY and YOsGRAS10) did not exhibit any UTRs in their structure and were solely
composed of introns and exons. The details of the genetic organization of rice GRAS genes

have been provided in table 6.1.

Table 6.1: List of genes and their organization details

Locus id Gene name Subfamily Chromos | Location Gene | Orient | Splice Introns | Exons
(according ome size ation forms
to Cenci number
and
Rouard,
2017)
LOC_0s01g45860 | OsGRAS1 OG- Chrl 26045843 - 1488 | 3-5' 1 0 1
DELLA-2 26044166
LOC_0s01g62460 | OsGRAS2 OG-LISCL Chrl 36158308 - | 2463 | 5-3' 2 0 1
36161536
LOC_0s019g65900 | OsGRAS3 OG-PAT-3 Chrl 38265509 - 1662 | 3-5' 1 2 3
38261836
LOC_0s01g71970 | OsGRAS5 OG-SCL3 Chrl 41711881 - 1329 | 5-3 1 0 1
41713811
LOC_0s02910360 | OsGRAS7 OG-LS Chr2 5453090 - 1272 | 3-5' 1 0 1
5451819
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LOC_0s02921685 | YOsGRAS2 OG-PAT-4 Chr2 12888147 - 444 3-5
12887704
LOC_0s02g44360 | OsGRAS8 OG-HAM-II | Chr2 26841585 - 2130 | 5-3
26844331
LOC_0s02g45760 | OsGRAS10 OG-PAT-4 Chr2 27856163 - | 1857 | 3-5'
27853853
LOC_0s03g09280 | OsGRAS11 OG-PAT-1 Chr3 4847121 - 1608 | 5-3'
4853832
LOC_0s03g15680 | OsGRAS12 OG-NSP2-1 Chr3 8651497 - 1728 | 5-3'
8653224
LOC_0s03g31880 | OsSHR2 OG-SHR-1 Chr3 18240730 - 1812 | 3-5'
18238256
LOC_0s03g37900 | YOsGRAS3 OG-DLT Chr3 21050297 - | 414 5-3'
21050710
LOC_0s03g40080 | YOsGRAS4 close to Chr3 22262511 - | 2334 | 5-3
LISCL(uncla 22267163
ssified)
LOC_0s03g48450 | OsGRAS15 OG-LISCL Chr3 27592832 - | 2196 | 3-5'
27588776
LOC_0s03g49990 | OsSLR1 OG- Chr3 28512625 - 1878 | 5-3'
DELLA-1 28515179
LOC_0s03g51330 | OsGRAS18 OG-SCL4/7 Chr3 29370719 - 1737 | 5-3'
29373265
LOC_0s04935250 | OsGRAS19 OG-SCLA Chra 21425721 - | 1515 | 3-5'
21424207
LOC_0s04g37440 | WYOsGRASS OG-DLT Chr4 22312712 - 459 3.5
22312254
LOC_0s04g46860 | OsGRAS20 OG-HAM-II | Chr4 27764666 - | 2136 | 5-3'
27767328
LOC_0s04g50060 | OsGRAS22 OG-LISCL Chrd 29857542 - | 1911 | 5-3'
29860559
LOC_0s05931380 | OsGRAS23 OG-SCL3 Chrs 18234846 - | 1656 | 5-3'
18236501
LOC_0s05931420 | OsGRAS24 OG-SCL3 Chrs 18275763 - | 1683 | 5-3'
18277445
LOC_0s059g40710 | OsGRAS25 OG-SCR-3 Chrs 23871516 - | 1482 | 5-3'
23872997
LOC_0s05942130 | OsGRAS26 OG-SCL32- | Chr5 24631172 - | 1278 | 5-3'
2 24632715
LOC_0s06901620 | OsGRAS28 OG-HAM-II | Chr6 365301 - 1443 | 5-3'
367066
LOC_0s07936170 | OsCIGR1 OG-PAT-2 Chr7 21616338 - | 1716 | 5-3'
21620316
LOC_0s07938030 | OsGRAS32 OG-SCR-2 Chr7 22807706 - | 1374 | 5-3'
22809384
LOC_0s07g39470 | OsCIGR2 OG-PAT-1 Chr7 23650525- | 1635 | 5-3'
23654073
LOC_0s079g39820 | OsSHR1 OG-SHR-1 Chr7 23868417 - | 1809 | 5-3'
23871145
LOC_0s07g40020 | OsGRAS35 OG-SCL32- | Chr7 24014021 - | 1422 | 5-3
1 24018422
LOC_0s11g03110 | OsSCR1 OG-SCR-1 Chrl1 1119742 - 1956 | 5-3'
1123350
LOC_0Os11g04400 | WYOsGRASS8 OG-LISCL Chrll 1829394 - 1650 | 5-3'
1832069
LOC_0s119g04570 | OsGRAS39 OG-SCL3 Chrll 1939818 - 2565 | 5-3'
1933914
LOC_0s119g06180 | OsGRAS41 OG-NSP2-2 | Chrll 2950162 - 1419 | 5-3'
2952223
LOC_0Os11g11600 | WYOsGRAS9 close to Chril 6452428 - 1038 | 5-3'
LISCL(uncla 6453736
ssified)
LOC_0s11931100 | OsGRAS43 OG-RAM1 Chrl1 18102879 - | 2319 | 3-5'
18096831
LOC_0s11g47870 | OsGRAS44 OG-LISCL Chril 28870096 - | 2079 | 5-3'
28872571
LOC_0Os11g47910 | OsGRAS47 OG-LISCL Chrll 28895187 - 1788 | 5-3'
28896974
LOC_0s12g06540 | YOsGRASI10 OG-NSP2-2 Chrl2 3170547 - 1389 | 5-3'
3172219
LOC_0s12938490 | OsGRAS53 OG-LISCL Chr12 23634672 - | 2217 | 5-3'
23637678
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Fig. 6.3: Genetic organization of OsGRAS genes

Figure representing the rice GRAS gene organization (developed through Gene Structure
Display Server (GSDSv2)). The yellow coded region indicates the coding sequence and the
blue region indicates the untranslated regions. The black lines correspond to the intronic

sequences.

The amino acid sequences of shortlisted genes were subjected to MEME analysis for
identification of the conserved motifs in OsGRAS proteins. A total of ten motifs were
identified, which corresponded to LHR | (motif 5, 9), VHIID (motif 2, 3, 10), LHR 1l (motif
8), PFYRE (motif 4, 7) and SAW (motif 1, 6) motifs (Fig. 6.4 and Fig 6.5). The C- terminal
domain was found to contain the conserved GRAS domain, as reported earlier in literature.
However, not all genes exhibited all the ten identified MEME-motifs. PAT and LISCL
subfamilies carried all ten motifs, while others like SCR lacked motif 1. Proteins belonging to

the same subfamily had similar motif composition.
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Figure 6.4: MEME-motif analysis of OSGRAS genes

Figure showing the identified MEME-motifs of OSGRAS genes. The conserved GRAS-motifs
are provided at the top. A search for 10 MEME-motifs was done, and each of them has been
assigned to the corresponding GRAS-motifs. Each coloured box represents one motif, and the

legend has been provided below. The genes were organized based on their subfamilies.
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Fig. 6.5: Logos representing MEME motifs

The figure represents the logos of ten identified MEME motifs, which were classified
according to the conserved motifs of the GRAS domain. Each logo represents the conserved
sequence of the corresponding motif. The height of each amino acid in a logo indicates its

frequency at that position.

6.5.Putative promoter analysis of GRAS genes and the search for cis-regulatory

elements

A diverse expression pattern was observed for different GRAS genes under abiotic and biotic
stress conditions and correlated the same with the regulatory elements present in their putative
promoter regions. To identify the cis-acting elements, we retrieved <1 kb sequences from the
5' upstream region of each gene in the rice genome database and subjected them to an in-silico
analysis. A total of eighteen stress-responsive elements were observed in the upstream putative
promoter region of the GRAS genes. The function of each element has been provided in Table
6.2, and the physical mapping of the important stress-responsive elements on the putative
promoter regions of the genes was provided in Figure 6.6. These included ABRE or ABA
responsive elements, CCAAT box and MYB sites for binding of MYB transcription factors
responsive to drought inducibility, the binding site for MY C transcription factors for defence

responses, DRE or dehydration responsive elements, STRE or stress-responsive elements, TC-
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rich repeats for defence and stress responses, and the LTR or low temperature responsive
element. Several phytohormones and wound responsive elements were also observed in their
upstream regions, which included TCA-element for salicylic acid responses, CGTCA-motif or
TGACG-motif as a methyl jasmonate responsive element, GARE-motif, TATC-box and P-
box for gibberellin responses, ERE as ethylene responsive elements, TGA-element or AuxRR
core or AuxRE for auxin responses, WUN-motif and WRE for responses against wounding,
box-S for wounding and pathogen elicitation, and the W-box for binding of the WRKY class

of transcription factors.

1000 : - .
- - e e s s A )

GRAS1

S 1 2 —_—— % EE—

GRAS3

GRASS i, mE A -.e & = <@ |
[T S S + S0 > NS 1L S > S S—

GRAS7

weras2 i @ {m

‘GRAS8

m
Grasiof WM O B 0 ) SO A 200000000 A 0 e omm w000
| N+ S S S N N - S ¥+ S N + S
[ B+ & 1 o -+ S > N > N B

GRAS11
GRAS12

L T — S e m owme o]

WGRAS3

I AN R SRRy O O s ]
werAsAl . mAA O R ok EEam O WO =)
Grasisf. AR e . = |

EESINT B [ S B SRS N N — B Y |
GRAS1S b Il [ O [ S E— ) 8
GRAsLe R ... &O & wE=m A A O |
WGRASS | ST = [S T o
GRASZO/ . mAm. A O A O mAaAe . ]
Grasz2[ & @» Om Lo a2 09090000
[CLEASE] RN T E— N ] - [¢) L w2 o |

GRAS24

GRAS25

e - 2
| ST T R © © M + X+ X ¢ R N+ S— N— . ]
Gras26[ & @ Qo0 e 9@ & ]
(BN 5 SE— Y EE— Y B S SE— R— R | N E—
[ N N N B | SR N+ S A— | |
I em T Oom mA O A OO0 9 e

GRAS28

CIGR1

GRAS32

cerz [ AT e O W00 emEO 2 & ]
sir1 | mm @ O @m0 | S ¥ T+ S T E—
GRAS3S B &< 2 & O IRY = JS—
LS S U N+ TS & W+ S+ S Y 35 Y 1+ M + S
WGRASS & Ooe > o> |
GrAsIO . e A @S » 000000 flm 0 O =mAwm ]
CLCE) B B — > S N >~ S s I B 3

werasol . em 22 - e = O . ®=ma s

GRAS43
GRAsS44

f

GRAS47

WGRAS10

srass M O A O (&0 Py Pr——
W ABRE: ABA responsive element M. CGTCA-motif/TGACG-motif: Mela responsiveness ¥ WUN motif: Wound responsive element
o MYB/ MBS: MYB binding site B TC-rich repeats: Defence and stress responsiveness # LTR: Low temperature responsiveness
' DRE: Drought responsive element . Box S: Wounding and pathogen responsiveness 0 W box: WRKY binding site
<» MYC: Defence responsiveness & GARE-motif/ TATC-box: Gibberellin responsiveness Y CCAAT-box: MYB binding site
@ STRE: Stress responsive element @ ERE: Ethylene responsive element B P-box: Gibberellin responsive element
GTCA element: SA responsi 4\ TGA-element/AuxRR core/AuxRE: Auxin responsiveness [ WRE: Wound response element

Fig. 6.6: In-silico analysis of putative promoter regions of GRAS genes
The selected GRAS genes were subjected to an in-silico analysis for cis-regulatory elements in

their putative promoter regions (sequence retrieved from about <1 kb upstream region). This
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was performed using the PlantCARE database, and the figure was prepared by mapping the
stress-regulatory elements in each of the sequences. The index for each element, along with its

functions, is mentioned below the figure.

OsGRAS39, the highly expressive gene under both biotic and abiotic stress conditions
in the present study, had three copies each of MYB binding factor sites and CGTCA-motif,
five copies of STRE, two copies of ABRE and one copy each of DRE, TC-rich repeats and
CCAAT-box justifying its expression under different stress treatments. Other responsive genes
in both the stresses like OsSGRAS8, OsSHR1 and OsSLR1 had combinations of MYB, STRE,
ERE, WUN, TCA, CGTCA and MYC elements in their putative promoter regions. Apart from
these, OsGRASS exhibited ABRE, LTR and W-box elements, OsSHRL1 carried a DRE element,
and OsSLR1 had copies of TATC, WRE and TC- rich elements. ¥YOsGRASS, the only
expressive gene in the shoot region, had two copies each of MYB and MY C binding elements
and three copies of ABRE. Other important abiotic stress-responsive genes like YOsGRAS2
and OsSCR1 were observed to have multiple copies (up to six) of ABRE, MYB and MYC
elements, STRE elements and ERE, CGTCA, GARE and WRE motifs in their 5' upstream
regions. OsCIGR1 was found to be highly induced under biotic stress conditions and carried
ten copies of ABRE, seven copies of STRE, five copies of CGTCA element and one copy each
of CCAAT-box, DRE, MYB, MYC and WRE. Other expressive genes under biotic stress
conditions included OsGRAS2, YOsGRAS3, OsGRAS19, OsGRAS20 and OsGRAS23, which
had combinations of TCA-elements, W-box, WRE, ERE, AuxRE, CGTCA-box, box-S and

WUN elements apart from other stress-responsive elements.

Table 6.2: List of cis-regulatory elements and their functions

Name of cis-element Function

ABRE ABA responsive element (Choi et al., 2000)

MYB/MBS MY B binding site for drought
inducibility(Ambawat et al., 2013)

DRE Dehydration responsive element (Narusaka
et al., 2003)

MYC Transcription factor for stress responses

helps in dehydration induced expression of
genes (Tran et al., 2004)

STRE Stress-responsive element (Hwang et al.,
2010)

TCA element Element for salicylic acid responsiveness
(Wei et al., 2013)

CGTCA-motif/ TGACG-motif Methyl-Jasmonate responsive element (Yin

Wang et al., 2011)
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TC-rich motifs

Responsible for defence and stress,
transcription regulation (Bernard et al.,
2010; Liu etal., 2017)

Box S

Responsive to wounding and pathogen
elicitation (Yin et al., 2017); Stress
responsiveness (Ding et al., 2019)

GARE-motif/TATC-box

Gibberellin responsive element (Bastian et
al., 2010)

ERE

Element for ethylene responses (Oriate-
Sanchez & Singh, 2002)

TGA-element/AuxRR core/ AuxRE

Element for auxin response (Sakai et al.,
1996)

WUN motif Wound responsive element for biotic stress
(Xu etal., 2011)

LTR Low temperature responsive element
(Zhang et al., 2020)

W box Binding sites for WRKY transcription
factors (Dhatterwal et al., 2019)

CCAAT box Binding site for MYB transcription factors

P-box Gibberellin responsiveness (Zhang et al.,
2020)

WRE Wound responsive element (Whitbred &

Schuler, 2000)

6.6.Properties of GRAS proteins, their ligand interactions and domain analysis

We studied the properties like amino acid length (aa), molecular weight (kDa) and theoretical
pl of the shortlisted GRAS proteins through the ExPASyProtParam program. It was observed
that the proteins had molecular weights ranging from 15 kDa (YOsGRAS3) to 94 kDa
(OsGRAS39). YOsGRAS3 showed a minimum amino acid (aa) length of 137 aa, while
OsGRAS39 had a maximum length of 854 aa. The pl of the proteins ranged from acidic to
basic (4.5-10.1) with only eight proteins having a pl of more than 7. The majority of the proteins
had a pl in the range of 4-7. Likewise, the remaining 32 proteins were found to be in the acidic
range i.e. pl <7. This is because the majority of the proteins carried more negatively charged
(acidic) amino acid residues like Aspartic acid and Glutamic acids in their composition as
compared to basic amino acid residues. Only OsGRAS39 was found to have an equal number
of acidic and basic residues in its composition with a pl around 7. According to TargetP-2.0
server, OsSGRAS39 was predicted to be localized to the chloroplast while no signal peptides

for chloroplast or mitochondria could be specified by the tool for the rest of the proteins.
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We have also analyzed the proteins for their three-dimensional structures, and ligand binding
residues in the 3DLigand site and the structures were submitted to the Phyre2 program to
analyze their secondary structures like the percentage of disordered regions, a-helix and f-
sheets. YOsGRAS3 showed a maximum of 71%, and OsGRAS8 had a minimum of 31% of
the a-helical structure. Similarly, the maximum (14%) extent of B-sheets was noticed in the
secondary structure of OSGRAS32. No -sheets were present in YOsGRAS2 and YOsGRAS3.
Several metallic and non-metallic ligands were also observed to be interacting with the GRAS
proteins, which included Mg*?, Ca*?, SAM, SAH, NAP, NAD, ATP, Zn*2 and Ni*2. The three-
dimensional structures of the proteins along with their interacting ligands have been provided

in figure 6.7.

OSGRAS1 g

OsGRAS11 OsGRAS12 0OsSHR2
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OsGRAS19 OsGRAS20 OsGRAS22

OsGRAS23

OsSHR1

o;eRAs}s\ B OsSCR1 g OsGRAS39

Cca*?

Fig. 6.7: Three-dimensional structure of GRAS proteins along with their interacting
ligands

Three-dimensional structures of 28 GRAS proteins and their interacting ligands, as predicted
by 3Dligand site and Phyre2 program. The blue labelled region indicates the point of interaction
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with the metallic and non-metallic ligands. The metallic ligands are labelled. These include
Ca*?, Mg*?, Ni*?, Zn*?

Low complexity regions (LCR) are repetitive amino acid sequences found abundantly
in the eukaryotic proteins. These play essential roles in protein-protein and protein-nucleic acid
interactions (Toll-Riera et al., 2012). The number of LCRs in each protein varied from none to
a maximum of eight in OsGRAS20 and OsGRASA43, respectively.

Grand average of hydropathicity index or GRAVY index indicates the hydrophobicity of a
protein, considering its charge and size. Usually, GRAVY values range from
-2 to +2 with more positive values indicating hydrophobicity and more negative values
indicating hydrophilicity (Morel et al., 2006). Seven proteins had a positive GRAVY value
while the rest 33 proteins had a value lesser than zero, which indicated that the majority of the

GRAS proteins are hydrophilic. The list of all the observations has been provided in table 6.3.

In order to study the domains present in the genes, we utilized the SMART online tool and
observed that all the proteins had at least one GRAS domain with YOsGRAS4, YOsGRASS,
OsGRAS39, YOsGRAS10 exhibiting two GRAS domains. Among them, YOsGRAS4 and
YOsGRAS10 had two internal repeats designated as RPT1 along with two GRAS domains.
One DELLA domain and one SCOP domain in addition to the GRAS domain were found in
OsSLR1 and OsGRAS18, respectively. DELLA proteins are transcriptional regulators that
function in gibberellic acid signaling by binding with GA receptor, GID1, followed by
proteasomal degradation of the DELLA domain (Murase et al., 2008). OsGRAS41 had a
transmembrane region; OSGRAS43 and OsGRAS53 had two RPT1 domains (internal repeats)
along with their single GRAS domains. A detailed list of the domains and the LCRs with their
sequences have been provided in table 6.4. The presence of the transmembrane domain in
OsGRAS41 was further confirmed through TMHMM software.
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points (pl), GRAVY indices, chelating ligands, low complexity region (LCR), localization and secondary structure details.

Name

Length
(aa)

MW (kDa)

pl

GRAVY
index

Ligand residues

Metallic &
non-metallic
ligands

LCR

TargetP-
2.0
predictio
n

Disordered %

o- helix
%

B-sheet
%

OsGRAS1

495

52067.35

5.06

-0.017

LEU168 HIS172 ASP193 PHE194

SER195 LEU196 MET197
GLN198 GLN201 ILE224

GLY225 PRO226

PRO229 SER262 LEU263

ASP264 VAL266 VAL284
GLN286 ARG289 LEU290

Mg*Z, SAM,
Ca*?, SAH

Three (26-38,41-
82,452-486)

30

40

11

OsGRAS2

820

90671.06

57

-0.415

LYS530 HIS534 ASP555
TYR556 GLY557 ILE558
TYR559 TYR560 GLN563
ILE586 ASP587 THR588
PRO589 GLN590 GLY592
SER624 ARG625 PHE626
GLU627 VAL629 MET647
LYS649 ASN652

Mg, SAM,
Ca*?, SAH

Four (85-97, 165-
183,246-262,415-
434)

45

39

OsGRAS3

553

61798.49

4.8

-0.358

MET260 PHE270 PHE274
ASP295 PHE296 ASP297
ILE298 ASN299 GLN300
GLN303 VAL326 ASP327
ASP328 ALA364 ASN365
ILE366 GLY367 VAL369
ALA387 GLN389 HIS392

Mg*Z SAM,
NAP, SAH

Two (91-107,183-
553)

35

39

10

OsGRAS5

442

48023.77

6.15

-0.079

LEU139 ASP164 LEU165
GLY166 GLY167 ALA168
ASP169 GLN172 VAL195
HIS196 GLU197 ARG228
LEU229 ASP230 SER250
GLN252

Mg'Z, SAM,
Ca*?, SAH

Four (46-73,89-
105,260-270,367-
383)

24

45

12

OsGRAS7

423

44138.74

5.56

-0.113

LEU122 HIS126 ASP153
LEU154 ASP155 ALA156
ALA157 HIS158 GLN161

Mg*Z SAM,
Ca’, SAH

Two (21-29,39-
420)

22

44

12
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ALA188 GLY189 THR190
LEU226 ALA227 VAL247
PHE249 LYS252

YOsGRAS2

147

15305.11

9.18

-0.128

Three (38-62,81-
91,131-144)

48

58

OsGRAS8

709

74248.23

5.65

-0.02

LEU434 ASP461 PHE462

ASP463 GLY465 VAL466
GLN469 PHE496 MET497
LEU532 ASP533 ALA534
PHES535 PRO554

Mg*Z SAM,
Ca’?, SAH

Five (47-85,88-
106,153-165,195-
217,258-273)

51

31

OsGRAS10

618

64200.52

9.27

-0.115

PHE335 ASP360 PHE361
ASP362 VAL363 SER364
GLN367 VAL390 ALA391
ASP392 CYS430 ARG431
ALA432 PRO433 ILE435
ALA453 THR455 ARG458

SAM, Mg,
Ca*2,SAH

Six (23-35,40-
50,62-72,98-
116,143-160,162-
179)

38

45

OsGRAS11

535

59647.91

5.86

-0.375

MET242 PHE252 TYR256
ASP277 PHE278 GLN279
ALA281 GLN282 ILE308
ASP309 ASP310 HIS315
ALA346 ALA347 SER348
HIS349 VAL351 ALA369
TYR370 GLN371 HIS374

Mg*Z SAM,
Ca’?, SAH

One (80-93)

35

40

10

OsGRAS12

575

60848.2

5.04

-0.106

MET231 HIS235 ASP256
TYR257 ASP258 ILE259
ALA260 GLU261 GLN264
VAL289 SER290 ARG291
GLY294 GLY295 LEU325
ASP328 VAL349 LEU350
HIS351

Mg SAM,
Ca’?, SAH

Three (15-34,55-
65,100-116)

35

43

OsSHR2

603

64247.77

5.93

-0.354

THR278 HIS282 LEU323
SER324 ASN325 THR326
PHE327 THR329 VAL354
VAL355 PRO356 THR357
HIS393 GLY395 ASP396
LEU397 VALA421 ASN422

SAM, SAH,
NAD, ATP

Four (11-18,31-
94,118-141,162-
185)

41

36

YOsGRAS3

137

15192.7

7.87

-0.07

31

71

YOsGRAS4

T

88331.49

5.53

-0.486

40

34
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OsGRAS15

731

82218.82

6.44

-0.483

LYS443 HIS447 ASP468 PHE469
GLY470 ILE471

TYR472 PHE473 ILE499 ASP500
VALS501 PRO502

GLN503 GLY505 PRO508
LYS538 TRP539 GLU540
ILE542 LEU560 ARG562
ASN565

Mg, SAM,
Ca'2, SAH

40

39

OsSLR1

625

65406.24

5.14

-0.111

LEU323 HIS327 ASP348 PHE349
GLY350 ILE351

LYS352 GLN353 GLN356
VAL379 GLY380 PRO381
PRO382 GLN383 PRO384
ASP385 THR417 LEU418
ALA419 VALA446 PHE447
GLU448 ARG451

SAM, SAH

Four (9-17,128-
140,185-207,209-
232)

40

44

OsGRAS18

578

62477.53

5.63

-0.209

TYR283 HIS297 ASP318
PHE319 GLY320 ILE321
VAL322 VAL350 PRO351
SER352 PRO353 LEU354
LEU355 VAL390 MET411
LEU412 GLN413 TYR415
HIS416

SAM,
Ca*?,SAH

One (144-206)

36

44

10

OsGRAS19

504

52579.87

8.67

-0.224

TYR169 TYR175 HIS179
ASP202 PHE203 ASP204
VAL205 SER206 TYR207
GLN210 PHE252 GLY253
ALA254 ASN285 ASN286
GLY287 SER288 THR290
VAL308

Mg SAM,
SAH

One (10-42)

31

45

11

YOsGRASS

152

16672.18

9.43

-0.472

Two (104-
124,130-146)

38

38

14

OsGRAS20

711

74007.88

5.57

0.004

LEU437 ASP464 PHE465
ASP466 LEU467 GLY468
VAL469 GLN472 PHE499
VAL500 SER501 LEU535
ASP536 ALA537 PRO557
VALS558

SAM, NAP,
Ca*?, SAH

Eight (52-70,79-
92,98-114,185-
215,221-234,243-
255,277-286,302-
312)

52

32
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OsGRAS22

636

71655.98

551

-0.424

PHE338 LYS348 ASP373
TYR374 GLY375 ILE376
GLN377 TYR378 VAL404
ASP405 LEU406 ARG412
ALA442 LYSA43 TRP444
ASP445 ILE447 LEU467
ARG469 ASN472 META473

Mg, SAM,
SAH

Three (2-15,56-
76,237-251)

37

38

OsGRAS23

551

56280.97

541

0.197

VAL182 ASP208 LEU209
GLY210 GLY?211 GLY?212
VAL213 ASP214 GLN217
VAL241 ASN242 GLU243
SER274 ILE275 GLU276
ASN303 GLN305 ARG308

Mg*Z SAM,
Ca’?, SAH

Three (6-27,51-
59,513-541)

36

41

10

OsGRAS24

560

58183.56

7.85

0.182

LEU248 ASP273 LEU274
GLY275 GLY276 ILE277
HIS278 HIS281 VAL305 HIS306
GLU307 SER338

VAL339 GLU340 THR360
GLN362 ARG365

Mg SAM,
SAH

Four (5-20,32-
52,55-83,89-141)

42

36

OsGRAS25

493

51644.41

5.75

0.008

TYR207 ASP228 LEU229
ASP230 VAL231 VAL232
PRO233 GLY234 GLN238
PHE261 GLY262 MET263
ARG294 PRO295 GLY296
ALA298 TRP317 LEU318
ARG319 HIS320

SAM, SAH

Two (13-36,98-
111)

30

45

10

OsGRAS26

425

45430.82

5.81

0.017

HIS131 PHE135 ASP156 LEU157
SER158 VAL159

THR160 HIS161 GLN164
PRO187 SER188 VAL189
ARG190 PRO191 ALA192
SER226 ALA227 THR228
THR229 GLN266 SER267
TRP268

SAM,
Mg*2,SAH

One (9-20)

21

50

12

OsGRAS28

480

51017.01

5.46

-0.058

VAL213 ASP238 PHE239
ASP240 VAL241 GLY242
PHE243 LEU273 VAL274
SER275 PRO276 GLY277

Mgz, SAM,
Ca*?, SAH

One (35-66)

36

45

11
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SER278 SER279 PHE309
THR334

OsCIGR1

571

64602.19

5.87

-0.478

MET278 PHE288 TYR292
ASP313 PHE314 GLN315
ILE316 ALA317 GLN318
GLN321 ILE344 ASP345
ASP346 VAL382 TYR383
ALA384 THR385 VAL387
THR405 GLN407

Mg, SAM,
Ca*, SAH

40

36

OsGRAS32

457

49096.59

551

-0.127

PHE148 ASN152 VAL158
HIS162 ASP183 LEU184
ASP185 ILE186 MET187
GLN188 GLN191 LEU214
GLY215 ALA216 LYS247
ILE248 GLY249 VAL251
VAL269 TRP271 HIS274

Mg'Z, SAM,
Ca*?, SAH

Three (8-45,55-
62,437-449)

27

47

14

OsCIGR2

544

60108.16

-0.324

MET251 PHE261 TYR265
ASP286 PHE287 HIS288

ILE289 SER290 GLN291
GLN294 ILE317 ASP318
ASP319 ILE355 SER356 GLY357
SER358 VAL360

THR378 GLU380 HIS383 ILE384

SAM, Mg?,
SAH

35

40

10

OsSHR1

602

64709.33

5.61

HIS286 LEU316 SER317
ASN318 THR319 PHE320
THR322 VAL347 VAL348
SER349 ALA350 HIS388
GLY390 ASP391 LEU392
VAL416 ASN417 METS527

SAM,
Ca*2,SAH, Zn*?

Three (11-40,46-
80,122-147)

39

40

OsGRAS35

473

50596.45

531

0.022

TYR174 LEU196 SER197

THR198 THR199 HIS200

ALA226 ASP227 VAL228
ALA229 TYR241 THR266
SER274 LEU275 VAL276
HIS297 MET298 LEU299

THR302

Mg*Z SAM,
SAH

Two (9-25,34-54)

27

43

11

OsSCR1

651

69918.23

591

-0.221

PHE364 HIS378 ASP399 LEU400
ASP401 ILE402
MET403 GLN407 LEU430

Ni+2, Mg+2,
SAM, NAP,
SAH

Six (3-55,86-
101,115-134,148-

48

37
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GLY431 ALA432 ASP462 157,188-229,235-
LYS463 ALA464 LEU485 279)
HIS487 LEU489 TYR490
ASP491 VAL492 THR493
POsGRASS | 549 59950.36 4.98 -0.299 Four (29-40,108- | - 34 48 8
122,140-147,177-
193)
OsGRAS39 | 854 94267.73 7.45 -0.09 LEU495 TYR499 ASP520 SAM, SAH, One (370-391) Chloropla | 23 45 12
PHE521 SER522 GLY523 Ca st
PRO524 ALA525 ALA526
ASN527 GLN530 VAL553
HIS554 ASP555 ALA585
LYS586 LEU587 ASP588
VAL612 GLN614 ARG617
OsGRAS4L | 472 52312.55 4.78 0.111 VALL35 HIS139 ASP160 Mg, SAM, - - 23 53 7
LEU161 ASN162 ILE163 Ca’?, SAH
GLY164 GLU165 GLN168
ILE189 THR190 THR191
VAL225 H1S226 ASN227
GLU228 GLU230 THR248
THR249 SER250
POsGRAS9 | 345 37286.47 1013 | -0.552 One (216-254) . 35 49 8
OsGRAS43 | 772 81094.36 6.18 -0.156 Eight (2-13,165- | - 39 36 11
177,183-201,223-
230,280-288,293-
306,326-341,355-
364)
OsGRAS44 | 692 7744234 5.01 -0.394 Four (14-27,82- - 39 43 8
111,209-218,279-
299)
OsGRASA7 | 595 66666.1 5.99 -0.372 One (201-211) . 33 48 10
POsGRASIO0 | 462 50587.65 453 -0.137 Two (22-30,47- . 44 44 7
60)
OsGRAS53 | 738 81365.04 517 -0.305 Nine (53-65,116- | - 39 40 7

135,150-162,241-
260,337-356,796-
808,859-878,893-
905,984-1003)
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Table 6.4: List of domains observed in GRAS genes. The number, position and sequences of the observed domains and LCR are provided
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in the chart.
Name Domain Position Sequence LCR Position Sequence
OsGRASL1 GRAS 86-449 LVHLLMSCAGAIEAGDHALASAQLADSHAALAAVSAASGIGRVAVHFTTALSRRLFPSPVAPPTTDA | LCR1 26-38 PPPAAVAPDDGVG
EHAFLYHHFYEACPYLKFAHFTANQAILEAFHGCDHVHVIDFSLMQGLQWPALIQALALRPGGPPFL
RITGIGPPSPTGRDELRDVGLRLADLARSVRVRFSFRGVAANSLDEVRPWMLQIAPGEAVAFNSVLQ
LHRLLGDPADQAPIDAVLDCVASVRPKIFTVIEQEADHNKTGFLDRFTEALFYYSAVFDSLDAASASG
GAGNAMAEAY LQREICDIVCGEGAARRERHEPLSRWRDRLTRAGLSAVPLGSNALRQARMLVGLFS
GEGHSVEEADGCLTLGWHGRPLFSASAWE
LCR2 41-82 DPPAGADVDAAALPEFA
AAFPPCAPDAAAAVLA
MRREEEEVA
LCR3 452-486 GDGGGDNNNNSNSNVS
GSSGSDSNNSGSSNGKS
SG
OsGRAS2 GRAS 443-813 LETLLIHCAQSVATDDRRSATELLKQIRQHAHANGDGDQRLAHCFANGLEARLAGTGSQIYKNYTIT LCR1 85-97 VSVSASAASSAAA
RLPCTDVLKAYQLYLAACPFKKISHYFANQTILNAVEKAKKVHIVDYGIYYGFQWPCLIQRLSNRPG
GPPKLRITGIDTPQPGFRPAERTEETGRYLSDYAQTFNVPFEFQAIASRFEAVRMEDLHIEEDEVLIVN
CMFKFKNLMDESVVAESPRNMALKTIRKMNPHVFIHGVVNGSYNAPFFVTRFREALFHYSAIFDML
ETNIPKDNEQRLLIESALFSREAINVISCEGLERMERPETYKQWQVRNQRVGFKQLPLNQDMMKRAR
EKVRCYHKDFIIDEDNRWLLQGWKGRILFALSTWK
LCR2 165-183 SSAANSCNSLSPCNCSSS
S
LCR3 246-262 SQSSSFASSNGSSVTFS
LCR4 415-434 KHSGGGHGKGSSHGKG
RGKK
OsGRAS3 GRAS 183-553 PKQLLFDCAMALSDYNVDEAQAIITDLRQMVSIQGDPSQRIAAYLVEGLAARIVASGKGIYKALSCK LCR 91-107 SNVSQQNSQSISDNQSS
EPPTLYQLSAMQILFEICPCFRFGFMAANY AILEACKGEDRVHIIDFDINQGSQY ITLIQFLKNNANKPR
HLRITGVDDPETVQRTVGGLKVIGQRLEKLAEDCGISFEFRAVGANIGDVTPAMLDCCPGEALVVNF
AFQLHHLPDESVSIMNERDQLLRMVKGLQPKLVTLVEQDANTNTAPFQTRFREVYDYYAALFDSLD
ATLPRESPDRMNVERQCLAREIVNILACEGPDRVERYEVAGKWRARMTMAGFTPCPFSSNVISGIRS
LLKSYCDRYKFEEDHGGLHFGWGEKTLIVSSAWQ
OsGRAS5 GRAS 50-437 LIHLLLNCAAAAAAGRLDAANAALEHIASLAAPDGDAMQRVAAAFAEALARRALRAWPGLCRALL

LPRASPTPAEVAAARRHFLDLCPFLRLAGAAANQSILEAMESEKIVHVIDLGGADATQWLELLHLLA
ARPEGPPHLRLTSVHEHKELLTQTAMALTKEAERLDVPFQFNPVVSRLDALDVESLRVKTGEALAIC
SSLQLHCLLASDDDAAAVAGGDKERRSPESGLSPSTSRADAFLGALWGLSPKVMVVAEQEASHNAA
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GLTERFVEALNYYAALFDCLEVGAARGSVERARVERWLLGEEIKNIVACDGGERRERHERLERWAR
RLEGAGFGRVPLSYYALLQARRVAQGLGCDGFKVREEKGNFFLCWQDRALFSVSAWR

OsGRAS7 GRAS 39-420 | ARGLVLACADLVHRGDLDGARRVAEAVLAAADPRGEAGDRLAHHFARALLALRGGGKGGHGGGG | LCR 21-29 QPQPQPQPP
GGVVPSSAAYLAY IKIAPFLRFAHLTANQAILEAAAADAGGAHRRVLHIVDLDAAHGVQWPPLLQAI
ADRADPAVGPPPEVRLTGAGTDRDVLLRTGDRLRAFSSSLNLPFRFHPLILPCTAELAADPTAALELH
PDETLAVNCVLFLHKLGGDGELAAFLRWVKSMNPAVVTIAEREGYLGGDVDDDNVPDELPRRVAA
AMDYYSSVFDALEATVPPASADRLAVEQEILSREIDAAVAAPGAGGGGRARDFDAWASAARAAGL
APRPLSAFAASQARLLLRLHYPSEGY KADDDGGRGACFLRWQQRPLMSVSSWQ

POsGRAS2 GRAS 62-138 SRQLLSEAAAAIANGNHIVAASLLSALKLSVNPQGDAEQRLVAMMVAALSSCVGTSPSQHLADLYIG
VGRRRWSEDR

OsGRAS8 GRAS 349-708 | LLDELAAAAKATEAGNSVGAREILARLNQQLPQLGKPFLRSASYLKEALLLALADSHHGSSGVTSPL | LCR1 | 47-85 SPSPPYSTSTLSSSLGGGS
DVALKLAAYKSFSDLSPVLQFTNFTATQALLDEIGGMATSCIHVIDFDLGVGGQWASFLQELAHRRG ADSTGVAAVSESSTAAA
AGGMALPLLKLTAFMSTASHHPLELHLTQDNLSQFAAELRIPFEFNAVSLDAFNPAELISSSGDEVVA GAT
VSLPVGCSARAPPLPAILRLVKQLCPKVVVAIDHGGDRADLPFSQHFLNCFQSCVFLLDSLDAAGIDA
DSACKIERFLIQPRVEDAVIGRHKAQKAIAWRSVFAATGFKPVQLSNLAEAQADCLLKRVQVRGFHV
EKRGAALTLYWQRGELVSISSWR

LCR2 | 88-106 GAPGEHGGGGKEEWGG
GCE

LCR3 | 153-165 | QPGPPLPVLQQPL

LCR4 | 195217 | SSSGAHTATGGGGKASL
GFGLFS

LCR5 | 258273 | PPNPAAALFMPLPPFP

OsGRAS10 GRAS 253618 | SRQLLSEAAAAVADGNHTAAASLLSALKLSANPRGDAEQRLVAMMVAALSSRVGTGPSQHLADLY | LCRL | 23-35 AALQAAARQQSQQ
SGEHRAACQLLQDVSPCFGLALHGANLAILDAVAGHRAIHLVDFDVSAAQHVALIKALADRRVPAT
SLKVTVVADPTSPFTPAMTQSLAATCERLKKLAQQAGIDFRFRAVSCRAPEIEASKLGCEPGEALAV
NLAFTLSRVPDESVSPANPRDELLRRVRALGPRVVTLVEQELNTNTAPMAARFSDASAHYGAVLESL
DATLGRDSADRTRAEAALASKVANAVGREGPDRVERCEVFGKWRARFGMAGFRAVAIGEDIGGRY
RARLGPALPAFDVKLDNGRLGVGWMGRVVTVASAWR

LCR2 | 4050 GAGGAGVTGGYV
LCR3 | 62-72 QQQRQVAAQQA
LCR4 | 98-116 GISGLSSGFGGISQQQPS
S
LCR5 | 143-160 | TAQNQAVARAPAARPA
TA
LCR6 | 162-179 | ELVLLQELEKQLLGDDE
E
OsGRAS11 GRAS 166-535 | LKQVIAACGKAVDENSWYRDLLISELRNMVSISGEPMQRLGAYMLEGLVARLSSTGHALYKSLKCK | LCR 80-93 HSSTSSHISGSPIS

EPTSFELMSYMHLLYEICPFFKFGYMSANGAIAEAVKGENFVHIIDFQIAQGSQWATMIQALAARPG
GPPYLRITGIDDSNSAHARGGGLDIVGRRLFNIAQSCGLPFEFNAVPAASHEVMLEHLDIRSGEVIVVN
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FAYQLHHTPDESVGIENHRDRILRMVKGLSPRVVTLVEQEANTNTAPFFNRYLETLDYYTAMFEAID
VACPRDDKKRISTEQHCVARDIVNLIACEGAERVERHEPFGKWRARLSMAGFRPYPLSALVNNTIKK
LLDSYHSYYKLEERDGALYLGWKNRKLVVSSAWR

OsGRAS12 GRAS 132-526 | LLHLLMAAAEALSGPHKSRELARVILVRLKEMVSHTASANAAASNMERLAAHFTDALQGLLDGSHP | LCRL | 15-34 SGCGSTTTTSSASSLDDG
VGGSGRQAAAAASHHHAGDVLTAFQMLQDMSPYMKFGHFTANQAILEAVSGDRRVHIVDYDIAEG TG
IQWASLMQAMTSRADGVPAPHLRITAVSRSGGGGARAVQEAGRRLSAFAASIGQPFSFGQCRLDSDE
RFRPATVRMVKGEALVANCVLHQAAATTTIRRPTGSVASFLSGMAALGAKLVTVVEEEGEAEKDD
DGDSAGDAAAGGFVRQFMEELHRYSAVWDSLEAGFPTQSRVRGLVERVILAPNIAGAVSRAYRGV
DGEGRCGWGQWMRGSGFTAVPLSCFNHSQARLLLGLFNDGY TVEETGPNKIVLGWKARRLMSASY
WA

LCR2 | 5565 DDDGGHDLHGL
LCR3 | 100-116 | GNGSNPSSTTTTNPGSP

OsSHR2 GRAS 188502 | AAQLLMECARAVAGRDSQRVQQLMWMLNELASPYGDVDQKLASYFLQGLFARLTTSGPRTLRTLA | LCRL | 11-18 HHHHHHQH
TASDRNASFDSTRRTALKFQELSPWTPFGHVAANGAILESFLEAAAAGAAASSSSSSSSSTPPTRLHIL
DLSNTFCTQWPTLLEALATRSSDDTPHLSITTVVPTAAPSAAAQRVMREIGQRLEKFARLMGVPFSFR
AVHHSGDLADLDLAALDLREGGATAALAVNCVNALRGVARGRDAFVASLRRLEPRVVTVVEEEAD
LAAPEADASSEADTDAAFVKVFGEGLRFFSAYMDSLEESFPKTSNERLSLERAVGRAIVDLVSCPASQ
SAERRETAASWARRMRSAGFSPAAFSEDVADDVRSLLRRYKEGWSMRDAGGATDDAAGAAAAGA
FLAWKEQPVVWASAWK

LCR2 | 3194 SYPSSRGSTSSPSSHHTH
NHTYYHHSHSHYNNNS
NTNYYYQGGGGGGGGY
YYAEEQQPAAYLEE

LCR3 | 118-141 | SGTGAPSSAPVPPPPSAT
TSSAGG

LCR4 | 162-185 | GGSPAVPSSSGAGAGAG
AAPSSSG

POsGRAS3 GRAS 38-137 LVRMLTACADSVSAGNHEAAIYYLARLCEMASLAGPMPIHRVAAYFIEVLTLRVVRMWPHMFNISP
PRELTNDAFSGDDDAMALRILNTITPILLLGKHS

POsGRAS4 GRAS 360-435 | LRTLLINCAQAVSVSNHSLASDILKIIRHHASPTGDDSQRLALCLAYCLDVRLTGTGSQIYHKFITKRR
NVKDILK

GRAS 428-672 | RNVKDILKVHIIDFGICFGFQWPSLFEELAKIEDGPPKLRITGIELPESGFRPYARSNNIGLRLADYAKTF
NIPFEY QHISSNKWEALSPEDFNIEKDEVLIVNCIYRIKDLGDETISINSARSRVLNTIRMMKPKVFVQG
VLNGSYGVPFFLTRFKEVMYHYNSLFDMLDKNIPRDNETRMIIERDIYQYIMLNVIACEGPERIERPES
YKKWKVRNLKAGLVQLPLNPAIVRETQDMSSDKAS
RPT1L 730-756 | VSDDFYHVSGDTREISCDTYQVLDDFY
RPT1 751-777 | VLDDFYHVSGDTYEISDDTYRISGDSY
OsGRAS15 GRAS 356-727 | LRTLLIHCAQAVAADDRRTANELLKQIRQHAKPNGDGSQRLAYCFADGLEARLAGTGSQLYHKLVA | LCRL | 50-64 SSAASSTASRAAVSS

KRTTASDMLKAYHLYLAACPFKRLSHFLSNQTILSLTKNASKVHIIDFGIYFGFQWPCLIRRLFKREG
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GPPKLRITGIDVPQPGFRPTERIEETGQRLAEYAEKIGVPFEYQGIASKWETICVEDLNIKKDEVVIVNC
LYRFRNLIDETVAIDSPRNRVLNTIRQVNPAIFIHGIVNGSYSVPFFITRFREALFHFSALFDMLETTVPR
DDAQRALIERDLFGREALNVIACEGSDRVERPETYKQWQVRNLRAGFVQSPLNQDIVLKAKDKVKD
IYHKDFVIDEDSEWLLQGWKGRIIYAISTWK

LCR2 | 133-148 | PLDSPSESSTSSYPHS
OsSLR1 DELLA | 39-120 DELLAALGYKVRSSDMADVAQKLEQLEMAMGMGGVSAPGAADDGFVSHLATDTVHYNPSDLSSW | LCR1 | 9-17 GGSSGGGSS
VESMLSELNAPLPPIPPA
GRAS 241-621 | LVHALLACAEAVQQENFAAAEALVKQIPTLAASQGGAMRKVAAYFGEALARRVYRFRPADSTLLD | LCR2 | 128-140 | STSSTVIGGGGSG
AAFADLLHAHFYESCPYLKFAHFTANQAILEAFAGCHRVHVVDFGIKQGMQWPALLQALALRPGGP
PSFRLTGVGPPQPDETDALQQVGWKLAQFAHTIRVDFQYRGLVAATLADLEPFMLQPEGEADANEE
PEVIAVNSVFELHRLLAQPGALEKVLGTVHAVRPRIVTVVEQEANHNSGSFLDRFTESLHYYSTMFD
SLEGGSSGQAELSPPAAGGGGGTDQVMSEVYLGRQICNVVACEGAERTERHETLGQWRNRLGRAG
FEPVHLGSNAYKQASTLLALFAGGDGYRVEEKEGCLTLGWHTRPLIATSAWR
LCR3 | 185-207 | GGGSTSSSSSSSSSLGGG
ASRGS
LCR4 | 209-232 | VEAAPPATQGAAAANA
PAVPVVVV
OsGRAS18 Scop 15-95 QQVIQQQQQQQQQQQRHHHHHHLPPPPPPQSMAPHHHQQKHHHHHQQMPAMPQAPPSSHGQIPGQ | LCR1 | 144-206 | TTPPPPVPSPPPTHAAAT
LAYGGGAAWPAGEHF ATATAATAAPRPEAAPA
LLPQPAAATPVACSSPSP
SSADASCSAP
GRAS 207-578 | ILQSLLSCSRAAATDPGLAAAELASVRAAATDAGDPSERLAFYFADALSRRLACGTGAPPSAEPDAR
FASDELTLCYKTLNDACPYSKFAHLTANQAILEATGAATKIHIVDFGIVQGIQWAALLQALATRPEGK
PTRIRITGVPSPLLGPQPAASLAATNTRLRDFAKLLGVDFEFVPLLRPVHELNKSDFLVEPDEAVAVNF
MLQLYHLLGDSDELVRRVLRLAKSLSPAVVTLGEYEVSLNRAGFVDRFANALSYYRSLFESLDVAM
TRDSPERVRVERWMFGERIQRAVGPEEGADRTERMAGSSEWQTLMEWCGFEPVPLSNYARSQADL
LLWNYDSKYKYSLVELPPAFLSLAWEKRPLLTVSAWR
OsGRAS19 GRAS 86-495 LVRLLLSAVAAGEAGDARAAAAALREVDRRASCRGGGDPAQRVAACYAAALAPRLAAGLRPARSS | LCR 10-42 DGGGGGDAAAAVAKKS
PAAPAAARAEQFLAY TMFYQASPFYQFAHFTANQAIVEAFESGGRRRLHVVDFDVSYGFQWPSLIQS KVVGGGAVVVDGVGSS
LSDAAAAATSSSSHDDDDNGGGCGDGPVSLRITGFGASADELRETEARLRRFAAGCPNLRFEFEGIL A
NNGSNTRHDCTRIDDDATVVVNLVFPASSREACAATRMAY INSLNPSMVFLIEKHDGGGGLTGGDN
TTTGRSASLLPRFAANLRYFAAVFDSLHECLPADSAERLAIERDHLGREIADAVASLDHQHRRRHGG
GGGGGDHAAASWNWKAAMEGAGLDGVKLSSRTVSQAKLLLKMKSGCGGGGFRVVEGDGGMAM
SLAWRDMALATATLWR
POsGRASS GRAS 1-80 MHYLRYYDAAFDAVDAAGLLETRPARAKVEEMFAREIRNAVAFEGAERFERHESFAGRRRRMEDG | LCRL | 104-124 | SLPPAVAAAPLVLPLPR
GGLQWGSKAEEKCLL ASAA
LCR2 | 130-146 | APMPPTAAPLVLPPPLP
OsGRAS20 GRAS 352-710 | LLDELAAAAKATEVGNSIGAREILARLNQQLPPIGKPFLRSASYLKDALLLALADGHHAATRLTSPLD | LCRL | 52-70 GSPSPPNSTSTLSSSHGS
VALKLTAYKSFSDLSPVLQFANFTVTQALLDEIASTTASCIRVIDFDLGVGGQWASFLQELAHRCGSG G
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GVSLPMLKLTAFVSAASHHPLELHLTQDNLSQFAADLGIPFEFNAINLDAFDPMELIAPTADEVVAVS
LPVGCSARTPLPAMLQLVKQLAPKIVVAIDYGSDRSDLPFSQHFLNCLQSCLCLLESLDAAGTDADA

VSKIERFLIQPRVEDAVLGRRRADKAIAWRTVLTSAGFAPQPLSNLAEAQADCLLKRVQVRGFHVEK
RGAGLALYWQRGELVSVSAWR

LCR2 | 7992 VAAVSESSAAAAEA
LCR3 | 98-114 PGEHGGGGGGELPPIPG
LCR4 | 185215 | SSPAALASDLSSSGGRSL
TSSSGSNSKATSA
LCR5 | 221-234 | PEAALQPPPATTAP
LCR6 | 243-255 | PPLLGLPSPTLLL
LCR7 | 277-286 | QQQPLLQPPP
LCR8 | 302312 | QPQPPPPAPAQ
OsGRAS22 GRAS 261-634 | LTTLLIHCAQAAAIDDHRNSNELLKQIRQRSSAYGDAGQRLAHCFANALEARLAGTGSNIYRSLAAK | LCR1 | 2-15 LDSGSYDDVDYGDL
RTSVYDILNAFKLYVTACPFKKISNFFSIEAILNASKGMTRLHIVDYGIQYGFQWPIFFQRISKRPGGPP
SVRITGVDLPQPGFRPAQLIEATGRRLHDYARMFNVPFEYHAIAAKWDTIRVEDLKIDKDKDELLVV
NCLFRMRNMMDEMVTDDSPRMQVLKTIRKMNPNLFIHGVVNGTYNAPFFVTRFKEALFYYSSLFD
MLETTASRVDENRLLIERDLFGREALNVVACEGTERVERPETYKQWQVRNIRAGFKQLPLNQETVK
KARYKVKKSYHRDFLVDEDNKWMLQGWKGRIIFALSAWE
LCR2 | 56-76 STPSPTSTTTELENSEDLS
ES
LCR3 | 237-251 | KGSGNKRGRKKGKSG
OsGRAS23 GRAS 92-506 IAAFLADGTCQMQVNDGLSCVVDLAGGDADGGGVGEGRSAQRLASAFAEALALRFILPCDGVCRSL | LCR1 | 6-27 PRLALGGGGGGAGGER
HLTRAPPPPAVSAARQGFRAMCPFVRLAAAAANLSIAEVMEAERAVVHVVDLGGGVDANQWVEL LPAAGE
VRLVAARPGGPPGLLRLTVVNESEDFLSAVAAYVAAEAQRLDLSLQFHPVLSSIEELSATATGSIGSR
LVVIPGQPLAVVANLQIHRLLAFPDYVDGVASRRPAAEQSGSSQHTMTTATKTKADAL LRAIRDLNP
KLVVLTENEADHNVAELGARVWNALNYYAALFDALEASSTPPAAVPPHERACVERWVLGEEIKDIV
VREGTGRRERHETLGRWAERMVAAGFSPVTAARALASTETLAQQMVAAGGGGAGAGVLRAAHGG
GCFPVICWCDVPVFSVSTWT
LCR2 | 5159 AAMAAAAAA
LCR3 | 513541 | PAPPLWPPAAAGGAGPS
GSGYGGDGPSTA
OsGRAS24 GRAS 154-558 | LHGHLRRCAEALAASRPADADAELASIARMASSDGDAVQRVAAAFAEAMARVVIRPWRGVSAALF | LCRL | 520 AATAAATTTAAATTAA

PSDAGAAGDALTAWEAEFARQSFLNLCPLLHLAAVAVNEIILETTRNDKFIHIVDLGGIHHAHWVEL
LQGLATRRAAVRPCLRLTIVHEHKHFLGQAAQVLAAESDRHGVPLDLHIVESSVEALKLDALGVRSD
HAVVIVSTLQLHRLVGAGILSTTAPPSPAAAAAASMITSPLPPANMSSKVDRLLRGFHLLSPRAIILTE
NEANHFVPSFTDRFASALPYYEQLFAAMEEAGAATVERKAAERYLLREEIKDVIACDHDGPRWARH
ETLGRWVVRMGAAGFALAPAITVVTAAGRVRAVAARLPGGGDERRYGVTEGGGWLILNREEKPMF
CVSAWR
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LCR2 | 3252 MVPVPVASMATATAPA
AVAAA
LCR3 | 5583 GGHGSSSASQNASGSGE
GQGGSMSLSLQL
LCR4 | 89-141 TPTAAVAVSVPPMAAAP
MMAGPAAAAPAPAPPL
ATMAVAQNASLAAVAS
ALAA
OsGRAS25 GRAS 116-484 | MIALLMECAAAMSVGNLAGANGALLELSQMASPYAASCGERLVAYFARAMAARLVGSWVGVVAP | LCRL | 13-36 HHQYLYSSSSSNLPLQQ
MAPPPSCGAINAAFRALYNVAPFARLAYLACNQAILEAFHGKRLVHIVDLDVVPGGALQWLSLLPAL PLLSHHH
AARPGGPPVIRVTGFGMSASVLHDTGNQLAGLARKLCMFFEFYAVAKRPGDADAVADMPGRRPGE
AVAVHWLRHAMYDAAGDDGASMRLVRWLEPAAVTLVEQERAHGGGGGHGRFLDRFVSALHHYS
AVFDAMGASRPDGEDASRHLAEHGVLGREIANVLAVGGPARSSGREGPGSWREVLARHGFAHAGG
GGGGRAQLVAAACPGGLGYTVAGDHDGTVRLGWKGTPLYAVSAWT
LCR2 | 98-111 ADVEQVAVEDEEEA
OsGRAS26 GRAS 36-423 IQQLLLHCAAALESNDVTLAQQAMWYLNNIASSQGDPSQRLTSWLLRALVARACRLCAAAPAGAA | LCR 9-20 GGGVGAAAHGHG
VEFLERGRAPPWGRAMSVTELADYVDLTPWHRFGFTASNAAILRAVAGASAVHVVDLSVTHCMQ
WPTLIDVLSKRPGGAPAIRITVPSVRPAVPPLLAVSSSELGARLAIFAKSKGVQLEFNVVESATTTSPK
KTSTTLCQELASVLSDPPSLGLRDGEAVVVNCQSWLRHVAPDTRDLFLDTVRALNPCLLTVTDEDA
DLGSPSLASRMAGCFDFHWILLDALDMSAPKDSPRRLEQEAAVGRKIESVIGEEDGAERSEPGARLA
ERMSRKGFAGVVFDEEAAAEVRRLLSEHATGWGYKREDDMLVLTWKGHAAVFTGAWT
OsGRAS28 GRAS 126-479 | LVDDLLDAARLLDAGDSTSAREILARLNHRLPSLPSPPGHAHPPLLRAAALLRDALLPPTALPVSSTPL | LCR 35-66 SSPSTSLGSCSSKPPEDPP
DVPLKLAAHKALADASPTVQFTTFTSTQAFLDALGSARRLHLLDFDVGFGAHWPPLMQELAHHWR PPIAADDDCDWDA
RAAGPPPNLKVTALVSPGSSHPLELHLTNESLTRFAAELGIPFEFTALVFDPLSSASPPLGLSAAPDEA
VAVHLTAGSGAFSPAPAHLRVVKELRPAVVVCVDHGCERGALNLLQSCAALLESLDAAGASPDVVS
KVEQFVLRPRVERLAVGGGDKLPPPLQSMLASAGFAALQVSNAAEAQAECLLRRTASHGFHVEKRQ
AALALWWQRSELVSVSAWR
OsCIGR1 GRAS 201571 | VKQLLTRCAEALSEDRTEEFHKLVQEARGVVSINGEPIQRLGAYLLEGLVARHGNSGTNIYRALKCR
EPESKELLSYMRILYNICPYFKFGYMAANGAIAEALRTENNIHIIDFQIAQGTQWITLIQALAARPGGPP
RVRITGIDDPVSEYARGEGLDIVGKMLKSMSEEFKIPLEFTPLSVYATQVTKEMLEIRPGEALSVNFTL
QLHHTPDESVDVNNPRDGLLRMVKGLSPKVTTLVEQESHTNTTPFLMRFGETMEYYSAMFESIDAN
LPRDNKERISVEQHCLAKDIVNIIACEGKDRVERHELLGKWKSRLTMAGFRPYPLSSYVNSVIRKLLA
CYSDKY TLDEKDGAMLLGWRSRKLISASAWH
OsGRAS32 GRAS 68-434 LLSLLLRCAEAVAMDQLPEARDLLPEIAELASPFGSSPERVAAYFGDALCARVLSSYLGAYSPLALRP | LCR1 | 845 RAPGADAAAMKAKRAA
LAAAQSRRISGAFQAYNALSPLVKFSHFTANQAIFQALDGEDRVHVIDLDIMQGLQWPGLFHILASRP DDEEEGGERERARGKRL
TKPRSLRITGLGASLDVLEATGRRLADFAASLGLPFEFRPIEGKIGHVADAAALLGPRHHGEATVVH AAEGK

WMHHCLYDVTGSDAGTVRLLKSLRPKLITIVEQDLGHSGDFLGRFVEALHYYSALFDALGDGAGAA
EEEAAERHAVERQLLGAEIRNIVAVGGPKRTGEVRVERWGDELRRAGFRPVTLAGSPAAQARLLLG
MYPWKGYTLVEEDGCLKLGWKDLSLLTASSWE
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LCR2 | 5562 EEEEAAAE
LCR3 | 437-449 | DGDADADVAVAGD
OsCIGR2 GRAS 174544 | LKELLIACARAVEEKNSFAIDMMIPELRKIVSVSGEPLERLGAYMVEGLVARLASSGISIYKALKCKEP
KSSDLLSYMHFLYEACPYFKFGYMSANGAIAEAVKGEDRIHIIDFHISQGAQWISLLQALAARPGGPP
TVRITGIDDSVSAYARGGGLELVGRRLSHIASLCKVPFEFHPLAISGSKVEAAHLGVIPGEALAVNFTL
ELHHIPDESVSTANHRDRLLRMVKSLSPKVLTLVEMESNTNTAPFPQRFAETLDYYTAIFESIDLTLPR
DDRERINMEQHCLAREIVNLIACEGEERAERYEPFGKWKARLTMAGFRPSPLSSLVNATIRTLLQSYS
DNYKLAERDGALYLGWKSRPLVVSSAWH
OsSHR1 GRAS 192-601 | ASQLLLECARSVAARDSQRVQQLMWMLNELASPYGDVEQKLASYFLQGLFARLTASGPRTLRTLAA | LCRL | 11-40 QAASEQQQQQQQSASY
ASDRNTSFDSTRRTALRFQELSPWSSFGHVAANGAILESFLEVAAAASSETQRFHILDLSNTFCTQWP NSRSTTSSGSRSSS
TLLEALATRSADETPHLSITTVVSAAPSAPTAAVQRVMREIGQRMEKFARLMGVPFRFRAVHHSGDL
AELDLDALDLREGGATTALAVNCVNSLRGVVPGRARRRDAFAASLRRLDPRVVTVVEEEADLVAS
DPDASSATEEGGDTEAAFLKVFGEGLRFFSAYMDSLEESFPKTSNERLALERGAGRAIVDLVSCPASE
SMERRETAASWARRMRSAGFSPVAFSEDVADDVRSLLRRYREGWSMREAGTDDSAAGAGVFLAW
KEQPLVWASAWR
LCR2 | 46-80 SYSYYHHSSNSGGGGGG
GGGYYYGGQQPPPSQY
YY
LCR3 | 122-147 | PPASSTPTGTAPTPPLSTS
STAAGAG
OsGRAS35 GRAS 76-471 MEQLLVHCANAIEANDATLTQQILWVLNNIAPADGDSNQRLTAAFLCALVSRASRTGACKAVTAAV | LCR1 | 9-25 PPPPPLHPNGHGLGLGL
ADAVESAALHVHRFTAVELASFIDLTPWHRFGYTAANAAIVEAVEGFPVVHIVDLSTTHCMQIPTLID
MLAGRAEGPPILRLTVADVAPSAPPPALDMPYEELGAKLVNFARSRNMSMDFRVVPTSPADALTSL
VDQLRVQQLVSDGGEALVVNCHMLLHTVPDETAGSVSLTTAQPPVSLRTMLLKSLRALDPTLVVVV
DEDADFTAGDVVGRLRAAFNFLWIPYDAVDTFLPKGSEQRRWYEAEVGWKVENVLAQEGVERVER
QEDRTRWGQRMRAAGFRAAAFGEEAAGEVKAMLNDHAAGWGMKREDDDLVLTWKGHNVVFAS
AWA
LCR2 | 3454 GGGGARPWSSSSSTTTL
GGSG
OsSCR1 GRAS 283-644 | LLTLLLQCAESVNADNLDEAHRALLEIAELATPFGTSTQRVAAYFAEAMSARLVSSCLGLYAPLPNPS | LCR1 | 3-55 SSSLLLFPSSSSSATHSSY
PAAARLHGRVAAAFQVFNGISPFVKFSHFTANQAIQEAFEREERVHIIDLDIMQGLQWPGLFHILASR SPSSSSHAITSLLPPLPSD
PGGPPRVRLTGLGASMEALEATGKRLSDFADTLGLPFEFCPVADKAGNLDPEKLGVTRREAVAVHW HHLLLYLDHQEQHHL
LRHSLYDVTGSDSNTLWLIQRLAPKVVTMVEQDLSHSGSFLARFVEAIHYYSALFDSLDASYSEDSPE
RHVVEQQLLSREIRNVLAVGGPARTGDVKFGSWREKLAQSGFRVSSLAGSAAAQAVLLLGMFPSDG
YTLIEENGALKLGWKDLCLLTASAWR
LCR2 | 86-101 AAAAPSSASAQLPALP
LCR3 | 115-134 | AAPAPPPPQQQVAAGEG
GPP
LCR4 | 148-157 | ASSGAAVSVA
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LCR5 188-229 SDPAPPPPPPPSHPALLPP
DATAPPPPPTSVAALPPP
PPPQP
LCR6 235-279 EPQCQEQEPNQPQSPKPP
TAEETAAAAAAAKERK
EEQRRKQRDEE
YOsGRASS GRAS 199-356 LRELLMSCAQAVASGNRRSAGELLEQIKRHSSPTGDATERLAHYFADGLEARLAGAASLERRLVASA | LCR1 29-40 PAAPPSEAAAAA
EERASAMELLEAYQVFMAACCFKWVAFTFANMAILRAAEGRNRLHIVDYGGQYHGLQWPSLLQRL
AEREGGPPEFRAVAAARWETVTAEDV
GRAS 339-542 EFRAVAAARWETVTAEDVVGVDPDDEAAVVVNDVLSLGTLMDESGVFDDPSPRDTVLGSIRDMRP | LCR2 108-122 GSGNGRGRKGSKHGG
AVFVQAVVNGAHGAPFFPTRFREALFFFSALFDMLGATTPEEGSHLRVVLERDVLRRAAVGVIAGEG
AERVERPETYRRWQARNRRAGLRQAAVEGDVVEAVRRRVRRRHHEEFVIEEDAGWLLQGWKGRIL
YAHSAWV
LCR3 140-147 EEEEDDDD
LCR4 177-193 AEKKCGKAARRRRRQA
K
OsGRAS39 GRAS 67-365 RDVLVVHIVDLSCSAAHPWQWPKLLDDFHGRPGGAPELYLTVLHDDNDFLADMQSLLSKKAESLG LCR 370-391 SSATSSPASSVYSPSPSPS
VSFHFISVIGRLETLDFSNLRSTFQIKFGVAVAISCALQMHRLLLVDDNLSSTSIAQLQKMANFTQPKQ NGS
MASSVCSPASTLNYLQTPSPRTPKLLARLLSAIRALKPNIMLIMEQDADHNTLLFRDRFNEVLNYYAA
LFDCFHAVAAANPGRTDERLRVDRMILREEIKNILVCEGVHRHERHERLDQWAMHMEESGFHNVQL
SFSAIREAYVWQLKVQADNLRLCCTDRGMFQ
GRAS 405-843 LIGLLYQCAAEVSAGSFDRANLCLEHITQLASLDAPHALQRLAAVFADALARKLLNLILGLSRALLSS
ANSADAHLVPVARRHMFDVLPFLKLAYLTTNHAILEAMEGERFVHVVDFSGPAANPVQWIALFHAF
RGRREGPPHLRITAVHDSKEFLANMAAVLSKEAEAFDIAFQFNAVEAKLDEMDFDALRHDLGVRSG
EALAVSVVLQLHRLLAVDDGRRHAAAGCLTPVQIIARSSPRSFGELLERELNTRLQLSPDASVVSSLS
PHSPAAATAAHPTTSTPKLGSFLSAVRSLSPKIMVMTEQEANHNGGAFQERFDEALNYYASLFDCLQ
RSAAAAAERARVERVLLGEEIRGVVACEGAERVERHERARQWAARMEAAGMERVGLSYSGAMEA
RKLLQSCGWAGPYEVRHDAGGHGFFFCWHKRPLYAVTAWR
OsGRAS41 GRAS 4-339 LSDLLLAGAEAVEAGDSILASVAFSRLDDFLSGIPENGAASSFDRLAYHFDQGLRSRMSSASTGCYQP
EPLPSGNMLVHQIIQELSPFVKFAHFTTNQAILDAIIGDMDVHVVDLNIGEGIQWSSLMSDLARCGGK
SFRLTAITTYADCHASTHDTVVRLLSEFADSLELPFQYNSICVHNEDELHAFFEDCKGSVIVSCDTTS
MYYKSLSTLQSLLLVCVKKLQPKLVVTIEEDLVRIGRGVSPSSASFVEFFFEALHHFTTVFESMASCFI
GSSYEPCLRLVEMELLGPRIQDFVVKYGSVRVEANASEVLEGFMACELSACNIAQARMLVGLFNRV
FGVVFKKISLLMVY
Transme | 354-376 VIWSSLAAGCGSHGIVVLAFYAA
mebrane
region
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YOsGRAS9 GRAS 1-129 MSHLENTLEARLAGTGSQMYQSLVAKRTSTVDFLKAYKLFTAACCVKKTIYNAVAGKRKLHIVDY LCR 216-254 SRSAPSSSPPRPSLHLHL
GLSYGFQWPALFFLLGTREGGPPEVRMTGIDVPQPGFRPADQIEETGRRLSICARAPVRCAIQV HLRRRPPPSSSRHAADD
AALH
OsGRAS43 RPT1 94-113 ASPRRDFMACSPKRDYMVTT LCR1 2-13 AGGGAKLQQQQA
RPT1 114-134 SSPKRDYMVTSSPKRDYMVSS LCR2 165-177 HGGGGGGGHHLHH
GRAS 401-771 LVHLLLACADLVSKGDHPAALRHLHLLRRVASPLGDSMQRVASHFADALAARLSLLSSPTSASPSPR | LCR3 183-201 GGGMEGGGGGHGAQPQ
AAAAAAPYPFPPSPETLKVYQILYQACPYIKFAHFTANQAIFEAFHGEDRVHVVDLDILQGYQWPAF YGG
LQALAARPGGPPTLRLTGVGHPPAAVRETGRHLASLAASLRVPFEFHAAAADRLERLRPAALHRRV
GEALAVNAVNRLHRVPSSHLPPLLSMIRDQAPKIITLVEQEAAHNGPYFLGRFLEALHYYSAIFDSLD
ATFPAESTARMKVEQCLLAPEIRNVVACEGAERVARHERLERWRRLMEGRGFEAVPLSAAAVGQSQ
VLLGLYGAGDGYRLTEDSGCLLLGWQDRAIIAASAWR
LCR4 223-230 GGGSGGGG
LCR5 280-288 GGVGGGGGG
LCR6 293-306 SGASVSVVTAPASS
LCR7 326-341 GGGDEAVAAAMAVAG
E
LCR8 355-364 GGGGEFGGEG
OsGRAS44 GRAS 303-683 LHTLLIHCAQAVATSDRRSATELLKQIKQNSSARGDATQRLACCFAEGLEARLAGTGSQVYKSLVAK | LCR1 14-27 LEPFSPSLFLDLPP
CTSTVDFLKAYKLFAAACCIKKVSFIFSNKTILDAVAGKRKLHIVDYGLSYGFQWPGLFKCLSEREGG
PPEVRITGIDFPQPGFRPADQIEETGRRLSNCARQFGVPFRFQAIAAKWETVRREDLHLDREEEEEEEE
EVLVVNCLHFLNALQDESVVVDSPSPRDMVLNNIRDMRPHVFVQCVVNGAY GAPFFLTRFRETLFF
YSSQFDMLDATIPRDNDERLLIERDILGRWALNVIACEGADRVDRPETY KQWLVRNHRAGLTQLPLQ
PQVVELVRDKVKKLYHKDFVIDVDHNWLLQGWKGRILYAMSTWV
LCR2 82-111 SDDTTTNSSDDSASATT
NNTTNSAAAANAS
LCR3 209-218 GRSGGSGRGR
LCR4 279-299 AEKKARNGGGAGRRAA
RAKAA
OsGRASA47 GRAS 215-586 LRMLLIQCAQAMATDNQQSAGELLKKIKQHALATGDAMQRVAHYFAKGLEARLAGSGKHLYQNH LCR 201-211 KKKGKKGSSSK
VRMSLVEYLKVYKLYMAACCFKKVALMFAAMTIMQAVQGKKRLHIVDYGIRCGLHWPDLFRRLG
SREDGPPEVRITIVDIPQPGFRPFQRIEAAGHCLSSCANEFRVPFRFQAVVAAKWETVGAEDLHIEPDE
VLVVNDLWSFSALMDESIFCDGPNPRDVALRNISKMQPDVFIQGIINGGYGASFLSRFRGALLY YSAL
FDMLDATTPRESGLRLALEQNVLGPYALNAIACEGADLVERPEKYRQWQARNHRAGMQQLKLRPD
IVDTIREEVNKYHHKDFLLGEDGQWLLQGWMGRVLFAHSAWV
YOsGRAS10 RPT1 61-73 FLDMMVIQESANE LCR1 22-30 SSSSLLLWS
RPT1 117-129 FLEMMAIQESAND LCR2 47-60 DADHSHDQIHQDHQ
GRAS 173-308 AGDLLLAGAMAVDAGDAVHASAIMSRLDDLLADIAGRRSCEATSPVDHLAYYFARGLKLRISGAAT

PASSPPPPAANWSSPAYRMLQELTPFVKFAHFTANQAILEATADDLDVHVVDFNVGEGVQWSSLML
KLLL
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GRAS 305-460 KLLLLGTITILQPKLVILIEDELSRISKNPPSPSLAAPPPFPEFFSDAVAHFTAVMESTASCLVSYDDEA
WLSLRRVGEEVVGPRVEDAVGRYGSLAGGAQMMEGLRAREVSGFSVAQGKMLAGLFGGGFGVVH
QEKGRLALCWKSRPLISVSLWC
OsGRAS53 RPT1 190-207 FLKGMEEANKFLPTENKL LCR1 53-65 PPSPPPPTTTATT
RPT1 219-236 YLRGLEEAKRFLPSDDKL LCR2 116-135 LSDPSSNSRSSNSDDPRL
SP
GRAS 358-730 LRTLLIHCAQAVATDDRRSATELLKQIKQHAKPTGDATQRLAHCFAEGLQARIAGTGSLVHQSLVAK | LCR3 150-162 AAATATAVAAAAV
RTSAVDILQAYQLYMAAICFKKVSFIFSNQTIYNASLGKKKIHIVDYGIQYGFQWPCFLRRISQREGGP
PEVRMTGIDLPQPGFRPTERIEETGHRLSKYAQEFGVPFKYNAIAAVKMESVRKEDLNIDPDEVLIVN
CQYQFKNLMDESVVIDSPRDIVLSNIRKMQPHVFIHAIVNGSFSAPFFVTRFREALFFYSALFDVLDAT
TPRESEQRLLIEQNIFGRAALNVIACEGIDRVERPETYKQWQVRNQRAGFKQLPLNPEIVQVVRNKVK
DCYHKDFVIDIDHQWLLQGWKGRILYAISTWT
LCR4 241-260 AAAAAPVVSVKKEAVD
VVVA
LCR5 337-356 GGKGGNGKVKGGRRGG
RDVV
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6.7.Expression analysis under simulated abiotic stress conditions

We identified a GRAS transcription factor (wOsGRAS4) as a potential stress tolerance
gene associated with enhanced water use efficiency by screening a pool of gain-of-
function mutants in rice in our previous study (Moin et al., 2016). Another report by (Xu
et al., 2015) suggested the role of OsGRAS23 (reported as OsGRAS22 in this study) in
drought tolerance in rice. These observations have prompted us to analyze the differential
expression pattern of the GRAS family of transcription factors under the influence of
biotic and simulated abiotic stress conditions in the present study. We have analyzed the
expression patterns of 40 selected genes separately in shoot and root tissues at six
different time points for two abiotic (NaCl and ABA) and two biotic (BLB and SB)
stresses. The native expression patterns of these genes in 13 different tissues were also
studied. Based on the pattern of expression, we have divided the genes as immediate
early (IE), early (E) and late (L) responsive genes. Some genes were expressed up to 100
folds after the incidence of stress. Thus, the genes were also categorized as expressive
(2-10 fold), moderately expressive (10 -30 fold) and highly expressive (>30 fold) types.

Genes showing upregulation of >2 folds were considered as expressive.

The majority of the genes got upregulated in the root (Fig. 6.8 a, b) compared to the
shoot (Fig. 6.8 ¢, d). As indicated in the pie chart, about 55-60% of the total genes showed
IE type expression under both NaCl and ABA treatments. NaCl, however, induced more
early (12.5%) responsive genes than late (2.5%), whereas ABA induced more late genes
(12.5%) than early (2.5%). The list of the expressed genes has been provided in figure
6.8. More than half of IE genes continued their expression until 60 h of treatment, while
others became downregulated or showed no expression later during the experimental
timeline. Under ABA treatment, all highly upregulated genes, i.e. YOsGRAS2, OsSHRI,
OsSCR1 and OsGRAS39, were IE type and their expression persisted till the last time
point of treatment, i.e. 60 h. Other IE type genes showed a split before increasing their
expression at subsequent time points. Only OsGRAS39 was highly expressive under both
ABA and NaCl treatments (100 fold and 65 fold, respectively). OsSGRAS2, YOsGRAS?2,
OsGRAS25, OsGRAS35 and OsSCR1 under NaCl and OSGRAS22 under ABA were early
(E) expressed genes, respectively, while YOsGRAS9, OsGRAS3, OsGRASII and
OsGRAS26 under ABA and YOsGRAS9 became upregulated under NaCl treatment with

late (L) expression.

120



Chapter 6: GRAS Transcription Factors and their Spatio-Temporal Regulation

Twelve and thirteen genes (30 and 32%) were mild to moderately expressed,
respectively, under the ABA treatment, whereas seven genes (17%) were moderately
expressive under NaCl treatment and the rest 19 genes (47%) exhibited mild expression.
Nine genes (22%) under ABA and thirteen (32%) genes under NaCl treatment were
either downregulated or showed no change in the level of expression. Among them,
OsGRAS7, OsGRAS23, OsGRAS28 and YOsGRASS were downregulated under both
treatments. YOsGRAS3, YOsGRAS4, OsCIGR1 and OsGRAS32 under ABA treatment
and OsCIGR1 under NaCl treatment showed an immediate expression but were either

downregulated or showed no expression at subsequent time points.

Very few genes were expressed in the shoot. YOsGRASS5 was the only gene, which
showed moderate expression (25-30 fold) under both ABA and NaCl treatments. This IE
type gene maintained its expression till 60 h under NaCl but showed a split before
reaching a peak under the ABA treatment. On the contrary, it showed low expression (2-
3 fold) in root tissues under ABA and NaCl treatments. Among the other genes that were
mildly expressive in both root and shoots were YOsGRAS2, OsGRAS12, OsGRAS19Y,
OsGRAS24, OsGRAS25 and OsSCR1. The rest of the genes were mainly downregulated
or did not show any change in expression in shoot tissues under both the stress

treatments. The expression level of all the genes studied has been provided in table 6.5.

. NaCl root & ABA root
0sGRAS1 |
W 0sGRAS2 b
0sGRAS3 8
0sGRASS
0sGRAST
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WOSGRAS3
WOSGRASA
0sGRAS15
0sSLR1
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2
»
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00€
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B 05CIGR2 0SGRAS1S, 05SLR1,05GRAS1S,WOSGRASS, 0sCIGR2 0sGRAS12,05SHR2, WOSGRAS3, WOSGRAS4, 0sGRASLS,

i e e
B OsSCR! o o OsSCRY osscm 0 6;ASS96 sGRASMl’J SGRASASEJ GRASE

POSGRASS 0sGRAS43,05GRASA4 WOSGRASS SOR 08 05 0 05
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0SGRASA3 OioRASH L 0sGRAS3,05GRAS11,0sGRAS19,05GRAS26, WOSGRASI

0sGRAS 44 L WOsGRAS9 0sGRAS 44
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" NaCl shoot " ABA shoot
0sGRAS1 W OsGRAS1
0sGRAS2 o 0sGRAS2 o
0sGRAS3 8 0sGRAS3 -
0sGRASS 0sGRASS
W OsGRAS7 OSGRAS7
WOSGRAS2 WOSGRAS2
0sGRASS 0sGRASS
OsGRAS10 0sGRAS10
OsGRAS 11 ° 0sGRAS 11 °
0sGRAS12 8 0sGRAS12 8
0sSHR?2 0sSHR2
WOSGRAS3 WOSGRAS3
WOSGRASH WOSGRASH
0sGRAS15 OsGRAS15
OsSLR1 0sSLR1
OSGRAS18 OSGRAS18 o,
OSGRAS19 8 OsGRAS19 g
WOSGRASS WOSGRASS
0sGRAS20 0sGRAS20
0sGRAS22 0sGRAS 22
§ 0sGRAS23 0sGRAS23 prezy o g
OsGRAS24 0sGRAS24 'ype of List of genes expresse:
W OsGRAS2S Type of List of genes expressed 0sGRAS 25 expression
i e Speession Os0rAS e WOSGRASS 0SGRAS2S
0sCIGR1 IE OsGRAS19,WOSGRASS 0sCIGR1
0sGRAS 32 0sGRAS 32 E =
0sCIGR2 3 0sGRAS12,05GRAS25 0sCIGR2
0sSHR1 0sSHR1 L WOsGRAS2,0sGRAS12,
0sGRAS35 0sGRAS 35
OLSCRY L 0sGRAS24 oSO 0sGRAS24,0s5CR1
WOSGRASS WOSGRASS
0sGRAS39 0sGRAS39

OsGRAS 41
YOsGRASY

0sGRAS 41
WOsGRASY
0sGRAS43
OsGRAS 44
OsGRAS47
YOsGRAS10
0sGRASS3

0sGRAS43
0sGRAS 44
0sGRAS47
YOsGRAS10
0sGRASS3

Fig. 6.8: Expression analysis of GRAS genes under abiotic stress

Heat map representation of temporal expression pattern of GRAS genes developed using
MORPHEUS program. 7 d old seedlings were subjected to NaCl (250 uM) and ABA
(100 pM) treatments, and the obtained quantitative real-time values were double
normalized using rice actin and tubulin as the internal reference genes and that of the
unstressed samples using the AACT method. The experiment was conducted separately
for root (a, b) and shoot (c, d) tissues. The percentage of genes upregulated under NaCl
and ABA treatments are represented in the form of a pie chart beside their corresponding
heat maps. The genes were separated based on their time point(s) of expression and
annotated as immediate early (IE), early (E) and late (L) expressive genes. The names of
the genes were provided in the list below.

Table 6.5: List of GRAS genes and their expression pattern under NaCl and ABA
treatments

Gene Locus number Regulation | Type of Max Regulation | Type of Max
name (up/down) Response | fold (up/down) | Response | fold
change change
Root Shoot
NaCl
OsGRAS1 | LOC_0s01g458 | DOWN - - - - -
60
OsGRAS2 | LOC_0s01g624 | UP E(2.9) 3.3 - - -
60
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OsGRAS3 | LOC_0s01g659 | DOWN - R R - -
OsGRAS5 ﬁ%C_OsOlg?lQ UP IE (5.5) 6.1 - - -
OsGRAS7 E(())C_05029103 DOWN - DOWN - -
POsGRAS2 ﬁOOC_OsOZgZHS UP E(2.6) 18.8 DOWN - -
OsGRAS8 ﬁ%c_05029443 UP IE(5.6) 12 DOWN - -
OsGRAS10 ﬁ(())c_05029457 UP IE(124) | 124 DOWN - -
OsGRAS11 ﬁOOC_OsO39092 UP IE(3.8) 48 DOWN - -
OsGRAS12 ﬁ((J)C_OSOZ%ngG UP IE(9.5) 95 UP EQ.1) 6.8
OsSHR2 ﬁ(())C_OSOSg318 UP IE(3.6) 43 DOWN - -
POsGRAS3 ﬁOOC_OsO3g379 UP IE(3.7) 37 DOWN - -
YOsGRAS4 ﬁ%C_OsOSg4OO UP IE(3.0) 16.2 DOWN - -
OsGRAS15 ﬁ%C_OsOSg484 UP IE(3.8) 38 DOWN - -
OsSLR1 iOOC_OSOSg499 UpP IE(3.3) 11 DOWN - -
OsGRAS18 i%c_0s039513 R - - DOWN - -
OsGRAS19 i%c_0s049352 UP IE(4.2) 6.4 UP IE(2.1) 2.1
POsGRASS iOOC_OSO4g374 UP IE(2.2) 2.2 UP IE(7.7) 25.2
OsGRAS20 i%C_OsO4g468 DOWN - - DOWN - -
OsGRAS22 ﬁ%C_OsO4gSOO UP IE(3.2) 46 DOWN - -
OsGRAS23 ﬁOOC_05059313 DOWN DOWN - -
OsGRAS24 ﬁ%C_OsOSgSM UP IE(4.0) 8.6 UP L(4.6) 46
OsGRAS25 i%c_0505g407 UP E(4.5) 45 UP E(4.8) 48
OsGRAS26 i%C_OSOSg421 UP IE(2.6) 26 DOWN - -
OsGRAS28 i%C_Os%gOlG DOWN - - DOWN - -
OsCIGR1 i%C_OngSGl UP IE(3.2) 32 DOWN - -
OsGRAS32 Z%C_Osmgaeo DOWN - R DOWN - -
OsCIGR2 i%C_OSOYg394 DOWN - R DOWN - -
OsSHR1 E%C_OsO?gSQB UP IE(7.3) 111 DOWN - -
OsGRAS35 i%C_OSOYg4OO UpP E(6.8) 174 DOWN - -
OsSCR1 i%C_OsllgO31 UpP E(3.8) 57 DOWN - -
POsGRASS i(é)C_OsllgO44 DOWN DOWN - -
OsGRAS39 ﬁ%C_OsllgO45 UpP IE(3.6) 65.3 DOWN - -
OsGRAS41 E%C_OsllgOGl UP IE(2.4) 41 DOWN - -

80
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YOsGRAS9 | LOC_Osl11gl116 | UP L(8.0) 8 DOWN - -
OsGRAS43 8(())c_05119311 UP IE(3.5) 35 DOWN - -
OsGRAS44 ﬁ(())C_Osllg478 UP IE(2.9) 5.8 DOWN - -
OsGRAS47 ZOOC_Osllg479 - - - DOWN - -
YOsGRAS1( ]I;(())C_08129065 DOWN - - DOWN - -
OsGRAS53 i(())C_Oslzg384 DOWN - - DOWN - -
ABA =
Root Shoot

OsGRAS1 | LOC_0Os01g458 | - - - DOWN - -
OsGRAS?2 ﬁOOC_05019624 uP IE(3.3) 5.6 DOWN - -
OsGRAS3 ﬁOOC_05019659 upP L(3.5) 35 DOWN - -
OsGRAS5 ﬁ%C_OsOlg?lQ uP IE(6.2) 12.2 DOWN - -
OsGRAS7 EOOC_05029103 DOWN - - DOWN - -
YOsGRAS2 ﬁOOC_05029216 up 1E(2.8) 32.7 up L(3.5) 35
OsGRAS8 ﬁ%C_OsOZg443 uP IE(5.5) 279 DOWN - -
OsGRAS10 ﬁ%C_OsOZg457 uP IE(2.4) 16.7 DOWN - -
OsGRAS11 ﬁOOC_OSO39092 upP L(4.1) 4.1 DOWN - -
OsGRAS12 ﬁ%C_OsOSgl% upP 1E(8.2) 8.2 upP L(3.8) 3.8
OsSHR2 ﬁ%C_OsOSgSlS uP IE(4.5) 14.3 DOWN - -
WOsGRAS3 ﬁ%C_OsOSg379 uP IE(2.8) 2.8 DOWN R -
YOsGRAS4 ﬁ%C_OSO3g4OO UP 1E(2.1) 21 DOWN - -
OsGRAS15 ﬁ%C_OSO3g484 UP 1E(2.9) 14.6 DOWN - -
OsSLR1 i%c_05039499 up 1E(7.9) 30.2 DOWN - -
OsGRAS18 i%C_OsO39513 UP 1E(2.8) 34 DOWN - -
OsGRAS19 i%C_OsO49352 UP L(3.5) 11 DOWN - -
YOsGRASS i%C_Oso4g374 uP IE(2.9) 2.9 uP IE(8.2) 31.6
OsGRAS20 i%C_OsO4g468 UP 1E(2.9) 41 DOWN - -
OsGRAS22 ﬁ%C_OSO4gSOO UP E(5.5) 142 DOWN - -
OsGRAS23 ﬁ%c_05059313 DOWN - - DOWN - -
OsGRAS24 i(é)C_0505g314 uP IE(15.3) 15.3 uP L(6.9) 6.9
OsGRAS25 i(é)C_0505g407 UP 1E(6.2) 142 UP 1E(3.0) 10.5
OsGRAS26 i%C_OSOSg421 upP L(2.4) 2.4 DOWN - -

30
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OsGRAS28 | LOC_0s06¢016 | DOWN - R DOWN - -
OsCIGR1 i(())c_05079361 UP IE(7.3) DOWN - -
OsGRAS32 E(())C_OSO79380 UP IE(2.09) DOWN - -
OsCIGR2 iOOC_OsOYg394 DOWN DOWN - -
OsSHR1 E((J)C_OSO79398 UP IE(141) | 663 DOWN - -
OsGRAS35 i(())c_0507g400 UP IE(159) | 159 DOWN - -
OsSCR1 iOOC_OsllgOSl UP IE(6.7) 343 UP L(2.4) 24
POsGRASS i(())c_05119044 DOWN - - DOWN - -
OsGRAS39 ﬁ(())c_05119045 UP IE(12) 1014 | DOWN - -
OsGRAS41 EOOC_OsllgOGl UP IE(5) 213 DOWN - -
YOsGRAS9 ﬁ%C_OsllgllG UP L(2.7) 2.7 DOWN - -
OsGRAS43 ﬁ%c_omgsn UP IE207) |73 DOWN - -
OsGRAS44 SOOC_Osllg478 UP IE(19.2) | 19.2 DOWN - -
OsGRAS47 E?)C_Osllg479 - - DOWN - -
YOsGRAS1( i%C_OngOGS DOWN - R DOWN - -
OsGRAS53 5200_05129384 DOWN - R DOWN - -

Among the genes studied, some genes were expressed only under NaCl or ABA
treatments at certain time points, whereas some were found to be expressive under both
treatments. Such overlaps have been depicted in the form of Venn diagrams in figure 6.9.
The corresponding list of genes demonstrated that several genes were up/down-regulated
simultaneously under both ABA and NaCl treatments at specific time points. In roots,
the expression of 37.5% of the genes (IE type) overlapped under both stress treatments,

while in shoots, only YOsGRAS5 (IE) was expressive.
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1.a) 15min shoot (upregulated genes) 1.b) 3h shoot (upregulated genes)
Treatment | Number of | Name of Treatment Number of Name of
genes genes genes genes
NaCl 0 - NaCl 1 0sGRAS19
ABA 0 ; ABA 1 0sGRAS25
NaCl+ABA |0 - NaCl+ABA |1 WOsGRASS
l.c) 12h shoot (upregulated genes) I.d) 24h shoot (upregulated genes)
NaCl Nacl
Treatment | Number of Name of genes Treatment | Number of Name of genes
genes genes
Nacl 3 0sGRAS12,WOSGRASS, NaCl 0
OsGRASZS ABA 5 WOSGRAS2,05GRAS12
ABA 0 . 0sGRAS24,05GRAS25
OsSCR1
NaCl+ABA |0
NaCl+ABA |1 WOsGRASS

l.e) 60h shoot (upregulated genes)
- NaCl ABA

Treatment | Number | Name of
of genes | genes
Nacl 1 0sGRAS12
ABA 1 0sGRAS25
NaCl+ABA | 2 WOsGRASS
0OsGRAS24
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[l.a) 15min root (upregulated genes)

NaCl _77_ABA
// / \ \
/
, ( \ |
[ 5 \I 15 | o |
/
N <« / y
o .
Treatment | Number of | Name of genes
genes
NaCl 5 0sGRAS8,0sGRAS11,0sGRAS19,0sGRA
§22,0sGRAS26
ABA 9 0sGRAS2,WOsGRAS2,WOsGRAS3,0sGR
AS18,0sGRAS20,0sGRAS25,0sGRAS32,
0sGRAS35,0s5CR1
NaCl+ABA | 15 0OsGRASS5,0sGRAS10,0sGRAS12,
0sSHR2,WOsGRAS4,0sGRAS15,0s5LR1,
WOsGRAS5,0sGRAS24,0sCIGR1,
0s5HR1,0sGRAS39,0sGRAS4A1,
0sGRAS43,0sGRAS44

Il.c) 12h root (upregulated genes)
Nacl ~ ABA

I.b) 3h root (upregulated genes)

Nacl __ hBA
4 /- \ N
/ N\ \
[« [ = ) « |
\ \ |
\\\ \\ ) /
Treatment | Numberof | Name of genes
genes
NaCl 4 0sGRAS10,W0sGRAS3,W0sGRAS4,
0sSHR1
ABA 11 OsGRASS,WOsGRAS2,0sGRASS,
0sGRAS12,0sGRAS15,0sGRAS1S,
0OsGRAS25,0sGRAS35,0s5CR1,
0sGRAS41,0sGRAS44
NaCl+ABA | 2 0sGRAS24,0sGRAS39

11.d) 24h root (upregulated genes)

Nacl ABA

Treatment | Number of | Name of genes
genes
NaCl 2 0sSHR2,0sGRAS19
ABA 1 0OsGRAS41
NaCl+ABA | 16 0sGRAS2,0sGRASS5,WOsGRAS2,

Treatment | Number of | Name of genes
genes
NaCl 3 0sGRAS11,0s5HR2,W0OsGRASS
ABA 2 0sGRAS15,0s5HR1
NaCl+ABA | 17 0sGRAS2,0sGRAS5,WOsGRAS2,

OsGRAS8,0sGRAS10,0sGRAS12,
OsGRAS15,0s5LR1,0sGRAS22,
0sGRAS24,0sGRAS25,0s5HR1,
0sGRAS35,0s5CR1,0sGRAS39,
OsGRAS44

0sGRAS8,0sGRAS10,0sGRAS12,
0s5LR1,0sGRAS19,0sGRAS22,
0sGRAS24,0sGRAS25,0sGRAS3S,
0s5CR1,0sGRAS39,0sGRAS41,
0sGRAS43,0sGRAS44

Il.e) 60h root (upregulated genes)

NaCl

 ABA

Treatment | Number of | Name of genes
genes

Nacl 1 WOsGRAS3

ABA 8 0sGRAS2,0sGRAS3,0sGRAS18,0sGRAS20,
0OsGRAS22,0sGRAS41,WOsGRAS9,
0sGRAS43

NaCl+ABA | 19 OsGRASS5,W0sGRAS2,0sGRASE, 0sGRAS10
,0sGRAS11,0sGRAS12,0s5HR2,05GRAS15,
0s5LR1,0sGRAS19,W0sGRAS5,0sGRAS24,
OsGRAS25,0sGRAS26,0s5HR1,0sGRAS3S,
0s5CR1,0sGRAS39,0sGRAS44
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lll.a) 15min shoot (downregulated genes) 1Il.b) 3h shoot (downregulated genes)
NaCl ABA NaCl ~ ABA
/ / N / / \
F i AY r'f
[ [ \ [ \
i 1 | 32 | 2 | 3 ” |
\ \ / / ‘
N
. N4 / \ /
: . /
. e - . ~
Treatment N:I:'Z:ner of | Name of genes Treatment | Number of | Name of genes
8 genes
Nacl t VOsGRASZ Nacl 3 OsGRAS25,0sGRAS39,0sGRASA4
ABA 2 YOsGRASS, 0sCIGR1 ABA 17 0sGRAS2,05GRAS3,0sGRAS5,0sGRAST, 0sGRASE,
NaCl+ABA | 32 0sGRASS,0sGRAS10,0sGRAS11,0sGRAS12,055HR2, 0sGRAS10,0sGRAS11,05SHR2, WOsGRAS3, WOsGRASA,
WOsGRAS3,WOsGRAS4,0sGRAS15,055LR1,0sGRAS18,0 OsGRAS15,0s5LR1,0sGRAS18,0sGRAS20,0sGRAS22,
SGRAS19,05GRAS20,056RAS22,05GRAS23,05GRAS 24, 0sGRAS24,0sCIGR1
0sGRAS25,0sGRAS26,0sGRAS28, 0sGRAS32, 0sCIGR2, NaCl+ABA | 15 0sGRAS23,0sGRAS26,0sGRAS28,0sGRAS32,05CIGR2,
0s5HR1,0sGRAS35,05SCR1, WOSGRASS, DsGRAS39, 0s5HR1,05GRAS35,05SCR1, WOSGRASS, 0sGRASA1
0sGRAS41,WOsGRASY,0sGRASA3,0sGRASAA,0sGRASAT " . ' ' i
OMCRASI0,0.CRASS S WOSGRASY,0sGRASA3, 0sGRASAT, WOSGRAS10,0sGRASS3
lll.c) 12h shoot (downregulated genes) I11.d) 24h shoot (downregulated genes)
NaCl ~ RBA NaCl . _ABA
/ ™ - N

J—

- ,_/ ~
Treatment | Number of | Name of genes Treatment Number of | Name of genes
genes genes

Nacl 0 NaCl 14 WOsGRAS2,05GRASS, OsGRAS10,05GRAS11,05

ABA 13 0sGRAS1,05GRAS2, 0sGRAS3,05GRASS, 0sGRAS12,05G GRAS12,055HR2,055LR1,05GRAS19,05GRAS24,
RAS19,WOSGRASS, OSGRAS24,08GRASZS, 0sGRAS25,05GRAS26,0sSCR1,0sGRAS39,056R
0sGRAS26,05CIGR1,055CR1,WOSGRASS Asd4

NaCl+ABA | 27 OsGRAS7,WOsGRAS2,0sGRASE,0sGRAS10,0sGRAS11, ABA 3 0sGRAS2,05GRAS3,05GRASS
0sSHR2,WOsGRAS3, WOsGRASS, 0sGRAS15, 0sSLR1, NaCl+ABA 21 05GRAS7,WOSGRAS3,WOSGRASA, 05GRAS 15,05
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0sGRAS47,W0sGRAS10,0sGRASS3
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Fig. 6.9: Venn diagrams showing the expression pattern of GRAS genes under

abiotic stress

Figure showing the number of genes upregulated in the shoot (l.a-e) and root (Il.a-e) or
downregulated in the shoot (Ill.a-e) and root (IV.a-e) during treatment with NaCl and
ABA. The corresponding number and list of genes under each treatment and in

combination are mentioned in the figure.
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6.8.Differential expression analysis of GRAS genes under biotic stress

We have studied the expression patterns of the selected GRAS transcription factors in
the leaf samples of rice infected with Xoo and R. solani pathogens that cause Bacterial
Leaf Blight (BLB) and Sheath Blight (SB) diseases, respectively (Fig. 6.10). Six genes
were upregulated in BLB, of which five (OsGRASI, OsGRAS18, OsCIGR2, YOsGRASY,
OsGRAS53) showed low expression while one gene (OsCIGR1) was highly upregulated
upto 57 folds. More genes were upregulated in SB infected leaves compared to the BLB
treated ones. Out of the thirty expressed genes in SB infected leaves, twelve showed very
high expression levels, while the rest of the genes exhibited low to moderate expression.
OsGRAS2, WOsGRAS3, OsGRAS19, OsGRAS20, OsGRAS23 and OsSHR1 were
expressed by >100 folds under the SB treatment. A total of 22 genes in BLB and three
in SB treated samples were downregulated. Those that were downregulated in SB treated
samples (OsSHR2, OsGRAS24 and OsGRAS43) were also downregulated in BLB treated
leaves. Twelve genes under BLB and seven under SB showed no changes in their

expression levels.
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Fig. 6.10: Quantitative real-time expression analysis of GRAS genes under biotic

stress treatments

Expression analysis of GRAS genes under the infection of Xanthomonas oryzae pv.
oryzae causing bacterial leaf blight (6a) and Rhizoctonia solani causing sheath blight
(6b) were studied. The genes were double normalized using rice actin and tubulin as
internal reference genes, and the Cr values untreated samples by AACt method. One way
ANOVA was performed on the data, and a represents P <0.05, b represents P <0.025,
and c represents P <0.001.

6.9.Native expression analysis of GRAS genes in various tissues at specific
developmental stages in rice

In order to study the native expression patterns of GRAS transcription factor genes in
different developmental stages of the rice plant, we performed qRT-PCR analysis of
thirteen different tissues, including shoot, root, root-shoot transition, flag leaves, flower,
spikes and grain of mature 20 d old plants (after shifting to greenhouse), shoot and root
of 7 d old seedlings, 3 d old plumule and radicle, embryo and endosperm of 16 h
germinating seeds (Fig. 6.11). The mean values were used to plot a heat map (Fig. 6.12).
Expression analysis showed a conspicuous downregulation of all genes in most tissues,
particularly in plumule, radicle, embryo, and the endosperm. Out of forty selected genes,

only seven were expressed in mature vegetative and reproductive tissues. OsGRAS2 and
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OsGRAS3 were upregulated only in mature leaves, OSGRAS28 in 20 d root, flower and
spike, OsCIGR1 and OsCIGR?2 in root-shoot transition and leaves, OsGRAS39 in 20 d
root and OsGRAS47 in 20 d root and flower. Out of these seven genes, five were
upregulated either in the roots or in the root-shoot transition region indicating the
preference of GRAS genes towards expression in the root tissue. It is also in accordance
with the expression analysis under abiotic stress conditions, where the genes were highly

expressive in roots rather than in the shoot tissue.

Three out of seven mildly expressive genes were upregulated in flower and spike of 20
d old plants with none of them expressing in the grain. OsGRAS39, which was
upregulated in root tissues under native conditions, is highly expressive in roots under
abiotic stress conditions and responded immediately after applying stress treatment. This
might indicate its tissue specificity and its potential as a stress-tolerant transcription

factor gene.
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Fig. 6.11: Spatial regulation of OsSGRAS genes

The native expression pattern of GRAS genes as was studied in thirteen different
developmental tissues of rice plants. The majority of them were downregulated, with
some getting expressed in mature vegetative and reproductive tissues. The list of the
genes expressed in each tissue is mentioned in the boxes beside them. The figure has
been adopted from Saha et al. (2017).
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Fig. 6.12: Native expression analysis of GRAS genes

Heat map representing the spatial expression pattern of GRAS genes under thirteen
different developmental stages of rice. The map was generated using the MORPHEUS

program. The data was single normalized using rice actin as the internal reference gene.
6.10. Conclusions

We have previously identified the activation tagging of a GRAS transcription factor (TF)
gene in the gain-of-function mutant population of rice (indica rice variety BPT 5204)
screened for water use efficiency (Moin et al., 2016). Recent studies indicated their role
in biotic and abiotic responses, in addition to their diverse roles in plant growth and
development. Although this family of TFs received significant attention, not many genes
were explicitly identified for their roles in mediating stress tolerance in rice. In the
present study, we aimed to understand the spatio-temporal regulation of the rice GRAS
transcription factors under simulated abiotic (NaCl and ABA treatments) and biotic
(bacterial leaf blight and sheath blight) stress conditions, as well as under various
developmental stages. The expression analysis was further correlated with in-silico
studies involving genetic organizations, protein properties, interacting partners and

others. The major findings of this study are discussed below.

e We identified 60 GRAS genes distributed throughout the rice genome with
chromosome 11 bearing the highest gene density and shortlisted 40, one
representing each paralogous group. These were further classified into 14
subfamilies, out of which LISCL had the maximum number of genes. Genes

belonging to the same subfamilies formed separate clades and had similar MEME
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motif arrangements compared to those belonging to different subfamilies. The
majority of the genes were intronless probably because they originated in bacteria
and expanded into higher eukaryotes via horizontal gene transfer and gene
duplication events (Huang et al., 2015).

These proteins have been predicted to interact with several metallic and non-
metallic ligands for their activity, and the majority of them were acidic and
hydrophilic in nature. Such properties make the interactions of the GRAS

proteins specific and justify their role in cell signaling pathways.

Under simulated abiotic stress conditions, GRAS genes were mostly induced in
plant roots, with 55-60% of them being immediate early responsive type. The
expression of such IE type genes protects the plant from the initial stress.
OsGRAS39 was highly expressed under both NaCl and ABA stress treatments,
and YOsGRAS2, OsSHR1 and OsSCR1 were highly expressed under ABA. These
continued their expression till 60 h indicating their probable role in stress
mediation. YOsGRASS (IE type) was moderately expressive in shoot under both

stress conditions.

Only seven genes were induced in mature vegetative and reproductive tissues out
of thirteen different developmental tissues, in which the genes were highly
expressive in roots rather than in the shoot tissue, while a majority of them were

downregulated in the germinating seeds.

OsGRAS39, OsGRAS8, OsSHR1 and OsSLR1 might be considered to be quite
important as they were expressive under both biotic and abiotic stress conditions.
Our earlier functional characterization (Moin et al., 2016) followed by the
genome-wide characterization of the GRAS gene family members in the present
study clearly shows that they are highly relevant candidate genes for

manipulating stress tolerance in rice and other crop plants.
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DISCUSSION

Sustainable crop production is constantly under threat from environmental constraints
like drought, salinity, temperature changes, rapid population growth, scarcity of land and
water resources (Mottaleb et al., 2012; Muthayya et al., 2014). Being sessile, plants
cannot escape from such environmental adversities, including their interactions with
pathogenic microorganisms, which, altogether, impose a threat to their productivity (Lin
et al., 2017). Environmental constraints lead to a decrease in crop production by 50-
100% per year under extreme situations, which is worsened by the rapid population
growth. It is expected that a 70% hike in food production is required to feed the
burgeoning population. Therefore, adopting new strategies for developing improved crop
varieties is necessary to address the issue of food security throughout the world (Food
Security Information Network, 2020).

Rice is the staple food for 3.5 billion people in the world. Currently, its production is
facing two major challenges, like providing adequate food to meet the yield gap and
maintaining sustainable production under severe challenges imposed by environmental
factors (Hussain et al., 2020). More than 90% of the world’s total rice production and
consumption occurs in Asian countries where drought imposes a significant constraint,
particularly in India, Bangladesh, Thailand, and Myanmar. The land under water stress
is expected to double by 2050. Moreover, the majority of the rice production occurs in
the deltaic regions of South, East and South-East Asian countries, which is getting
affected severely by climatic changes. Such a drastic effect on rice production has its
consequences in the international market of rice (Wassmann et al., 2009). Apart from
abiotic stresses, pathogen interactions also play an important role in sustainable
production of rice. Rice has been a host to innumerable bacterial, viral and fungal
pathogens as it has been cultivated for over a thousand years. Major diseases include
fungal and bacterial blight, rot, spot and blast diseases, to name a few (Papademetriou et
al., 2000). All these adversities impose threats to sustainable rice production. Therefore,
understanding the rice genome properties is very important to obtain proper genetic
enhancement towards developing suitable varieties, meeting the current demand of rice

and mitigating the yield gap. This way, we can develop tailor-made rice varieties of
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desirable agronomic importance with the help of advanced functional genomics

strategies and improved transformation protocols.

The availability of high quality genome sequences and efficient transformation protocols
make it easier for identifying and manipulating novel genes for stress tolerance in rice.
Several mutagenesis techniques like using physical, chemical or DNA elements as
mutagens for generating loss-of-function mutants are effective in several instances but
can be null in case of redundant genes. Genes having multiple copies can be difficult to
detect in knockout lines as the loss of function of one member can be compensated by
the other existing copies in the genome. This holds true for genes responsible for
embryonic and gametophytic development. In such cases, loss-of-function of the genes
can lead to lethality. Therefore the concept of enhanced gene expression via generation
of gain-of-function mutants came forward to overcome this problem (Moin et al., 2017b;
Tani et al., 2004). Generation of gain-of-function mutants via activation tagging gained
importance in functional genomics, which uses either promoters or enhancers to
upregulate the expression of the genes. The promoter (CaMV35S) can cause an ectopic
overexpression of genes in transcriptional fusion with them, which can sometimes lead
to pleiotropism in transgenic lines. On the contrary, enhancers containing partial
components of the 35S promoter cause an endogenous upregulation of the genes present
in their vicinity instead of a constitutive expression. Therefore transgenic plants
developed via enhancer based activation tagging are more likely to reflect the original
function of the tagged genes (Dutta et al., 2021a). About 31% of enhancer integration
via Ac/Ds based activation tagging vector was observed to be intergenic, which is why
this technique is preferred for generating a large number of the tagged line for mining

novel uncharacterized genes (Moin et al., 2017Db).

Using pSQ5 Ac/Ds based activation tagging vector, our group has previously generated
a population of gain-of-function mutant lines in indica rice variety. Since the T-DNA of
the transformed vector contained both the immobilized Ac and mobile Ds elements, the
transposition events occurred during meiotic segregation. The progeny plants carrying
only Ds elements exhibited stable expression of the tagged lines, which were identified
from the population and subjected to further analysis. These lines were screened for high

WUE and high photosynthetic efficiency under limited water conditions.
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Plants can react to water stress either by drought avoidance or drought tolerance
mechanisms. While drought avoidance involves water conservation by plants via WUE,
it can also lead to stomatal closure, reduced carbon assimilation and compromised yield.
On the other hand, drought tolerance mobilizes the stem reserves without hampering the
net yield of the plant (Moin et al., 2016). A higher expression of WUE genes in transgenic
plants can lead to improved yield even under water stress conditions. Therefore, the
analysis of tagged lines under water stress conditions helped us identify some important
candidate genes that can be further manipulated for developing stress-tolerant plants. The
previous analysis led to the identification of ribosome biosynthesis genes (RPL6 and
RPL23A), protein ubiquitination genes (Cullins), transcription factor genes (GRAS, NF-
YC13) (Manimaran et al., 2017; Moin et al., 2016). This work has been taken forward in
this study, and two helicases (SEN1 and XPB2) were further identified as potential
drought-tolerant genes (Dutta et al., 2021a). We have analyzed the probable roles of these
helicases in the light of plant productivity and also identified important members of the
GRAS transcription factor family and reflected on their spatio-temporal regulation. We
will be discussing the findings of the two studies in the next part of this chapter.

7.1.Helicases as potential targets for stress tolerance in rice

This study selected two mutants (XM3 and SM4) containing Ds elements and exhibiting
stable expression of the tagged genes (XPB2 and SEN1 helicases, respectively). Flanking
gene sequence analysis showed intergenic integration of the enhancers in the rice genome,
thereby eliminating the chances of functional disruption of other endogenous genes due
to intragenic insertional inactivation. The WUE and drought tolerance phenotypes of the
two chosen mutants were possibly due to the stable, intergenic integration of the
enhancer elements and enhanced expression of the tagged gene(s). These lines were
chosen based on their quantum efficiency and A'*C values. Plants restrict their stomatal
opening in response to water stress, thereby lowering the intercellular CO:
concentrations (Ci). The Ci has a direct effect on A'*C, and thus its decrease during stress
increases carbon discrimination and decreases the WUE (Chen et al., 2011; Martin &
Thorstenson, 1988). The higher quantum efficiency and lower A'*C of mutants (XM3
and SM4) reported in this study implied better photosynthetic performance and WUE,
respectively, resulting in higher yield under water withdrawal circumstances. XPB2
DNA helicase, located closer to the enhancer, was tagged in the XM3 line, but other

genes in the 10 kb upstream and downstream flanking region exhibited a similar
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expression level as the WT. Additionally, the SEN1 RNA helicase proximal to tetrameric

enhancers was upregulated in the SM4 line.

The administration of stress inducible phytohormones, ABA and PEG, increased the
expression of SEN1 and XPB2 helicases, notably in root tissues. Because roots are the
primary organs that perceive stress signals, an upregulation in gene expression in root
tissues demonstrated their function in regulating a signaling cascade for water stress
responses (Janiak et al., 2016). Unlike abiotic stress treatments, pathogens like
Xanthomonas oryzae pv. oryzae and Rhizoctonia. solani did not significantly upregulate

the transcript levels of SEN1 and XPB2.

7.2.XPB2 and SENT1 helicases for enhanced productivity in rice under limited

water conditions

The gain-of-function mutants were allowed to grow in PEG and two concentrations of
ABA for simulated water stress studies. These lines were further subjected to drought
stress conditions by the periodic withdrawal of water. Both genotypes showed superior
phenotypes compared to the WT lines under all imposed stress conditions. The pattern
of phenotypic expression hidden in the multivariate, high-dimensional dataset of the
morpho-physiological and biochemical dataset was rapidly and intuitively identified
with the help of PCA. We successfully illustrated that the untreated responses in the test
genotypes were similar, and so was the tolerance of the tagged mutants under simulated
stress conditions. The tagged lines localized in different positions on the PCA biplot from
the WT, indicating a distinct phenotypic response. Such occurrences were explained
based on the difference in the capacity of these genotypes to respond to stress driven by

the gain-of-function mutations.

Root length is a crucial characteristic for plant productivity when there is a water
shortage. Thus, the fact that SM4 lines had longer roots under simulated water stress
conditions implied that they were more tolerant than the control (Janiak et al., 2016;
Sharp & LeNoble, 2002). Similarly, the tagged lines displayed robust phenotypes
following three and seven days of drought treatment in pots compared to the WT.
Drought disrupts the water balance in the plant, causing growth retardation and early leaf
senescence (Anjum et al., 2011; Sreenivasulu et al., 2012). Under simulated stress
circumstances, we observed similar phenomena in the WT, which had reduced biomass,

a greater wilting percentage, and a lower plant revival percentage than the tagged mutant
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counterparts. As a result, SEN1 and XPB2 appeared to be involved in supplying the plant
with rigidity or vigor during and after the treatment with the stressors. An overabundance
of ABA inhibits shoot development, reduces carbon assimilation, and in turn, the yield
(Blum, 2005; Zhang et al., 2006). Such stress avoidance mechanism was observed in the
WT, which had reduced plant height and yield after revival. On the contrary, the
physiology and the yield of the gain-of-function mutants were not altered on exposure to
exogenous stress stimuli. Prolonged drought causes the stomata to shut, resulting in
inefficient gas exchange and decreased plant photosynthetic capacity (Sreenivasulu et al.,
2012). The difference in the photosynthetic performance of mutant genotypes versus the
WT lines demonstrated the same. PAM indirectly measures the photosynthetic capacity
of plants by measuring the quantum efficiency of photosystem II (PSII). The F\/F, ratio
obtained through this technique also indicated the degree of stress experienced by the
plants (Murchie & Lawson, 2013; Osmolovskaya et al., 2018). The healthy untreated WT
and mutant plants had quantum efficiency ranging from 74 to 77%. On exposure to stress,
the efficiency of the WT decreased to 63-67%, while that of the tagged lines remained
unaltered (72-77%). This indicated that the external stress cues did not affect the ability
of the tagged lines to photosynthesize efficiently under stress. Because both chlorophyll
a and b are drought-susceptible, their higher levels in the tagged lines indicated that the
mutants had improved photosynthetic competence and, as a result, yield (Anjum et al.,
2011; Osmolovskaya et al., 2018; Zhang et al., 2018). SM4 lines also acquired a
significant amount of proline after ABA treatment. Plants retain a turgor pressure during
drought stress by assimilating ions and organic solutes, and proline is one of them. A
higher accumulation of osmoprotectants like proline corresponds to improved drought
tolerance and osmotic potential adjustments (Anjum et al., 2011; Yang et al., 2018; Zhang

et al., 2018).

In rice plants, boot leaves are recognized as a principal source of metabolites,
contributing to plant productivity. As observed in previous studies, their length was
positively correlated with the panicle length and plant productivity (Rahman et al., 2014).
Also, excessive ABA buildup in reproductive tissues causes pod abortion and shortens
the grain filling time (Sreenivasulu et al., 2012). The sensitivity of the WT plants to
drought is indicated by a reduction in the boot leaf size and panicle length when stressed.
Under simulated conditions, the tagged lines had a 26-98 % higher yield per plant than
the WT, and the tagged lines had a 9-50 % higher yield per plant under pot-level drought
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experiments. This implied that the SEN1 and XPB2 helicases are not only involved in
maintaining a sustainable yield, but also responsible for improved yield in gain-of-
function mutants even under severe stress conditions. These findings were supported by
our statistical analyses as well. WT lines showed a significant reduction in their
photosynthetic performance and yield after seven days of periodic drought, whereas no
remarkable changes were observed in the mutant lines. Under drought conditions, there
was a substantial variation in yield across genotypes. These findings add to the existing
evidence that helicases have a role in increasing drought/dehydration stress tolerance.
Seed weight, size, and endosperm chemical composition are usually used to determine
the seed quality of rice (Chang & Somrith, 1979). The linear chain amylose and the
branching chain amylopectin are the two components of starch, which form the major
component of the endosperm. The cooking and feeding quality of rice are determined by
the amylose-amylopectin ratio, which impacts its swelling and disintegration
characteristics (Juliano, 1979). Therefore, this ratio in the seed is critical in establishing
its quality. It was observed that the increased helicase expression improved yield without

affecting the grain quality.

Previous literature indicated the role of several DEAD/H box helicases in stress
mediation when overexpressed in plants. However, those tagged in the mutants
understudy did not belong to this group. XPB2 belongs to subgroup SF2, and SENI
belongs to Upf-1 like subfamily under SF1B (SENT1) group of helicases (Martin-Tumasz
& Brow, 2015; Raikwar et al., 2015). Both have been extensively studied in yeast and
mammalian systems, but their role in maintaining genomic stability under drought stress
in plants remains unexplored. Other than a few in-silico and knockout studies on XPB
helicase (Costa et al., 2001; Raikwar et al., 2015), no studies on drought stress responses
have been reported so far. OsSUV3 is a known DEAD/H box helicase from rice, whose
overexpression in the IR64 rice variety has led to improved drought tolerance (Tuteja et
al., 2013). OsRHS58, a rice RNA helicase, exhibited drought-tolerant responses in
Arabidopsis (Nawaz & Kang, 2019). Two pea DNA helicases, PDH45 and PDH47, also
enhanced similar tolerance when overexpressed under a constitutive promoter in
groundnut (Manjulatha et al., 2014), chilli (Shivakumara et al., 2017), and rice (Singha
et al., 2017). SIDEAD31, an RNA helicase, imparted drought tolerance when expressed
constitutively in tomato (Zhu et al., 2015). RH5, RH8 and RH25 are some of the
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Arabidopsis helicases known for drought stress tolerance in plants (Baek et al., 2018;

Kant et al., 2007).

The seeds of the present mutant genotypes germinated and exhibited normal growth
under 75 uM ABA concentration, while WT lines failed to do so. Such a high
concentration of ABA impairs seed germination and seedling establishment resulting in
cell dehydration, wilting and death (Zhang et al., 2018). The ability of tagged lines to
germinate on ABA containing medium suggests that SEN1 and XPB2 might play a role
in the negative control of ABA-mediated seed dormancy. A previous report on such
negative regulation was observed in the FtMYB10 gene from Tartary buckwheat, which

was ABA induced, but its overexpression lines were less sensitive to it (Gao et al., 2016).

7.3.Probable existence of a crosstalk between the helicases with other stress

regulatory pathways results in drought tolerance of rice

We assessed the expression level of seven stress-specific genes in the three genotypes
under simulated and pot-level drought conditions to understand the correlation between
the helicases and the stress-regulatory pathways. Seven genes were upregulated in XM3
and five in SM4 under simulated conditions, while under pot conditions, four genes in
XM3 and all seven in SM4 were upregulated. This indicated that the helicases probably

interact with other stress-regulatory genes, as a result of which the tagged lines were

drought-tolerant and were also able to uphold their productivity under adverse conditions.

However, the interaction between the stress-regulatory genes and the pathways they

operate requires further investigation.

Altogether we can conclude that the mutant lines with higher expression of SEN1 and
XPB2 had an advantage over the WT lines in combating drought and dehydration stress.
This can be further explored by raising independent transgenic lines for these genes,
followed by their functional characterization to understand the underlying mechanism of
stress tolerance. Preliminary studies indicated that the expression of both helicases is
modulated by ABA, PEG and other stress factors, but there is no clear evidence that they
work in an ABA-dependent or independent manner. In-silico analysis revealed the
presence of ABRE, DRE and MYB cis-acting elements in the putative promoter region
of the XPB2 gene (Raikwar et al., 2015) and ABRE and MYB elements in that of SEN1
genes (Dutta et al., 2021a). The occurrence of both DRE and ABRE elements in the
putative promoter region of the helicases imply that both ABA-dependent and
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independent gene regulation may exist simultaneously (Roychoudhury et al., 2013;
Yoshida et al., 2014). A similar observation was made in the rd294 gene promoter in
Arabidopsis (Narusaka et al., 2003). MYB transcription factors usually work in an ABA-
dependent manner during stress; however other MYB factors, such as OsMYB3R-2,
were less susceptible to ABA (Dai et al., 2007). According to our findings, XM3 and
SM4 gain-of-function mutant lines exhibited lower sensitivity to ABA, even though their
expression is induced by it. Therefore it can be predicted that SEN1 and XPB2 might
play a transitory role between ABA-dependent and independent pathways. OsPP2C and
OsDREBZ2B, two potential ABA-dependent and independent genes respectively, either
exhibited an equivalent expression like the control or got downregulated in both root and
shoot tissues in response to external stress cues. Such expression pattern of both ABA-
dependent and independent genes during the expression analysis under ABA treatment
is most likely due to the interaction between the two pathways or the presence of a
negative feedback mechanism. Such regulation has been previously reported in OsNAC2,
where this gene negatively regulates the expression of stress marker genes despite itself

getting induced by ABA (Shen et al., 2017).

Based on the preceding discussion, it can be assumed that both genes regulate stress
tolerance mechanisms either by triggering DNA repair pathways to overcome DNA
damage caused by stress, or by efficiently aborting pervasive transcription, or by
resolving unwanted DNA: RNA or RNA: RNA hybrids formed during stress and
upregulating the expression of other important stress regulators (Han et al., 2017; Mischo
et al., 2011, 2018; Raikwar et al., 2015; Richards et al., 2008). These genes appear to

have a beneficial effect on rice plant stress resistance.

7.4.Rice GRAS transcription factor family genes in stress responses: their

phylogenetic relationships, gene organization and protein properties

Identification of novel genes and their characterization is a crucial step in any functional
genomics study. In this context, transcription factor genes are crucial as they directly
regulate the genes involved in several signaling pathways. Manipulating such TF genes
or Master genes would render the plant more accommodating towards the particular
stress under consideration. In our previous analyses of activation tagged lines, we have
identified a GRAS transcription factor gene (YOsGRAS4) with a probable role in
maintaining high WUE and photosynthetic efficiency under limited water conditions
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(Moin et al., 2016). Plants employ various acclimatization and adaptation strategies to
deal with the impending stress, which is primarily controlled by hormones and regulators
(Lin et al., 2017). Understanding the expression patterns of the GRAS gene family,
which play a major role in gibberellin signaling and their spatiotemporal control, might
help us find potential targets for strengthening endogenous plant defences, particularly
rice in this case. In this investigation, we identified key GRAS genes involved in abiotic
and biotic stress tolerance. We have also looked at their in-silico characteristics and
compared them to our expression data.

According to existing literature (Liu & Widmer, 2014), the rice genome contains 60
GRAS genes scattered throughout all the twelve chromosomes except chromosomes 8
and 9; and chromosome 11 bearing maximum gene density. For our investigation, we
chose 40 genes, with one member belonging to each paralogous group. We were able to
gain insights into the phylogenetic, genomic, and protein characteristics of the GRAS
genes because of the availability of high-quality genomic sequences. We divided the
genes into 14 subfamilies (Cenci & Rouard, 2017), with LISCL having the largest
number of genes. The SCL3, SHR1, DELLA, HAM, and PAT subfamilies, on the other
hand, consisted of the most expressive genes. The conserved five GRAS motifs were
identified with the ten MEME identified motifs. Similar motif configurations were found
in genes belonging to the same subfamily, although this differed among subfamilies,
which might be attributed to the different biological roles of GRAS genes. This protein
family is claimed to have evolved from bacteria, which then migrated into eukaryotic
genomes by horizontal gene transfer and recurrent duplication events, with the possibility
of retroposition of intronless genes (Huang et al., 2015a). Our genomic organization
analysis indicated 31 out of 40 OsGRAS genes to be intronless, which is consistent with

prior findings.

The presence of many interacting metallic and non-metallic ligands coupled to GRAS
genes, as well as their hydrophilic character (as shown by the GRAVY index), suggested
the role of these proteins in cell signaling, catalysis, and protein-protein interactions (Jing
et al.,, 2017; Ulucan et al., 2014). Most of the genes had pl less than seven, rich in
negatively charged amino acid residues such as glutamic acid and aspartic acid. Since
proteins with low pl avoid non-specific interactions with other proteins and nucleic acids,

such composition makes the GRAS proteins interactions extremely selective (Takakura
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etal., 2015). All GRAS genes contained at least one GRAS domain, while some had two
or a DELLA domain associated with it, which is known to play a critical role in the

gibberellic acid signaling pathway (Urbanova & Leubner-Metzger, 2018).

7.5.Differential expression patterns of OsSGRAS genes and their spatio-

temporal regulation

Spatio-temporal regulation of gene expression is necessary to control the abundance of
certain transcripts and proteins in cells for proper response to external environmental
stimuli. The majority of GRAS genes were expressed in roots, with 55-60% of them
displaying IE gene expression. Stress reactions in plants may be classified into two
categories, early and late. Within minutes of stress application, early response genes get
activated, providing protection and repair from the initial stress. This reaction “alarms”
the plant, causing it to prepare for additional stress tolerance or avoidance. On the other
hand, late responsive genes are mostly engaged in protein synthesis, which affects
downstream genes, thereby reacting to the “adaptation” component of stress regulation
(Bahrami & Drablgs, 2016; Lin et al., 2017). In root, YOsGRASY was found to be late
expressing in both treatments indicating that it might have a role in successive stages of
stress alleviation. Surprisingly, 50-60% of IE-expressed genes maintained their
expression until the treatment was completed. Among them, OsGRAS39 was the only
gene substantially expressed in roots when exposed to both NaCl and ABA. Besides that,
PYOsGRAS2, OsSHRI and OsSCR1 continued to express till 60 h following ABA
treatment. These genes are probably crucial and are required by the plant continuously
during the stress period. Few other genes like YOsGRAS3, YOsGRAS4, OsCIGRI and
OsGRAS32 under ABA and OsCIGR1 under NaCl induced initially (IE type) either
stopped expressing or got downregulated at later time points. Such genes are most likely
necessary for early stress reactions, after which their function is taken up by other
downstream genes in the signaling cascade. Under both stress situations, YOsGRASS (IE
type) was the sole moderately expressed gene in the shoot. Because the root is the first
organ to detect a stress signal, it sets in motion a signaling cascade that progresses
towards the shoot. The preferential expression of GRAS genes in roots over shoot
indicated that they play critical roles in stress responses (Janiak et al., 2016).
Furthermore, earlier reports have suggested that the function of these genes in pattern
formation and signal transduction allows them to be more expressive in roots (Pysh et
al., 1999).
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BLB and SB infections have a significant impact on rice productivity. BLB infection at
the tillering stage can lower crop productivity by 50%, whereas it can reduce yields by
20-40% if infected at a younger stage. SB diseases can reduce rice yields by up to 45%
(Chukwu et al., 2019; Singh et al., 2019). Thus, identifying essential genes and analyzing
their expression patterns are critical for generating disease-tolerant rice cultivars. Only
six genes (15%) were upregulated during BLB treatment, whereas thirty genes (75%)
were expressed during SB infection. Several genes were expressed during SB infection
and both abiotic stress conditions, among which the upregulation of OsGRAS39,
OsGRAS8, OsSHR1 and OsSLR1 were noteworthy. Therefore, these genes can be
deemed significant since they are also expressed under abiotic stress conditions with key
roles in disease resistance. In ABA treated roots and SB infection, the majority of the
genes were significantly expressed. Our expression data was further validated by
numerous stress-responsive elements in the putative promoter regions of OSGRAS genes,
indicating that they might play a role in strengthening plant defence against biotic and

abiotic stress.

Out of thirteen different developmental tissues, only seven genes were expressed in
mature vegetative and reproductive tissues. Bioactive gibberellic acid induces
proteasomal degradation of proteins belonging to the DELLA subfamily for gibberellin
signaling to occur as proteins of such category negatively regulate seed germination
(Urbanova & Leubner-Metzger, 2018). This clarifies why all the GRAS genes were
downregulated in the plumule, radicle, embryo, and endosperm. Thus, it can be inferred
that OsGRAS genes are probably involved in regulating developmental patterns in mature

rice plants.

The induction of OsGRAS28, belonging to HAM subfamily, and OsGRAS47, belonging
to LISCL subfamily, in reproductive tissues indicates their role in floral development. It
can be correlated with the expression of PhHAM genes of Petunia hybrida (Stuurman et
al., 2002), AtSCL6 and AtSCL27 genes of Arabidopsis (Fan et al., 2017) and PtGRAS67
of Populus (Liu & Widmer, 2014) flowers. All of these HAM subfamily genes were
found to be involved in floral differentiation. The LISCL subfamily gene from lily plants
had also been linked to microsporogenesis (Bolle, 2004). OsGRAS39 expression was
observed in roots under both native and abiotic stress conditions suggesting that it is
tissue specific. This gene is a member of the SCL3 subfamily, which modulates GA
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signaling in roots through protein-protein interactions (Weng et al., 2020). Such
increased OsGRAS39 expression in roots under all stress situations might be investigated
further for its possible involvement in stress tolerance. The GRAS gene family has been
widely researched in many plant species, but we have effectively established a
foundation for future research on rice GRAS genes. The distinct expression profiles of
these genes imply their relevance in stress alleviation. Our findings shed light on the role
of GRAS genes in stress tolerance and their spatiotemporal regulation. This analysis will
make it easy to determine essential genes that may be further exploited to produce stress-

tolerant rice and other related crops.
7.6.Conclusion

Our study has utilized one of the most important tools of functional genomics viz.,
activation tagging for mining novel genes responsible for high WUE in rice. Previous
analyses identified several essential transcription factors, ubiquitination related proteins
and ribosomal proteins (Manimaran et al., 2017; Moin et al., 2016). In this investigation,
we have added two more genes, one encoding a DNA helicase, XPB2 and the other
coding for an RNA helicase, SEN1, to the list. We have analyzed the tagged mutants in
the light of agricultural productivity and morpho-physiological responses. We have also
performed a genome-wide analysis of the GRAS transcription factor family of genes,
which was also tagged in one of the mutant populations analyzed by our group earlier
(Moin et al., 2016). Their expression analyses and spatio-temporal regulation were

explored in various developmental stages and by using simulated and biotic stress cues.

We screened the population of activation tagged indica rice lines based on physiological
parameters followed by flanking gene analyses to identify the two helicases. Our findings
suggested that the expression of XPB2 and SEN1 helicases were significantly
upregulated in root tissues on the application of external stress cues. These were also less
sensitive to ABA during seed germination, although they were induced by it. We
analyzed the performance of the tagged lines in comparison to the wild type control under
three different situations mimicking dehydration (PEG) and phytohormone (ABA 50 and
75 uUM) stress. Both the tagged mutants were superior to the control setup, indicating
their potential in ameliorating drought stress in rice. In-silico studies and pot-level
drought experiments further corroborated such observations. Both XM3 and SM4
mutants had higher yield and photosynthetic performance than the WT lines as observed
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under simulated conditions. Activation of these two helicases further induced the
expression of several stress-specific genes, which indicated their probable role in
crosstalk with other regulatory pathways. The exact mechanism of action needs further

exploration.

Our previous analyses of tagged lines identified a GRAS transcription factor for its
probable role in high WUE. Hence, we explored the GRAS family and studied their
genomic distribution, protein structure and properties, phylogenetic relationships, motif
organization and ligand interactions. The complete annotation of the rice genome
enabled us to perform these studies. We analyzed the expression patterns of these genes
under simulated abiotic (NaCl and ABA) and biotic (bacterial leaf blight and sheath
blight infected samples) stress conditions and in different developmental stages of rice.
Our in-silico studies further corroborated the outcome. The majority of the genes were
expressive in root tissues, particularly under ABA treatment. OSGRAS39 was highly
expressive under both biotic, abiotic stress conditions, which can be further exploited for
its role in stress tolerance. Other promising genes that need further exploration include
OsGRAS8, OsSHR1 and OsSLR1. Therefore, this study provides a promising background

based on which future analysis on rice stress tolerance can be explored.
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Abstract

Key message XPB2 and SENI helicases were identified through activation tagging as potential candidate genes in
rice for inducing high water-use efficiency (WUE) and maintaining sustainable yield under drought stress.

Abstract As a follow-up on the high-water-use-efficiency screening and physiological analyses of the activation-tagged
gain-of-function mutant lines that were developed in an indica rice variety, BPT-5204 (Moin et al. in Plant Cell Environ
39:2440-2459, 20164, https://doi.org/10.1111/pce.12796), we have identified two gain-of-function mutant lines (XM3 and
SM4), which evidenced the activation of two helicases, ATP-dependent DNA helicase (XPB2) and RNA helicase (SENT),
respectively. We performed the transcript profiling of XPB2 and SEN1 upon exposure to various stress conditions and found
their significant upregulation, particularly in ABA and PEG treatments. Extensive morpho-physiological and biochemical
analyses based on 24 metrics were performed under dehydration stress (PEG) and phytohormone (ABA) treatments for the
wild-type and the two mutant lines. Principal component analysis (PCA) performed on the dataset captured 72.73% of the
cumulative variance using the parameters influencing the first two principal components. The tagged mutants exhibited
reduced leaf wilting, improved revival efficiency, constant amylose:amylopectin ratio, high chlorophyll and proline contents,
profuse tillering, high quantum efficiency and yield-related traits with respect to their controls. These observations were
further validated under greenhouse conditions by the periodic withdrawal of water at the pot level. Germination of the seeds
of these mutant lines indicated their insensitivity to high ABA concentration. The associated upregulation of stress-specific
genes further suggests that their drought tolerance might be because of the coordinated expression of several stress-responsive
genes in these two mutants. Altogether, our results provided a firm basis for SENI and XPB?2 as potential candidates for
manipulation of drought tolerance and improving rice performance and yield under limited water conditions.

Abbreviations WUE  Water-use efficiency
XPB2 Xeroderma pigmentosa group B2 PEG  Polyethylene glycol
SEN1 T-RNA splicing endonuclease ABA  Abscisic acid
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Theoretical and Applied Genetics

Introduction

Stresses like drought, salinity, extreme temperatures and
biotic stresses (fungal, viral or bacterial infections) are
severe threats to sustainable agricultural productivity.
Hence, the identification of genes responsible for orches-
trating plant tolerance to different stresses is a continuous
process and an indispensable step in developing tailored
crop varieties, which can withstand such challenging and
destructive environmental conditions.

In an earlier investigation, we have generated a large
population of gain-of-function mutant lines in a widely
cultivated indica rice variety BPT-5204 (Samba Mahsuri)
using a tetrameric 35S enhancer-based activation tag-
ging system (Moin et al. 2016a). Upon screening of these
mutants under limited water conditions along with associ-
ated phenotypic and physiological studies, some of them
exhibited high-WUE phenotypes suggesting that the genes
which became activated in them through the integrated
enhancers might have roles in improving WUE in rice.
We initially identified five mutant lines with high quantum
efficiency and low A'3C, which are the proxies for WUE,
showing the activation of transcription factors (GRAS and
WRKY 96) and proteins involved in protein ubiquitination
(cullin4) and ribosome biogenesis (RPL6 and RPL23A)
(Moin et al. 2016a). Subsequent analysis of sequences
flanking the activation tags (4X enhancers) in two other
WUE mutants resulted in the identification of plant DNA
and RNA helicases, XPB2 and SEN1, respectively.

Helicases are molecular ATPases, which utilize the
energy released during ATP hydrolysis to carry out a wide
range of functions either on DNA (known as DNA heli-
cases) or on RNA (identified as RNA helicases). Besides
their housekeeping functions associated with the induc-
tion of conformational changes in DNA or RNA, they
are also reported to be involved in combating biotic and
abiotic stress conditions in plants (Tuteja 2003; Linder
and Owttrim 2009). A majority of the helicases have a
three-dimensional conserved core region consisting of
two tandemly placed RecA domains (RecAl and RecA2)
connected via a flexible linker region (Sloan and Bohn-
sack 2018). The core domain comprises of 350—400 amino
acids and 14 conserved motifs serving as their catalytic
pockets (Umate et al. 2010; Passricha et al. 2018). The
functional diversity of helicases may originate from dif-
ferential binding patterns of the nucleic acids or the vari-
ations in their N- or C-terminal domains (Jankowsky and
Fairman 2007; Seraj et al. 2018). Based on the structural
and functional attributes, helicases are divided into six
superfamilies (SF1 to SF6). Of them, a majority of the
DNA and RNA helicases fall under SF1 and SF2 catego-
ries. While the SF2 family of helicases is considered to
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be the largest family of helicases, the SF1 family is well
characterized (Seraj et al. 2018; Passricha et al. 2018).

Rice XPB2 (Xeroderma Pigmentosa group B2) is a
DNA helicase (3'-to 5’ helicase) belonging to the super-
family 2. The homologs of rice XPB?2 in yeast, Arabidopsis
and humans are known as RAD25 (SSL2), XPB2 and XPB
(ERCC(C3), respectively (Bhatia et al. 1996; Umate et al.
2010). Any distortions in the DNA are repaired via nucleo-
tide excision repair (NER) mechanism so that the damage
is not advanced to the next generation (Guzder et al. 1995;
Morgante et al. 2005). XPB2 is a subunit of the eukaryotic
transcription factor, TFIIH that opens up a DNA bubble
during RNA polymerase II-mediated transcription initia-
tion (Bhatia et al. 1996; Morgante et al. 2005). It acts as
a DNA-dependent helicase, which also helps in NER by
unwinding the DNA at the site of the lesion (Richards et al.
2008; Raikwar et al. 2015). Ergo, TFIIH in eukaryotes has
a dual role viz., transcription initiation and DNA damage
repair via nucleotide excision (Bhatia et al. 1996; Costa et al.
2001). Defects in XPB2 have been linked with an autoso-
mal recessive disease Xeroderma Pigmentosum in humans.
These mutants are more sensitive in response to photoperiod
(Park et al. 1992; Costa et al. 2001). Recently, it has been
reported that the promoter of the rice XPB2 gene is a multi-
stress inducible one playing an essential role in orchestrating
plant stress tolerance (Raikwar et al. 2015).

Rice SENI (t-RNA splicing endonuclease) is an RNA
helicase belonging to the Upfl-like subfamily under the
superfamily 1B, which unwinds the RNA in 5-3' direction.
The homologs of rice SEN1 found in Arabidopsis, yeast and
human are UPF1, SEN1 and SETX (Senataxin), respectively
(Umate et al. 2010; Martin-Tumasz and Brow 2015). The
exact mechanism of rice SEN1 activity is elusive, but since
the helicase domains are highly conserved among the eukar-
yotes (Han et al. 2017; Leonaite et al. 2017), these proteins
might also function like other similar proteins reported in
eukaryotes.

In yeast, transcription termination of non-coding RNAs
occurs via the NNS (NRD1-NAB3-SEN1) complex (Sariki
et al. 2016; Leonaite et al. 2017), where the NRD1-NAB3
heterodimer interacts with specific sequences on the nascent
RNA (Han et al. 2017; Mischo et al. 2018) and with the
C-terminal domain of the RNA polymerase II during termi-
nation (Mischo et al. 2011). This interaction helps in recruit-
ing SEN1 onto the nascent RNA, which dislodges the RNA
polymerase II by its helicase activity (Mischo et al. 2018).
After the termination of transcription, the RNA is degraded
by the combined activity of the TRAMP (TRF4/ AIR2/
MTR4 polyadenylation complex) complex and the exosomes
(Leonaite et al. 2017; Mischo et al. 2018). SEN1 also plays
a vital role in RNA processing, elimination of short protein-
coding sequences, resolving R loop structures and maintain-
ing genomic stability (Mischo et al. 2011). Defects in SEN1
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result in defective R loop resolution and an increase in its
frequency (Martin-Tumasz and Brow 2015; Leonaite et al.
2017; Mischo et al., 2018), genomic instability and errors in
replication (Mischo et al. 2018). Apart from regulating the
expression of non-coding genes, SEN1 also coordinates the
expression of small protein-coding genes like NRD1, HRP1,
IMD?2 and CYCI (Steinmetz et al. 2006). Yeast cells with
N-terminal truncation of SEN1 had higher cell death and
shortened life span. Arabidopsis homolog of SEN1, UPF1
plays an important role in nonsense-mediated decay (NMD)
of abnormal RNA. It helps the plant in maintaining proper
seed size (Yoine et al. 2006), floral and vegetative devel-
opment (Arciga-Reyes et al. 2006). Thus, it has significant
roles in regulating both transcription and translation in most
eukaryotes. SEN1 is also involved in transcription-coupled
repair mechanisms (Li et al. 2016). Hence, the primary func-
tion of SENI1 is to alienate any stalled elongation complex
on the nucleic acid during transcription.

In the present study, we characterized the roles of these
two genes in response to various stress conditions, par-
ticularly water stress, with an emphasis on seed yield and
productivity apart from WUE in indica rice. Our findings
suggested that the helicases encoded by these genes also
have roles in stress responses by possibly preserving the
genomic integrity of the plant upon the onset of environ-
mental stresses besides their basic cellular housekeeping
activities (nucleic acid unwinding).

Materials and Methods

Identification of SENT and XPB2 helicases
in activation-tagged mutants

An Ac/Ds-based activation tagging vector, pSQS (Qu et al.
2008) was used to generate gain-of-function mutant lines
of indica rice cultivar, Samba Mahsuri (variety BPT-5204).
The Ds element of the vector carries tetrameric repeats of
CaMV35S enhancers (4X enhancers), which upregulate the
genes 10 kb upstream or downstream from the point of inte-
gration in the plant genome. This vector was transformed
into rice using an in planta mediated rice transformation pro-
tocol and the transformed plants were confirmed by molec-
ular analysis (PCR and Southern-blot hybridization) and
screening on a solid MS medium containing 50 mg/L Hygro-
mycin (Moin et al. 2016a). After selection of the stable Ds
mutants, they were further examined for WUE trait by grow-
ing under limited water conditions followed by phenotypic
and physiological studies. Carbon isotope discrimination
(A'3C) is a noninvasive way of determining WUE in plants.
The negative relationship between the WUE of a plant and
A3C values is an effective way of identifying plants with
an improved efficiency under limited water conditions (Chen

et al. 2011). The carbon isotope composition (8'°C%o) of
plants is calculated by the formula [(R,mpie/Ryandara)- 11X 10°
and is compared with the standard of Pee Dee Belemnite
(PDB) fossil carbonate (Farquhar et al. 1982, 1989; Gao
et al. 2018). For calculating the carbon isotope discrimina-
tion values, 500 mg of mature leaf samples of WT, XM3
and SM4 lines grown under limited water conditions were
collected and dried at 65 °C for 3 days (d). The samples
were powdered and the carbon isotope was measured using
an Isotope Ratio Mass Spectrometer (IRMS).

Mutants having high WUE under limited water conditions
were subjected to flanking sequence analysis via TAIL-PCR
(thermal asymmetric interlaced PCR) using one degener-
ate and three nested primers. The protocols for the TAIL-
PCR and the related analyses were followed as detailed out
in Moin et al. (2016a). The final amplicons were cloned in
pTZ57R/T vector and subjected to Sanger sequencing. The
enhancer integration sites and flanking genes were identi-
fied by a BLAST search in rice genome databases (RGAP-
DB, RAP-DB and OryGenesDB). Two potential mutants
(DEB. 36 and En. 124) with high WUE were found to have
three and five genes, respectively, within the 20 kb region of
enhancer integration. The activation tagging of these genes
was analyzed via qRT-PCR using appropriate primers.

Quantitative reverse transcription PCR (qRT-PCR)
analysis of flanking genes

The two mutant lines viz. DEB.36 (referred to as XM3)
and En.124 (designated as SM4), which displayed normal
growth and yield-related parameters under limited water
conditions with respect to WT were selected for quantita-
tive PCR analysis (QRT-PCR analysis). The transcript levels
of all the genes present in 10 kb upstream and downstream
regions from the site of enhancer integration were studied in
DEB.36 and En.124 by qRT-PCR using gene-specific prim-
ers in three biological and technical replicates. The total
RNA was isolated from the leaves of 60-d-old plants using
Tri-Reagent (Takara Bio, UK) and 2 pg cDNA (Takara,
Clontech, USA) was prepared as per the manufacturer’s pro-
tocol. The cDNA was diluted seven times, and a 2 pl aliquot
of this was used for qRT-PCR. The expression level was
normalized using rice actin (actl) as an internal reference
gene and the fold change was calculated using the AAC;
method (Livak and Schmittgen 2001).

In silico promoter analysis of SEN1

About 1 kb sequence upstream to the start codon of SEN/
(LOC_0Os10g02930) was retrieved from RGAP-DB and was
subjected to an in silico analysis for the presence of cis-
acting elements using the PlantCARE (Lescot et al. 2002)
online tool. Similar promoter analysis of the XPB2 gene
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(LOC_0Os01g49680) has been reported earlier (Raikwar
et al. 2015).

Differential transcript analysis of XPB2 and SEN1
helicases

To understand the involvement of XPB2 and SENI genes
in response to biotic and abiotic stresses, their differential
transcription patterns were evaluated in 10 d old seedlings
of WT BPT-5204 rice. For this, various phytohormones like
2 mM salicylic acid (SA), 100 pM methyl jasmonate (MJ)
and 100 pM abscisic acid (ABA) and abiotic stress-induc-
ing agents such as 15% polyethylene glycol (PEG 8000),
250 mM sodium chloride (NaCl) and heat treatment at 42 °C
were applied to the seedlings. Salt, dehydration stress (PEG)
and phytohormone treatments were given by dipping the
seedlings in their respective solutions, while the heat treat-
ment was induced by exposing the seedlings in a hot air
oven maintained at 42 °C. The root and shoot samples were
collected immediately after the onset of the stress treatments
denoted as the 0 h, followed by 3 h, 6 h, 12 h, 24 h and
48 h after treatments. Seedlings maintained in the stress-free
medium under similar growth conditions were used as the
controls for normalization.

For the transcript analysis of these genes under biotic
stress conditions, leaf samples of rice infected with Xan-
thomonas oryzae pv. oryzae (Xoo that causes bacterial leaf
blight) and Rhizoctonia solani (that causes sheath blight)
were used. The infection process of these pathogens on rice
plants was followed as described earlier (Moin et al. 2016b;
Saha et al. 2017). Leaf samples from untreated plants were
used as controls to normalize gene expression levels. Rice
actin was used as the internal reference gene. The relative
fold changes were calculated through the AAC method.

Measurement of growth and phenotypic
parameters of the activation-tagged mutant lines

To examine the behavioral patterns of the two mutants
under abiotic stress conditions, seeds of XM3, SM4 and
WT (BPT-5204) were germinated on Murashige and Skoog
medium for 25 days (Saha et al. 2017). Subsequently, they
were transferred to test tubes containing phytohormones
and stress-inducing agents in half-strength liquid nutrient
Yoshida solution (Yoshida et al. 1976). Seedlings kept in
plain half-strength liquid Yoshida solution were served
as controls. Fresh stress was applied after every 7 days by
changing the solutions. The seedlings were transferred to
full strength Yoshida solution 20 days after stress (DAS) for
revival experiments. Before shifting, root and shoot sam-
ples were collected separately for transcript analysis and the
whole seedling samples were collected for the biochemi-
cal experiments. A similar pattern was followed during the
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recovery of the plants. The root length (cm), shoot length
(cm), fresh weight (g), percentage of leaf wilting and sur-
vival of the seedlings were recorded. To understand the leaf
wilting percentage, we measured the length of the whole leaf
and the wilted region separately and determined the percent-
age of wilting of each leaf. The seedlings were transferred to
the greenhouse and maintained under controlled conditions.
During their growth, various parameters were measured,
which included plant height, number of total and produc-
tive tillers (panicles), boot leaf length versus panicle length,
photosynthetic efficiency and yield-related parameters like
number of branches per panicle, number of seeds per panicle
and per plant and overall weight of 100 seeds.

Measurement of chlorophyll fluorescence

The Pulse Amplitude Modulated fluorometer (PAM)
gauges the photosynthetic performance of plants indi-
rectly by testing the quantum efficiency of photosystem II
(PSII). It involves the exposure of dark-adapted leaves to
a strong pulse of light. The minimal level of fluorescence
observed upon irradiation is considered as F,, while F,,
shows the maximum value of fluorescence. The difference
between F, and F,, is F, or variable fluorescence. The ratio
between variable fluorescence and the maximum fluores-
cence (F,/F,) indicates overall photosynthetic efficiency
and also the level of stress experienced by a plant under
unfavorable conditions. In a healthy unstressed plant, the
F,/F, value ranges around ~0.83 (Murchie and Lawson
2013), which corresponds to the maximum photosynthetic
yield in a plant. A significant reduction in this value shows
stress induction in the plant. In our experiments, we have
employed a portable MINI-PAM and followed the manu-
facturer’s protocol (Walz, Effeltrich, Germany) to study the
quantum efficiency of selected mutants with respect to their
corresponding controls. All the plants were initially incu-
bated in dark for 30 min and were then subjected to a short
pulse of 8000 pmol m~2 s~! light. The F /F,, ratio was plot-
ted as a histogram.

Estimation of chlorophyll and proline contents

For chlorophyll estimation, two sets of samples collected
after application of stress and their revival were used. The
chlorophyll pigments were extracted from 100 mg plant tis-
sues using di-methyl sulfoxide (DMSO). The corresponding
absorbance obtained at 663 nm and 645 nm wavelengths
using a UV spectrophotometer was used to calculate chloro-
phyll a, b and total chlorophyll contents (Zhang et al. 2009).
The proline content was assessed spectrophotometrically at
520 nm from 100 mg plant tissue according to Bates et al.
(1973), using the proline standard curve.
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Principal component analysis of the observed
morpho-physiological and biochemical data

Principal component analysis (PCA) is a statistical tool for
efficient interpretation of highly correlated multivariate
data. Here, the dataset comprised complex phenotypic and
physiological traits of three genotypes (WT, XM3 and SM4)
under four conditions (UT, PEG, 50 uM and 75 uM ABA).
The main purpose of PCA is to reduce the dimensionality
of a dataset to two or three principal components while still
capturing most of the variance of the variables (Wold et al.
1987; Yano et al. 2019). We performed PCA using the “R”
program to establish the patterns in the dataset of the three
genotypes under simulated conditions (Kassambara and
Mundt 2016; R core team 2019). For analyzing the data,
the cos2 values have been considered. A high cos2 value
indicates a higher impact of the corresponding variable in
the principal component. A cutoff of 0.5 cos2 value has been
considered.

Pot-level water withholding treatments

To study the response of SENI and XPB2 tagged mutants
under pot-level drought conditions, 15-day-old mutants and
WT seedlings were shifted to the pots containing black allu-
vial soil provided with ample water and maintained under
greenhouse conditions (3042 °C, 16 h light/ 8 h dark pho-
toperiod). Three plants per 7.5 kg pot were transplanted
and triplicates for each condition were considered for fur-
ther experiments. After 30 days, the overlaying water from
each pot was withdrawn, and all the plants were exposed to
drought conditions for three and seven consecutive days. In
our previous study, we noticed that the Permanent Wilting
Point (PWP) for BPT-5204 in our greenhouse conditions
was 21 days (Moin et al. 2017). The drought experiments
are usually defined in Percent Field Capacity (FC), which
mainly depends on the type of soil. For black alluvial soils
available in South India, which was also used in this study,
the PWP occurs between an FC of 10-18% (http://www.
indiawaterportal.org). Accordingly, the FC on 3- and 7-day
drought treatments would be ~60 and 40%, respectively, in
this investigation. After completion of drought treatments,
all three plants from one pot were uprooted, and their root
and shoot samples were collected independently for study-
ing the transcript patterns of potential drought-responsive
genes under stress conditions. The remaining pots were then
allowed to recover after drought treatments by gradually sup-
plying a required level of water for normal rice cultivation
and were grown till plant maturity. The setup was repeated
thrice and comparative yield-related studies were carried out
between treated mutant plants with corresponding treated
and untreated control counterparts to study whether the total
yield of mutants was decreased, sustained or improved under

drought. The grain quality was monitored by recording the
changes in 100 seed weight, seed length:breadth ratio and
its amylose:amylopectin ratio. The amylose content was
determined spectrophotometrically using a standard amyl-
ose curve at 600 nm (Sowbhagya and Bhattacharya, 1971).

Transcript analysis of stress-responsive genes

The root and shoot tissues of mutant and WT plants exposed
to phytohormone (ABA), dehydration stress (PEG) and
pot-level drought (for 3 and 7 days) were used to check the
transcript pattern of seven stress-regulated genes such as
Trehalose Phosphate Phosphatase-1 (OsTPP1), Late Embry-
ogenesis Abundant 3—1 protein (OsLEA3-1), type 2C Protein
Phosphatase (OsPP2C), Dehydration Responsive Element
Binding protein 2B (OsDREB2B), NAM-ATAF1-2-CUC2
proteins (OsNAC1, OsNAC2) and Ser/Thr protein Kinase-1
(OsSIK1I). These genes are involved in ABA signaling and
in modulating heat, cold, salt and drought stresses. The tran-
script levels of these genes in tagged lines were normalized
with those of the corresponding stress-induced WT plants.
The transcript patterns of stress-related genes were analyzed
by qRT-PCR and relative fold change was calculated by the
double-normalization method.

Seed germination assay with ABA treatment

The seeds of the mutants and WT were germinated on half-
strength MS media containing 50 uM and 75 uM ABA under
16/8 h light/dark cycles. Seeds germinated on half-strength
MS media without ABA were used as untreated controls.
The germination of the seeds was documented after 5 days.

Statistical analysis

All the qRT-PCR experiments were conducted in three bio-
logical and technical replicates, whereas phenotypic and
physiological experiments were performed in replicates of
three plants. Statistical analysis of the mean values has been
calculated using one-way ANOVA in SigmaPlotv11 at sig-
nificance level P <0.001 marked as “a”, P <0.025 marked
as “b” and P <0.05 marked as “c” in bar diagrams.

Results

Identification of tagged genes

Out of the selected activation-tagged mutant lines identi-
fied for enhanced WUE through studies on photosynthetic
performance and A3C analysis, two lines XM3 and SM4

were chosen for a detailed analysis. Although the roles of
these two gene encoding proteins have been well studied
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«Fig. 1 Gene map and quantitative real-time PCR of the tagged genes.
Pictorial representation of the point of integration of the tetrameric
enhancer element of the activation tagging vector, the genes in the
20 kb span and the subsequent quantitative real-time PCR analy-
sis. (a, ¢) The bold double-headed arrow represents the enhancer
integration. In the line XM3, three genes were present (LOC_
0s01g49670, LOC_0s01g49680 and LOC_0Os01g49690) and in the
line, SM4 (En.124), five genes were present (LOC_Os10g02890,
LOC_Os10g02900, LOC_0s10g02910, LOC_0s10g02920, LOC_
0s10g02930) in the selected region. Quantitative real-time PCR
(qRT-PCR) analyses showed up to 16-fold upregulation of two genes,
i.e., b XPB2 and d SEN! compared to the WT in XM3 and SM4
lines, respectively. Other tagged genes showed an expression level
similar to that of the WT. The data were normalized using rice actin
as an internal reference gene. One-way ANOVA was performed at a
significance level P <0.05 annotated by asterisks*

in nuclear activities, their involvement in stress responses
or WUE has not been emphasized so far. It was observed
that under limited water conditions, WT had higher A'*C
(23.75%0) values compared to both the selected mutant lines,
XM3 (20.05%0) and SM4 (20.14%o), respectively (Fig. S1).
Since lower carbon discrimination values indicate higher
WUE (ABC is inversely related to WUE), these lines were
carried further for flanking gene analysis. TAIL-PCR analy-
sis was performed on the selected mutants, SM4 (En.124)
and XM3 (DEB.36) to support the transgenic nature of the
selected plants, specify the site of integration of the tetra-
meric 35S enhancers in their genomes and identify the genes
in their immediate vicinity. The list of TAIL-PCR primers
is provided in Supplementary Table S6. The sequences
obtained from TAIL-PCR were subjected to a nucleotide
BLAST search in the rice genome database to map the exact
location of integration of the tetrameric enhancer elements
(Fig. S2a, b). This led us to identify the genes on either side
of the 4X enhancers in the two mutants.

In the tagged line, XM3, LOC_Os01g49670, LOC_
0s01g49680 and LOC_0Os01g49690 were present in a
20 kb region. Among these, LOC_0Os01g49670 and LOC_
0s01g49680 were situated 8 kb and 0.1 kb upstream of
enhancers, encoding cytidylyltransferase domain contain-
ing protein and the DNA repair helicase XPB2, respectively.
LOC_Os01g49690 was located 2 kb downstream from the
enhancer integration and encodes a Ser/Thr protein phos-
phatase. In the SM4 mutant, the enhancers were flanked by
LOC_0s10g02890, LOC_0s10g02900, LOC_0s10g02910,
LOC_0s510g02920 and LOC_0Os10g02930 loci in a 20 kb
region. The first two genes that were located 4 kb and 1 kb
upstream of the enhancers encode unidentified putative
proteins, while the remaining three that were located 1 kb,
4 kb and 7 kb downstream, and encode a transposon protein,
cytochrome B561 and SENT1 helicase, respectively.

A gRT-PCR analysis revealed a 16-fold upregulation of
the genes, XPB2 (LOC_0Os01g49680) and SENI (LOC_
0s10g02930) in the lines XM3 and SM4, respectively

(Fig. 1a—d) with respect to WT, while there was no consid-
erable change in the level of expression of the other genes
in the 20 kb regions of the selected mutants.

Promoter analysis of SEN1

The XPB2 promoter region was earlier reported to have
many cis-acting elements including the one for early respon-
siveness toward dehydration (ABRELATERD1), and dehy-
dration responsive element (CBFHV) and MYBCORE ele-
ment that respond to water stress (Raikwar et al. 2015). Our
in silico promoter analysis of SEN/ also revealed several
cis-acting stress-responsive elements. The definite loca-
tion and the detailed list of the cis-regulatory elements are
provided in Supplementary Figure S3 and Table S2. These
included 12 MYB binding elements (CAACTG and CAA
CCA/CAACAG) and two ABRE motifs (CGTGG) respon-
sible for drought responsiveness among the others. The high
transcriptional upregulation of these two genes in response
to ABA and dehydration stress-inducing agent, PEG can be
correlated with the presence of the corresponding responsive
elements in the putative promoter region.

Transcript analysis of XPB2 and SENT under biotic
and abiotic stresses

Since the SENI and XPB2 genes were suggested to be
involved in improving the WUE of rice under limited water
conditions, we found out the responsiveness of these two
genes to other stresses as well. Their transcript patterns were
studied in response to various phytohormones and abiotic
stress-inducing factors. Both the genes showed high upregu-
lation, notably in the root tissues compared to the shoots. We
have categorized the expression patterns of the two genes
as early (expressing within 3—12 h of treatment) and late
(expressing after 12 h of treatment) responsive.

In the shoot, the level of XPB2 transcripts was induced
over threefold by SA, NaCl, ABA, PEG and heat stress
(42 °C) (Fig. 2a) as an early stress response, which reached
the peak during this period except for PEG, which increased
up to sixfold after 48 h. The transcript level in roots was
upregulated over fivefold under all six conditions within 3
to 12 h indicating the early responsiveness of the gene. In
response to PEG, the high transcript levels (tenfold) were
maintained after 12 h, while under NaCl (11-fold), ABA (48-
fold) and heat stress (14-fold) treatments, high transcript lev-
els were detected after 48 h also (Fig. 2b). In shoots, SENI
transcript level was induced as an immediate response under
ABA (ninefold) and PEG (threefold) treatments within 3 h.
Later, their levels decreased under ABA, while in response
to PEG, the levels achieved a peak of 18-fold after 48 h
(Fig. 2c). Early response of SENI was observed under SA,
NaCl, ABA and PEG in roots, while a late response was
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Fig.2 Transcript analysis of XPB2 and SENI. Quantitative real-time
PCR (qRT-PCR) analyses of a, b XPB2 shoot and root and ¢, d SEN1
shoot and root, respectively, in response to phytohormone and chemi-
cal treatments. Ten-day-old rice seedlings were subjected to SA, MJ,
NaCl, ABA, PEG and heat treatments and root and shoot tissues
were collected at various time points. Rice actin, act/, was used as

noted upon exposure to MJ and heat stress. The transcript
level was maintained in response to PEG (fivefold) from 12
to 48 h, while ABA continued to increase its upregulation
with the response reaching up to 320-fold at the end of 48 h
(Fig. 2d).

On the contrary, Xoo and R. solani pathogens failed to
induce the transcript levels of SENI and XPB2. Upon infec-
tion with Xoo, both SENI and XPB2 were downregulated by
0.4-fold and 0.3-fold, respectively. In response to R. solani,
the transcript level of SENI was like that of untreated sam-
ples whereas, XPB2 showed an elevation of around 2.4-fold
(Fig. S4).

Phenotypic and physiological analyses
of the tagged mutants under PEG and ABA

The two tagged mutants exhibited improved tolerance in
response to dehydration stress (10% PEG) and phytohor-
mone (50 uM and 75 uM ABA) treatments 20 DAS. The
cumulative wilting of WT ranged between 9% (50 uM ABA)
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the internal reference gene. The fold change was calculated using the
AAC; method. The mean and the standard error are plotted in ver-
tical bar graphs. One-way ANOVA was performed at a significance
level P<0.001 marked as a, P<0.025 marked as b and P<0.05
marked as ¢

to 60% (PEG) under all three conditions and 30% (PEG)
to 60% (50 uM ABA) 20 DAR (Fig. S6a to d). XM3 and
SM4 lines, on the contrary, exhibited maximum wilting of
12 and 14% under PEG and maximum recovery of 85 to
95% 20 DAR from 50 pM ABA and PEG indicating that
the enhanced expression of both the helicases rendered the
plants more tolerant to water stress compared to the WT.

Seedling shoot and root parameters

The fresh weight, shoot and root lengths (Fig. S7a—c) of
the tagged lines were recorded 10 and 20 DAS. The XM3
line exhibited a higher fresh weight 20 DAS (0.16-0.21 g)
because of increased branching but showed similar shoot and
root lengths related to the corresponding WT (0.11-0.17 g).
In the SM4 line, the fresh weight was observed to be
0.21-0.25 g because of longer shoot and root lengths than
the WT. The mean of these recordings for the WT and
mutant plants 10 and 20 DAS was plotted as bar graphs.
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Yield-related traits

Post-acclimatization in the greenhouse, the XM3 and SM4
lines were noticed to have better phenotypic parameters
with an increased number of tillers and panicles per plant,
improved plant height, boot leaf, panicle length, number of
seeds per plant, seed weight and photosynthetic efficiency
(Fig. 3a, b). The histogram depiction of the phenotypic
parameters is provided in Figure S8(a—c), and the mean
values along with their standard errors are provided in
Supplementary Table S5.

The WT plants after revival from all the three stress
treatments had two to three tillers per plant with one to
two bearing panicles, shorter plant height, boot leaf and
decreased panicle length. XM3 and SM4 lines had three to
seven tillers and three to nine tillers per plant, respectively,
all being productive. These were bigger, had longer boot
leaf and panicle lengths than the WT. The boot leaf and
panicle lengths were observed to be codependent.

In response to 75 uM ABA, a single WT plant sur-
vived bearing only 11 seeds. The total seed yield of XM3
(~461 seeds) and SM4 (~557 seeds) was 97 and 98% more
than the corresponding WT, respectively. About 75 to 80%
(XM3 and SM4, respectively) difference in seed yield was
also observed under 10% PEG. Under untreated condi-
tions, the weight of 100 seeds was almost similar in WT
and the tagged lines. However, a significant difference was
noted under PEG and 50 pM ABA stress conditions. These
physiological parameters indicated decreased sensitivity of
SENI1 and XPB2 toward high ABA concentrations.

Photosynthetic efficiency

In untreated WT, the quantum yield was found to be 0.74,
whereas in both the untreated tagged mutants the effi-
ciency was 0.77. Under 10% PEG, 50 and 75 uM ABA,
the quantum yield of the WT decreased to 0.63 and 0.67,
respectively. But the tagged lines continued to maintain
higher quantum efficiency, which was almost similar to
the untreated controls. The F,/F,, ratio ranged from 0.72 to
0.77 in XM3 and SM4 lines, respectively, even after PEG
and ABA treatments.

Chlorophyll and proline estimation

The contents of a, b and total chlorophyll were measured in
the WT, and the tagged lines post-stress (Fig. 4a—c) and post-
recovery (Fig. S9a—c). In XM3, the a, b and total chlorophyll
contents were 17 pg, 10 pug and 27 ng/50 mg fresh weight,
respectively, compared with WT, which had 10 pg, 8 ug and
21 pg/50 mg fresh weight, respectively, under PEG stress. The

chlorophyll contents of XM3 post-recovery were observed to
be slightly high under PEG and 50 uM ABA.

In SM4, the a, b and total chlorophyll contents post-stress
ranged from 11 to 15 pg, 11 to 19 pg and 23 to 34 pg/50 mg
fresh weight, while those of the WT ranged from 8 to 11 ug, 5
to 8 pg and 15 to 21 pg/50 mg fresh weight, respectively. Post-
revival, the chlorophyll contents of SM4 were greater than the
WT under all three stress conditions.

Under untreated conditions, WT, XM3 and SM4 had simi-
lar proline content, which ranged from 0.6 to 0.7 mg/100 mg
fresh weight. Treatments with 10% PEG and 50 uM ABA had
induced the proline content to rise to 0.9—-1.0 mg/100 mg fresh
weight in all of them. Under ABA 75 uM treatment, SM4
accumulated a remarkably high proline level (4 mg/100 mg
fresh weight) compared with WT (Fig. 4d). After revival, the
proline content of all the treated lines dropped and was almost
similar to their corresponding untreated controls (Fig. S9d).
Thus, higher chlorophyll and proline contents appeared to be
related to improved photosynthetic efficiency and stress toler-
ance of the tagged lines leading to sustainable productivity.

The PCA of 24 morpho-physiological and biochemical
properties showed that 72.73% of the variance among the
genotypes was because of the factors influencing the first
two dimensions (PC1 and PC2). These included 20 DAS
fresh weight, 20 DAS chlorophyll and proline contents,
revival percentage, photosynthetic efficiency, plant height,
tiller numbers and seven other yield-related parameters
(Fig. 5a and Tables S3 and S4). It is apparently noticed in the
2D plot (Fig. 5b) that WT, XM3 and SM4 behaved similarly
under untreated conditions, but after the application of stress
(PEG, ABA 50 uM and ABA 75 uM), they drifted farther
away on the plot in different directions indicating their dif-
ferential behavior. SM4 and WT responded differently under
all three stress conditions whereas, XM3 behaved differently
under PEG and 75 pM ABA conditions. Under 50 uM ABA,
XM3 and WT showed similar behavioral patterns. These
are observed by setting the distance or the closeness among
the points. The overlapping region of XM3 and WT under
PEG and ABA (50 uM) treatments showed similar behavio-
ral pattern under these conditions, which are depicted by the
parameters belonging to higher PC. WT moves along PC1
representing increased leaf wilting and SM4 moves toward
PC2 showing higher tiller number and proline content (Fig.
S5). XM3 remained intermediate between PC1 and PC2 cor-
responding to intermediate changes in the parameters.

Seed quality and yield-related observations
on the tagged lines under pot-level drought
conditions

The tagged lines and the WT plants were exposed to periodic

drought conditions in pots for 3 (60% FC) and 7 (40% FC)
days. The WT showed a pale green phenotype and higher leaf
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«Fig. 3 Physiological analysis of tagged lines. Phenotypic and physi-
ological observations were performed post-acclimatization of the
tagged lines (XM3 and SM4) in comparison with the WT plants.
These include the difference in plant height, boot leaf and panicle
length a as observed phenotypically. b represents the observed phe-
notypic features plotted as a radar graph. The parameters plotted are
plant height (cm), number of tillers/plant, number of productive till-
ers/plant, primary branch/panicle, seeds/branch, seeds/panicle, total
seeds/plant, 100 seed weight (g), boot leaf length (cm) and the pani-
cle length (cm) and photosynthetic efficiency of the WT lines com-
pared to XM3 and SM4 lines. (i), (ii), (iii) and (iv) represent differ-
ent conditions such as untreated, 10% PEG, 50 uM and 75 uM ABA,
respectively. The mean values have been plotted in a logarithmic
(log,,) scale. The tagged lines were observed to perform better under
simulated stress conditions than the WT lines. The decrease in size of
the black undecagon (WT) represents the same

rolling compared to XM3 and SM4 after 7 days (Fig. S10).
No substantial difference in yield and phenotypic parameters
were observed post 3 days of drought treatment. After induc-
tion of successive drought for 7 days, WT yielded ~200 seeds
per plant and each of two mutants produced ~400 seeds per
plant (Fig. 6). We studied a few important physiochemical
properties of the seeds, such as the weight of 100 seeds,
their length:breadth ratio and amylose:amylopectin contents
(Table S6). Amylose:amylopectin ratio was observed to be
0.08 under both untreated and stress conditions in all the
three genotypes (WT, XM3 and SM4). Likewise, no changes
in hundred-seed weight (1.3—1.4 g) and length:breadth ratio
(2.7-2.9) were noticed. The mean and the standard errors of
the data are provided in Table S6.

Seedling germination assay in ABA treatment

The seed germination in the presence of 50 and 75 uM ABA
showed germination retardation after 5 days compared with
the untreated control (Fig. S11). The seeds of the tagged
mutant lines continued to germinate and sustained on
ABA-containing medium. Both XM3 and SM4 had longer
roots with emerging shoots even at higher concentrations
of ABA whereas the WT seeds showed mild germination
under 50 uM concentration and failed to germinate at 75 uM.
These results suggest that higher expression of SENI and
XPB?2 renders the plant less sensitive to ABA.

Transcriptional analysis of stress-responsive genes
in tagged lines

We checked the transcript levels of seven stress-respon-
sive genes (OsTPPI, OsLEA3-1, OsPP2C, OsDREB2B,
OsNAC1, OsNAC2 and OsSIK]I) in the shoot (Fig. 7a—c)
and root (Fig. 7d-f) tissues of tagged lines under treated
conditions (PEG, 50 and 75 uM ABA). Most of these genes
in shoots were upregulated under the influence of ABA treat-
ment, while several of them were upregulated under PEG

in roots. This showed that the helicases might affect the
expression of several stress-responsive genes resulting in
stress tolerance. Two genes, OsPP2C (ABA-dependent) and
OsDREB2B (ABA-independent), were observed to be down-
regulated or have an equal level of expression as the WT in
shoot and root tissues under ABA. The observation was the
same in both XM3 and SM4 tagged lines. This suggests that
XPB2 and SEN1 are implicated in both ABA-dependent and
independent pathways of stress tolerance.

In shoot tissues of XM3 lines, 50 uM ABA induced the
expression of OsNACI, and OsTPPI and OsNAC1 were
upregulated by threefold to eightfold, respectively, under
75 UM ABA. OsLEA3-1 and OsSIK1 were induced (two-
fold to ninefold) under both concentrations of ABA. Under
PEG treatment, OsSIKI, OsNAC2 and OsPP2C showed
twofold—threefold upregulation in shoots, whereas OsTPP1,
OsLEA3-1, OSPP2C, OsDREB2B, OsNACI and OsNAC2
were upregulated moderately in roots. OsLEA3-1 and
OsPP2C exhibited the highest transcript levels up to 100-
fold and 15-fold, respectively. In response to both 50 and
75 uM ABA, OsTPP] and OsSIK1 showed twofold—fourfold
upregulation in XM3 lines.

The shoots of SM4 showed fivefold to sixfold upregula-
tion of OsTPPI, OsLEA3-1 under 75 uM ABA and two-
fold upregulation of OsNAC?2 under 50 uM ABA. OsSIK]
was highly upregulated by eightfold and 11-fold under PEG
and ABA 75 uM treatments, respectively. In root tissues,
OsTPP1, OsLEA3-1 and OSPP2C were upregulated under
PEG treatment and OsLEA3-1 exhibited the highest tran-
script level up to 42-fold. Under 50 uM ABA treatment,
OsTPPI1 and OsNAC2 were expressed by 2.5-fold and
OsSIK1 was upregulated by 37-fold. OsTPPI and OsSIK1
were upregulated under both the concentrations of ABA.

We have likewise performed a comparable analysis on the
tagged lines after exposing them to pot-level drought stress
for 3 and 7 days (Fig. 7g). It was realized that the upregula-
tion of these genes was more prominent in the root tissues
compared with the shoots. OsNAC2 and OsSIK]I showed a
moderate upregulation of twofold—threefold in shoots after
3 days, whereas in roots, OsNAC1 and OsNAC2 were upreg-
ulated to sevenfold and twofold, respectively, in the XM3
line. In the SM4 line, OsSIKI showed 3.5-fold upregula-
tion in shoots and OsNACI and OsNAC2 showed sevenfold
and twofold upregulation in roots. Thus, three out of seven
genes were upregulated after 3 days of treatment. After 7
days of prolonged drought treatment, six out of seven genes
became upregulated. A twofold upregulation of OsTPP1 was
detected in XM3 shoots, whereas OsPP2C showed fourfold
upregulation in roots. In SM4 shoots, OsTPP1 and OsNAC2
genes showed a twofold upregulation, and OsDREB2B,
OsNACI and OsSIKI were upregulated by 2.6-fold in SM4
roots.
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Discussion

The functions of redundant and embryonic lethal genes in
plants can be effectively studied by integrating tetrameric
35S enhancers that activate the adjacent genes in either ori-
entation in the plant genome by a mechanism called activa-
tion tagging (Weigel et al. 2000; Jeong et al. 2002; Wan et al.
2009). Some activation-tagged lines in an indica rice variety
generated earlier by our group showed high WUE-related
physiological parameters and yield under limited water
conditions (Moin et al. 2016a). The individual CaMV35S
promoters cause ectopic overexpression of gene(s) that are
in transcriptional fusion with them, and this occasionally
leads to pleiotropic effects in the transgenic plants. How-
ever, the enhancers, which are only one of the components
in the complete 35S promoter, do not lead to constitutive
expression but upregulate the target genes more than their
endogenous levels. Thus, the plant phenotype resulting from
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a, chlorophyll b, total chlorophyll and proline contents post-stress,
respectively. One-way ANOVA was performed at a significance level
P <0.001 marked as a, P <0.025 marked as b, P <0.005 marked as ¢

enhancer-mediated activation would more likely reflect the
original function of the tagged gene (Weigel et al. 2000;
Jeong et al. 2002; Tani et al. 2004).

XPB2 and SENT1 helicases are induced in rice roots
under chemical and hormonal treatments

The two mutant lines employed in this study were stable Ds
lines devoid of the Ac element. Also, the enhancer integra-
tion was intergenic and hence, the function of other endog-
enous genes might not have been disrupted, which would
have otherwise occurred because of intragenic inactivation.
Owing to stable and intergenic integration, the WUE and
drought-tolerant phenotypes of the two selected mutants
have resulted more likely by enhanced activation of their
respective genes. The mutant lines were shortlisted based
on their quantum efficiency and A'*C values. During water
stress, plants close their stomatal aperture, reducing their
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intercellular CO, concentration (C;). ABCis directly influ-
enced by the C; and hence, its decline during stress enhances
carbon discrimination and lowers the WUE (Martin and
Thorstenson 1988; Chen et al. 2011). The higher quantum
efficiency and low A'>C of mutants as observed in this
study indicate high photosynthetic performance and WUE,
respectively, thereby culminating in increased yield under
water withdrawal conditions. In the XM3 line, XPB2 DNA
helicase, near the enhancer was upregulated as compared to
other genes present in the neighborhood, which showed no
upregulation as in the WT. Also, SENI RNA helicase proxi-
mal to tetrameric enhancers became upregulated in SM4.
The expression of SENI and XPB2 helicases was induced
particularly in root tissues by application of stress-inducible
phytohormone, ABA and PEG. Since roots are the primary
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organs that perceive the stress signals, an upregulation of
the genes in root tissues shows their role in regulating a
signaling cascade for water stress responses (Janiak et al.
2016). Unlike abiotic stress treatments, the transcript levels
of SENI and XPB2 were not significantly activated by the
pathogens, Xoo and R. solani.

XPB2 and SENT help in enhancing productivity
in rice under limited water conditions

The SENI and XPB2 gain-of-function mutants were sub-
jected to simulated water stress conditions by allowing them
to grow in PEG and two concentrations of ABA, and drought
by subjecting them to periodic water withdrawal conditions
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Fig.6 Comparative analysis of yield-related traits at pot-level
drought conditions. Graphical representation of yield-related traits
was observed in the three genotypes (WT, XM3 and SM4) after
imposing drought conditions. Periodic removal of water was done
consecutively for 3 and 7 days followed by re-application of water
until seed setting. For the control setup, all three genotypes were

in pots. The performance of tagged lines, XM3 and SM4 was
superior under all the stress conditions.

PCA allowed us to quickly and intuitively identify the
phenotypic pattern hidden in the high-dimensional multi-
variate dataset of morpho-physiological and biochemical
parameters. We could demonstrate the similar phenotypic
responses of the genotypes untreated conditions, and the tol-
erance of the gain-of-function mutants, XM3 and SM4 under
simulated stress conditions. On the PCA plot, they remain
in different locations from the WT indicating a distinctive
phenotypic response, which could be because of a difference
in their ability to respond to the stress as a response driven
by the gain-of-function mutations in these genotypes.

Root length under water deficiency is an important trait
for plant productivity. Thus, comparatively longer roots
in SM4 lines under simulated water stress indicate their
enhanced tolerance (Sharp and LeNoble 2002; Janiak et al.
2016). Similarly, the tagged lines showed vigorous pheno-
types after 3 and 7 days of drought treatment in pots with
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continuously watered normally throughout the experiment. a—d rep-
resents the untreated condition and e-h and i-l represent consecu-
tive 3- and 7-day drought, respectively. A significant difference in the
total seeds per plant was observed after 7 days of drought. One-way
ANOVA with a Bonferroni correction was performed at the signifi-
cance level P <0.05 which are marked as c in bar diagrams

respect to the WT. Drought hampers the water balance of
the plant that causes growth retardation and premature
senescence of leaves (Anjum et al. 2011; Sreenivasulu et al.
2012). We observed similar phenomena in the WT, which
had lower biomass, higher wilting percentage and smaller
plant revival percentage compared with the tagged mutant
counterparts under simulated stress conditions. Therefore,
SENI1 and XPB2 appeared to be engaged in providing rigid-
ity or vigor to the plant during and after stresses.

An excessive level of ABA leads to the inhibition of shoot
growth, reduced carbon accumulation and yield (Zhang et al.
2006; Blum 2005). Such stress avoidance mechanism was
found in the WT, which showed decreased plant height
and yield post-revival. The exogenous stress cues had lit-
tle impact on the physiology and yield of the gain-of-func-
tion mutant lines. Prolonged drought closes the stomata,
causing ineffective gaseous exchange and a decline in the
photosynthetic capability of the plant (Sreenivasulu et al.
2012). This is clear from the photosynthetic performance
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Fig. 7 Expression analysis of stress-responsive genes under simulated
and pot-level drought conditions. Graph representing the transcript
level of seven drought specific genes under imposed stress cues (10%
PEG, 50 and 75 uM ABA) in shoots (a—c) and roots (d—f) tissues of
the tagged lines with respect to the WT plants. Rice actin was used as
the internal reference gene. The individual WT sample for each treat-
ment was used to normalize the data. The fold change was calculated
using the AAC; method. The mean and the standard error are plot-
ted in a vertical bar graph. One-way ANOVA was performed at a sig-

of the WT compared to XM3 and SM4 lines. The F /F,,
ratio indicates the photochemical efficiency or the degree of
stress experienced by the plant (Murchie and Lawson 2013;

row max

nificance level P<0.001 marked as “a”, P<0.025 marked as ‘“b” and
P <0.05 marked as “c”. g Transcript analysis of seven drought spe-
cific genes in root and shoot tissues post 3 days and 7 days drought.
The data were normalized using rice actin as the internal reference
gene. The corresponding WT samples for each drought treatment
were used to normalize the data, and the fold change was calculated
using the AAC method. The results were depicted as heatmaps gen-
erated by the MORPHEUS program

Osmolovskaya et al. 2018). The healthy untreated WT and
mutant plants had a quantum efficiency ranging from 74
to 77%. When exposed to stress, the efficiency of the WT
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decreased to a range of 63-67%, while that of the tagged
lines remained nearly unaltered (72—-77%). This points to
the fact that the photosynthetic ability of the tagged lines
was not deterred by the stress. Since both chlorophyll a and
b are susceptible to drought stress, their higher contents in
the tagged lines corroborate better photosynthetic compe-
tence of XM3 and SM4 and, in turn, their yield (Anjum
et al. 2011; Osmolovskaya et al. 2018; Zhang et al. 2018).
Similarly, SM4 lines also accumulated a high level of pro-
line under ABA treatment. During drought stress, plants
maintain turgor pressure by accumulating ions and organic
solutes, and proline is one of these compatible solutes. A
higher level of this constitutes a known osmotic adjustment
in cells. Greater accumulation of osmoprotectants indicates
better drought tolerance and regulation of osmotic potential
(Anjum et al. 2011; Yang et al. 2018; Zhang et al. 2018).
The boot leaves are regarded as an important source of
metabolites in rice plants that contribute to plant productiv-
ity. Their length has a positive correlation with the pani-
cle length and yield (Rahman et al. 2014). Also, high ABA
accumulation in reproductive tissues can lead to the abortion
of pods and reduce the grain filling period (Sreenivasulu
et al. 2012). Therefore, a decrease in the boot leaf and pani-
cle length in the WT under stress indicates its susceptibil-
ity toward drought. A 26-98% higher yield per plant in the
tagged lines over the WT under simulated conditions and
9-50% more yield per tagged line under pot-level drought
experiments imply that the SEN1 and XPB2 helicases are
not only involved in maintaining a sustainable yield but
also responsible for improved yield in the gain-of-function
mutants even under severe stress conditions. Our statistical
analyses also support these findings. The phenotypic perfor-
mance and yield of WT significantly declined after 7 days
of persistent drought (at P <0.05), while the mutant lines
showed no significant change in yield pre- and post-stress
conditions. A significant difference in yield was also noticed
within the genotypes under the drought. These investigations
further reinforce the role of helicases in promoting toler-
ance toward drought/dehydration stress. While improving
the yield, the enhanced expression of helicases did not affect
grain quality. It has been determined by seed weight, dimen-
sions and chemical composition of the endosperm (Chang
and Somrith 1979). Starch is made of two components, one
is linear chain amylose and the other being branched chain
amylopectin. The amylose-amylopectin ratio determines the
cooking and feeding quality of rice, which affects swelling
and disintegration properties (Juliano 1979). Hence, this
composition is crucial for determining the seed quality.
The helicases identified in this study do not belong to the
DEAD/H box helicases, which are well known for inducing
drought tolerance when overexpressed in plants. XPB2 falls
under subgroup, SF2, while SEN1 belongs to Upf-1-like
subfamily under SF1B (SEN1) group of helicases (Raikwar
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et al. 2015; Martin-Tumasz and Brow 2015). Both the
genes have been surveyed extensively in yeast and humans
for their role in maintaining genomic stability, but have not
been explored for drought stress tolerance in plants. Apart
from a few in silico and AtXPBI knockout studies (Costa
et al. 2001; Raikwar et al, 2015), no reports on these heli-
cases are available in drought stress responses. OsSUV3 is
a known DEAD/H box helicase from rice, whose overex-
pression in IR64 rice variety has led to improved drought
tolerance (Tuteja et al. 2013). Another rice RNA helicase,
OsRHS58 exhibited drought-tolerant activity in Arabidopsis
(Nawax and Kang 2019). PDH45 and PDH47 are pea DNA
helicases, which have similar tolerance when expressed
under the constitutive promoter in groundnut (Manjulatha
et al. 2014), chili (Shivakumara et al. 2017) and rice (Singha
et al. 2017). SIDEAD31, an RNA helicase from Arabidopsis
imparted drought tolerance when expressed constitutively
in tomato (Zhu et al. 2015). Other helicases from Arabidop-
sis include RH5, RH8 and RH25, which had been reported
for enhancing drought tolerance in plants (Kant et al. 2007;
Baek et al. 2018).

The WT seeds inoculated on 75 pM concentration of
ABA failed to germinate after 5 days, but XM3 and SM4
tagged lines germinated normally and continued to grow.
Usually, high ABA concentration compromises the germina-
tion rate and seedling establishment causing cell dehydra-
tion, wilting and death. (Zhang et al. 2018). The germina-
tion ability of tagged lines shows the probable role of SEN1
and XPB2 in the negative regulation of ABA-mediated seed
dormancy.

Existence of a probable cross-talk between SEN1
and XPB2 with other stress regulatory pathways
resulting in drought tolerance of rice

The expression level of seven stress-specific genes was
studied in the tagged lines under PEG, ABA and pot-level
drought after the complete withdrawal of water. There was
an upregulation of all seven genes in XM3 and five genes
in SM4 under simulated stress conditions. Under pot-level
drought, four genes in XM3 and seven genes in SM4 became
upregulated. This implies a possible cross-talk between
SENI1/XPB2 and other stress-tolerant genes, which together
not only induced stress-tolerance in the tagged lines but also
improved their productivity under stress. However, the inter-
action between the stress regulatory genes and the pathways
they operate requires further investigation.

In conclusion, the gain-of-function mutant lines of SEN/
and XPB?2 genes had the advantage over the WT in overcom-
ing drought and dehydration stress. Currently, efforts are
underway to independently overexpress these two genes for
comprehensive functional characterization and likewise to
understand the underlying mechanism of stress tolerance.
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The expression of these genes is regulated by ABA, PEG and
other stress factors, but there is no convincing evidence that
these genes work in an ABA-dependant or an independent
manner. The promoter analysis of XPB2 showed the exist-
ence of ABRE, DRE and MYB cis-acting elements and that
of SENI showed MYB and ABRE motifs. The presence of
both DRE and ABRE elements suggests the simultaneous
existence of ABA-dependent and independent gene regula-
tion (Roychoudhury et al. 2013; Yoshida et al. 2014). Such
phenomenon had been seen in Arabidopsis rd29A gene pro-
moter (Narusaka et al. 2003). Also, MYB transcription fac-
tors are known to function in an ABA-dependent manner
during stress, but certain MYB factor like OsMYB3R-2 was
less sensitive to ABA (Dai et al. 2007). From our observa-
tions, the XM3 and SM4 gain-of-function mutant lines have
decreased sensitivity toward ABA, although their expression
is induced by it. Thus, SEN1 and XPB2 helicases might play
a transitional role in ABA-dependent and independent path-
ways. OsPP2C is a very potent ABA-dependent gene, and
OsDREB2B is another ABA-independent gene that either
shows an equal level of expression as the control or gets
downregulated both in root and shoot tissues. The down-
regulation or consistent expression of OsPP2C (an ABA-
dependent gene) and OsDREB2B (an ABA-independent
gene) during the expression analysis under ABA treatment
is probably an outcome of cross-talk between the two path-
ways or the existence of a negative feedback mechanism.
Reports suggest the existence of such negative regulation of
stress marker genes by OsNAC?2 despite the gene itself get-
ting induced by ABA (Shen et al. 2017). Based on the previ-
ous considerations, it can also be presumed that both genes
regulate stress-tolerance mechanism either by inducing DNA
repair pathways to overcome DNA damage emanating from
stress or by effectively terminating pervasive transcription
or by resolving unwanted DNA: RNA or RNA: RNA hybrids
formed during stress (Mischo et al. 2011, 2018; Richards
et al. 2008; Raikwar et al. 2015; Han et al. 2017) thereby,
upregulating the transcription of other important stress regu-
latory genes. These genes appear to have a positive regula-
tion toward stress tolerance of rice plants.
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Abstract:

Our group has previously identified the activation tagging of a GRAS transcription factor
(TF)gene in the gain-of-function mutant population of rice (indica rice variety BPT 5204)
screened for water use efficiency (Moin et al, 2016a). This family of GRAS transcription
factors has been well known for their diverse roles in gibberellin signaling, light responses,
root development, gametogenesis etc. Recent studies indicated their role in biotic and abiotic
responses as well. Although this family of TFs received significant attention, not many genes
were identified specifically for their roles in mediating stress tolerance in rice. Only OsGRAS23
(here named as OsGRAS22) was reported to code for a TF that induces drought tolerance in
rice. In the present study, we have analyzed the expression patterns of rice GRAS TF genes
under abiotic (NaCl and ABA treatments) and biotic (leaf samples infected with pathogens,
Xanthomonas oryzae pv. oryzae that causes bacterial leaf blight and Rhizoctonia solani that
causes sheath blight) stress conditions. In addition, their expression patterns were also analyzed

in thirteen different developmental stages. We studied their spatio-temporal regulation and


https://doi.org/10.1101/2021.06.28.449579
http://creativecommons.org/licenses/by-nc-nd/4.0/

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.28.449579; this version posted June 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

correlated them with in-silico studies. Fully annotated genomic sequences available in rice
database have enabled us to study the protein properties, ligand interactions, domain analysis
and presence of cis-regulatory elements in a bioinformatics analysis. Most of the genes were
induced immediately after the onset of stress particularly in the roots of ABA treated plants.
OsGRAS39 was found to be very highly expressive gene under sheath blight infection and both
abiotic stress treatments while OSGRAS8, OsSHR1 and OsSLR1 were also responsive. Our
earlier functional characterization (Moin et al.,, 2016a) followed by the genome wide
characterization of the GRAS gene family members in the present study clearly show that they
are highly appropriate candidate genes for manipulating stress tolerance in rice and other crop

plants.

Keywords: GRAS genes, rice, stress tolerance, genome-wide analysis

1. Introduction:

Identification and analysis of transcription factors (TFs) is an essential aspect of functional
genomics research. TFs bind to DNA or protein sequences and regulate gene expression (Zhang
et al., 2018). They play important roles in almost all cellular functions like growth,
development, metabolism, signal transduction, resistance/ tolerance to abiotic and biotic stress
factors among others. About 320k TFs from 165 different plant species have been reported.
Among them, some important transcription factors include WRKY, MBS, MADS, ARF,
AP2/EREBP, HB, SBP, bZIP, GRAS etc. (Zhang et al., 2018; Zijie et al. 2019; Navjot et al.,

2020)

GRAS group of transcription factors are plant specific proteins, first observed in bacteria and
assigned to the Rossman fold methyl transferase superfamily (Zhang et al. 2012). Later, this

group radiated towards the ancestors of bryophytes, lycophytes and other higher plants. (Cenci
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etal., 2017; Zhang et al., 2018). A large number of GRAS genes have been identified in various
plant species including 34 in Arabidopsis, 60 in rice, 86 in maize, 106 in Populus trichocarpa
and many others (Tian et al., 2004; Liu et al., 2014; Guo et al., 2017). The higher number of
genes in this gene family indicates that the expansion of the gene family might have happened
via segmental and tandem duplication events in evolution and retention of multiple copies post
duplication events (Tian et al., 2004; Huang et al., 2015). Till date, the GRAS family of TFs
have been studied in 30 different plant species including Arabidopsis, rice, mustard, lotus,
tomato, castor bean, poplar, pine, grapevine and others (Cenci et al., 2017). This gene family
has been divided into eight subfamilies in Arabidopsis and rice, while the number varied from
eight to thirteen in tomato, poplar and castor beans (Tian et al., 2004; Liu et al., 2014; Huang

etal., 2015; Wei et al., 2016).

GRAS proteins consist of 400-770 amino acid residues and derive the name from the first three
identified members of this family viz. Gibberellin-Acid Insensitive (GAI), Repressor of GAI
(RGA) and Scarecrow (SCR) (Pysh et al., 1999; Bolle et al., 2004; Zhang et al., 2017). These
genes have a conserved C- terminal region, which forms the GRAS domain and a variable N-
terminal region. The conserved region or the GRAS domain comprises five motifs in the
following order; leucine heptad repeat | (LHR ), VHIID motif, leucine heptad repeat Il (LHR
I1), PFYRE motif and the SAW motif. (Pysh et al., 1999). The conserved C- terminal domain
is responsible for the transcriptional regulation of the genes that exist under their control. The
LHR region is required for protein dimerization and the VHIID is necessary for protein-DNA
interactions. PFYRE and SAW are the other important regulatory domains that are present in
GRAS TFs. Mostly GRAS genes are nuclear localized except PAT1, which is found in the
cytoplasm. (Pysh et al., 1999; Tian et al., 2004). The variable N- terminal region consists of
intrinsically disordered regions (IDRs,) which are important for molecular recognition during

plant development. Due to these IDRs, the GRAS transcription factors are functionally
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78  polymorphic (Sun et al., 2012). This gene family integrates environmental and growth
79  regulatory cues and play significant roles in plant development. This family of genes is
80  responsible for a variety of biological functions including gibberellic acid signaling (GAI and
81 RGA of DELLA subfamily and SLR1 of rice) (Pysh et al., 1999; Liu et al., 2014; Vinh et al.,
82  2020), SHR and SCR genes for radial root patterning (Helaritutta et al., 2000), SCL3 for root
83  elongation (Huang et al.,2015), HAM for shoot meristem formation (Stuurman et al., 2002),
84  PAT genes for phytochrome signaling (Bolle et al., 2000), NSP1 and NSP2 for nodulation
85  signaling pathway (Huang et al., 2015) and some others for abiotic and biotic stress responses
86  (Sunetal, 2012; Zhang et al., 2018; Zeng et al., 2019). In many higher angiosperms, several
87  GRAS genes like ZmSCL7, AtRGA, AtGAI were shown to have roles in salt stress tolerance in
88 maize and Arabidopsis (Zeng et al., 2019). PeSCL7 from Populus is associated with the
89  modulation of drought and salt tolerance (Ma et al., 2010). OsGRAS23 (here named as

90 OsGRAS22) was shown to induce drought stress tolerance in rice (Xu et al., 2015).

91  In our previous study (Moin et al., 2016a), we have generated a pool of gain-of-function
92  mutants via activation tagging using tetrameric 35S enhancers and screening of some of these
93  mutants for water use efficiency led to the identification of several genes that were associated
94  with the target trait, the water use efficiency. These interesting gain of function mutants
95 included RNA and DNA helicases (SEN1 and XPB2) (Dutta et al., 2021), and genes for
96 ribosome biogenesis (RPL6 and RPL23A), protein ubiquitination (cullin4) and transcription
97  factors like WRKY 96 and GRAS (LOC_0s03g40080) (Moin et al, 2016a). A GRAS gene was
98  tagged in the mutant DEB.86 rice line, which showed a high quantum efficiency of 0.82 and a
99  low AC value of 18.06%o. Since high photosynthetic efficiency and low carbon isotope ratio
100 are proxies for high water use efficiency, DEB.86 was further analyzed for other phenotypic

101 characters. The activation tagged line DEB.86 exhibited improved plant height with increased
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102  tillering and seed yield and had the YOsGRAS4 gene tagged for activation tagging (Moin et al.,

103 2016a).

104 A total of 60 GRAS genes have already been identified in rice (Liu et al., 2014), out of which,
105  OsGRAS23 has been reported to enhance tolerance to drought (Xuetal., 2015) and PYOsGRAS4
106  has been identified to be associated with enhanced photosynthetic efficiency and water use
107  efficiency with enhanced agronomic features (Moin et al., 2016a). These reports led us to the

108 idea of studying the genome-wide expression analysis of this gene family.

109 In this study, we have shortlisted forty genes, one gene representing each paralogous group,
110  and provided an experimental basis to identify the potential GRAS genes capable of imparting
111  stress tolerance in rice. We have analyzed the genes selected in the GRAS family for their
112 spatio-temporal and stress induced expression. The phylogenetic relationship among GRAS
113 proteins, their genetic arrangements and structure, in-silico analysis of putative promoter
114  elements and protein properties were also studied. This study helps in the identification of
115 important GRAS genes for stress tolerance, which aids in their further functional

116  characterization.

117 2. Materials and methods:

118 2.1.Retrieval and nomenclature of GRAS sequences:

119  Our previous work on gain of function mutants generated through activation tagging
120  technology using the tetrameric 35S elements identified a GRAS gene as a potential player in
121 enhancing water use efficiency in rice (Moin et al., 2016a). Also, Xu et al. (2015) suggested
122 that OsGRAS23 is involved in inducing drought stress responses in rice. This has led us to
123 undertake literature search in the present study and we observed that Tian et al. (2004) have
124  identified 57 GRAS genes in rice. We searched the accession numbers of all 57 genes in NCBI

125 and did a BLASTN search in rice genome database (RGAP-DB, Orygenes DB), and retrieved
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126  the locus numbers of 47 genes. Simultaneously, we did a key word search of GRAS, DELLA,
127 Scarecrow, Monoculm, Chitin-inducible gibberellin-responsive protein, Gibberellin response
128  modulator protein, Nodulation signaling pathway and Short Root, and combined the search
129  results with the 47 genes retrieved from the literature search. We matched our list of 60 genes
130  with that of Cenci and Rouard (2017) and followed the same nomenclature. For more clarity,
131 we had performed a protein database search for the GRAS domain in NCBI, SMART, Prosite
132 and Pfam databases. We had selected 40 genes, one each from all the paralogous groups for

133 our analyses.

134 2.2.Genomic distribution of GRAS genes

135  The coordinates of all 60 GRAS genes were obtained from RGAB-DB and were fed in the
136 NCBI Genome Decoration Page. The outputs were combined and the genes were marked for

137  understanding the genomic distribution of OsGRAS genes.

138 2.3.Phylogenetic relationship of rice GRAS genes

139  Inorder to understand the evolutionary relationships between the rice GRAS genes, we aligned
140  the amino acid sequences in MEGAY7 software followed by the construction of an unrooted
141 phylogenetic tree. The tree was constructed using the Neighbour Joining method with a

142 bootstrap value of 1000.

143 2.4.Motif arrangements and organization of GRAS genes

144  All the 40 GRAS genes were subjected to MEME suite for conserved motif analysis using
145  default parameters. The number of motif scan was set to 10. Based on the previous article of
146 Pyshetal. (1999), the MEME-motifs were further classified into conserved GRAS motifs. The
147  gene organization was studied by subjecting the genomic and coding sequences in the Gene
148  Structure Display Server (GSDSv2). The number of exons, introns, untranslated regions

149  (UTRs) etc. were noted.
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150 2.5.1n-silico analysis of the putative promoter region

151  The cis- acting elements in the promoter regions play a major role in the coordinated expression
152  of the genes. Hence, it is crucial to identify these regulatory elements in order to correlate the
153  expression data with the genetic components. We retrieved <1kb upstream sequences of all 40
154  selected GRAS genes under study from the rice genome database and identified important
155  elements responsible for biotic and abiotic stress responses in them. The identification of the
156  elements was performed by subjecting the sequences in PlantCARE (Cis-Acting Regulatory

157  Elements) database and manually mapping them on the chromosomes.

158 2.6.Biochemical properties of GRAS proteins

159  The sequences of forty GRAS genes that were shortlisted were subjected to ExXPASyProtParam
160  tool to gauge their encoded proteins with amino acid length, molecular weight and theoretical
161  isoelectric points (pl). The three-dimensional structures of the proteins and their ligand
162 interactions were studied using 3DLigandSite software (Wass et al., 2010). The structures were
163  then subjected to Phyre2 (Protein Homology/Analogy Recognition Engine v2; Kelley et al.,
164  2015) program for analysis of the protein secondary structure composition. This tool gives an
165 idea of the percentage of secondary structures in a protein i.e. the percentage of a-helix, B-
166  sheets and disordered regions in proteins. The SMART (Simple Modular Architecture
167  Research Tool) online tool was used to analyse the protein domains and their low complexity
168  regions (LCRs). ExpasyProtParam tool also indicated the GRAVY indices of the proteins,
169  which provide information regarding the hydrophobicity of proteins. The localization and
170  existence of transmembrane helices of the genes were predicted using TargetP-2.0 and

171 TMHMM software, respectively.

172 2.7.Preparation of Plant material for studying the gene expression under native and

173 stress conditions
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174  For simulated abiotic stress experiments, BPT-5204 (Samba Mahsuri) rice seeds were surface
175  sterilized using 70% ethanol for 50 sec followed by 4% aqueous sodium hypochlorite solution
176  for 15 min and five washes with sterile double distilled water, each of one minute duration.
177  The sterile seeds were grown on Murashige and Skoog medium for 7 d under a 28 + 2°C for
178 16 h/ 8 h photoperiodic cycle (Saha et al., 2017). The seedlings were then subjected to NaCl
179 (250 uM) and ABA (100 uM) stress conditions for 60 h. Shoot and root samples were collected
180  periodically at 0 h, 15 min, 3 h, 12 h, 24 h and 60 h after the onset of stress. The untreated

181  samples were taken as controls for normalization of gene expression.

182  For studying the native expression patterns of the GRAS genes, tissue samples from thirteen
183  regions in rice seedlings were collected (Moin et al., 2016b, Saha et al., 2017). These included
184  embryo and endosperm from 16 h soaked seeds, plumule and radicle from 3 d old germinating
185  seeds, shoot and root tissues from 7 d old seedlings and shoot, root, root-shoot transition region,

186  flower, spikes and grain samples from mature 20 d old plants post-transfer to the greenhouse.

187  In order to study the expression of GRAS genes under biotic stress conditions, leaf samples of
188  one month old rice plants infected with Xanthomonas oryzae pv. oryzae (Xoo that causes
189  Bacterial Leaf Blight, BLB) and Rhizoctonia solani (that causes Sheath Blight, SB) were taken
190  post 20 d and 25 d of infection, respectively. Samples from plants of the same age without the
191  pathogen treatment were taken as the controls. The infection protocol was followed as per Saha

192  etal. (2017).

193 2.8.c-DNA preparation and Quantitative Real-Time PCR (qRT-PCR)

194  The plant material collected was used to isolate of RNA using Tri-reagent following
195  manufacturer’s protocol (Takara Bio, UK) and c-DNA was prepared using 2 pg total RNA
196  samples (Takara Bio, UK). The c-DNA samples were diluted ten times and an aliquot of 2 pl

197  of each sample per reaction was used for gqRT-PCR. All the primers were designed using
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198  Primer3 software and 10 uM primer concentration was used per reaction. The PCR program
199 included an initial denaturation step of 94°C for 2 min followed by 40 cycles of second
200 denaturation of 30 sec, annealing for 25 sec and extension at 72°C for 30 sec. The samples for
201 the current study were taken in biological and technical triplicates and the fold changes were
202 calculated using the AACtT method (Livak and Schmittgen, 2001). Rice actin and f-tubulin
203 genes were used as two housekeeping genes for internal normalization. For abiotic and biotic
204  expression studies, housekeeping genes and individual control samples were used for double
205  normalization. In contrast, single normalization was performed using the Cr value of
206  housekeeping genes for native expression studies. The graphs were generated using
207  MORPHEUS program and GraphPad Prism software. One way ANOVA was performed using

208  SigmaPlot software for discerning the significance of statistical differences between samples.

209 3. Results

210 3.1.Chromosomal distribution of GRAS genes in rice genome

211 Liu and Widmer (2014) showed that there are 60 GRAS genes in the genome that are
212 distributed on 10 out of 12 chromosomes of rice. Based on the literature and database search,
213 we observed that chromosome 8 and 9 did not carry any GRAS genes. The number of genes
214  on asingle chromosome ranged from a minimum of two on chromosome 10 to a maximum of
215  twelve on chromosome 11. Among the rest, a total of nine genes were located on chromosome
216 3, while chromosome 1, 7 and 12 carried six genes each, chromosome 2, 4 and 5 exhibited five
217  genes each and chromosome 6 had four genes (Fig. 1). Out of the 60 genes located, we have

218  shortlisted 40 genes for our study with one representative from each paralogous group selected.

219 3.2.Analysis of evolutionary relationship of OsGRAS genes

220 Inorder to understand the evolutionary relationship among the rice GRAS family of genes, we

221  subjected the retrieved sequences to a phylogenetic analysis (Fig. 2) in MEGA7 software. A
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222 total of 16 different clusters were observed. These clusters were divided into 14 subfamilies
223 based on a previous report of Cenci and Rouard (2017). Members belonging to the same
224  subfamily were found to cluster together except DLT and PAT subfamilies where some genes
225  belonging to different orthologous groups (according to Cenci and Rouard, 2017) formed
226  separate clusters. Each cluster has been colour coded in the figure. The number of genes found
227  in each subfamily included four in SCL3, three each in SCR, NSP2 and HAM, one in RAM,
228 LS, SCL4/7and SCLA, two in DELLA, DLT, SHR and SCL32, six in PAT and nine in LISCL.
229  LISCL was found to be the largest subfamily with maximum member of genes getting
230  clustered. YOsGRAS4 and YOsGRASY9 were placed close to LISCL family since these
231 sequences were still unclassified. The highly expressed genes under biotic and abiotic stress

232 conditions belonged to SCL3, SHR, DELLA, HAM and PAT subfamilies.

233 3.3.Analysis of GRAS motifs and gene organization

234  The amino acid sequences of selected 40 genes were subjected to MEME analysis for
235 identifying the conserved motifs in rice GRAS gene encoded proteins. A total of ten motifs
236 were identified, which corresponded to LHR I (motif 5, 9), VHIID (motif 2, 3, 10), LHR 1l
237  (motif 8), PFYRE (motif 4, 7) and SAW (motif 1, 6) motifs (Fig. 3 and Fig S1). The C- terminal
238 domain was found to contain the conserved GRAS motifs as reported earlier in literature.
239  However, not all genes exhibited all the ten MEME-motifs. PAT and LISCL subfamilies
240  carried all the ten domains, while others like SCR lacked motif 1. Proteins belonging to same

241  subfamily had similar motif composition.

242 The genomic and cDNA sequences of all the selected 40 genes were subjected to GSDS server
243  to observe the organization of different GRAS genes selected from each of the paralogous
244 groups (Fig S2). Based on the map that was generated by the server, it was observed that the

245  genes varied in length and the distribution of exons, introns and untranslated regions (UTRS).
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246 The majority of genes (31 out of 40 genes studied) lacked introns in their gene structure and
247  were only composed of exonic sequences and UTRs. OsGRAS11 exon is flanked by a long
248  stretch of UTR at its 5" and 3' ends. It completely lacked introns and is the longest gene in this
249  study (6.7Kb). Ten genes were observed to contain only coding sequences in their structure
250  without any introns and UTRs. Among them, YOsGRAS3 had the smallest sequence of only
251 414 bp. Nine genes carrying introns only in their structure were OsGRAS3, OsGRAS39,
252 OsGRAS41, OsGRAS43, OsSCR1, YOSGRAS4, YOsGRASS, YOsGRAS9 and YOsGRASI0.
253  The number of intronic sequences among the genes varied between one (OsSCR1 and
254  ¥YOsGRAS10) to a maximum of seven (YOsGRAS4). All of them showed low (OsGRAS43),
255  moderate (OSGRAS3, YOSGRAS4 and YOSGRASS) and very high (OsGRAS39, OsGRAS41,
256 OsSCR1, YOsGRAS9 and YOsGRAS10) expression levels under abiotic and biotic stress
257  conditions. Six out of nine genes (OsGRAS41l, OsGRAS43, WOSGRAS4, WOsGRASS,
258  YOsGRAS9 and YOsGRAS10) did not exhibit any UTRs in their structure and were solely
259  composed of introns and exons. The details of genetic organization of rice GRAS genes have

260  been provided in the Supplementary Table S1.

261 3.4.Putative promoter analysis of GRAS genes and the search for cis-regulatory

262 elements

263  Since diverse expression patterns were observed for diffenernet GRAS genes under abiotic and
264  biotic stress conditions, we tried to correlate their expression patterns with the putative
265  regulatory sequences observed in their upstream regions. In order to achieve this correlation,
266  we retrieved 1 Kb sequences from 5' upstream region of each gene under study from the rice
267 genome database and subjected them to an in-silico analysis for the identification of the cis-
268  putative regulatory elements observed in them. A total of eighteen stress responsive elements
269  were observed in the upstream putative promoter region of the GRAS genes. These included

270 ABRE or ABA responsive elements, CCAAT box and MYB sites for binding of MYB
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271 transcription factors responsive to drought inducibility, binding site for MYC transcription
272 factors for defence responses, DRE or dehydration responsive elements, STRE or stress
273 responsive elements, TC-rich repeats for defence and stress responses, and the LTR or low
274  temperature responsive element. Several phytohormones and wound responsive elements were
275 also observed in their upstream regions, which included TCA-element for salicylic acid
276 responses, CGTCA-motif or TGACG-motif as a methyl jasmonate responsive element,
277  GARE-motif, TATC-box and P-box for gibberellin responses, ERE as ethylene responsive
278  elements, TGA-element or AuxRR core or AuxRE for auxin responses, WUN-motif and WRE
279  for responses against wounding, box-S for wounding and pathogen elicitation, and the W-box

280  for binding of WRKY transcription factors.

281  OsGRAS39, the highly expressive gene under both biotic and abiotic stress conditions in the
282  present study had three copies each of MY B binding factor sites and CGTCA-motif, five copies
283  of STRE, two copies of ABRE and one copy each of DRE, TC-rich repeats and CCAAT-box
284  justifying its expression under different stress treatments. Other responsive genes in both the
285  stresses like OSGRAS8, OsSHR1 and OsSLR1 had combinations of MYB, STRE, ERE, WUN,
286 TCA, CGTCA and MYC elements in their putative promoter regions. Apart from these,
287  OsGRASS exhibited ABRE, LTR and W-box elements, OsSHR1 carried a DRE element and
288  OsSLR1 had copies of TATC, WRE and TC- rich elements. YOsGRASS5, only expressive gene
289 in the shoot region had two copies each of MYB and MYC binding elements and three copies
290 of ABRE. Other important abiotic stress responsive genes like ¥YOsGRAS2 and OsSCR1 were
291  observed to have multiple copies (upto six) of ABRE, MYB and MYC elements, STRE
292  elements and ERE, CGTCA, GARE and WRE motifs in their 5" upstream regions. OsCIGR1
293  that was found to be highly induced under biotic stress conditions carried ten copies of ABRE,
294  seven copies of STRE, five copies of CGTCA element and one copy each of CCAAT-box,

295 DRE, MYB, MYC and WRE. Other expressive genes under biotic stress conditions included
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296  OsGRAS2, YOsGRAS3, OsGRAS19, OsGRAS20 and OsGRAS23, which had combinations of
297  TCA-elements, W-box, WRE, ERE, AuxRE, CGTCA-box, box-S and WUN elements apart
298  from other stress responsive elements. The function of each elements has been provided in
299  Table 1 and the physical mapping of the important stress responsive elements on the putative

300 promoter regions of the genes was provided in Fig 4.

301 3.5.Properties of GRAS proteins, their ligand interactions and domain analysis

302  We studied the properties of 40 shortlisted GRAS proteins like amino acid length (aa),
303 molecular weight (KDa) and theoretical pl through ExPASyProtParam program. It was
304 observed that the proteins had a molecular weight ranging from 15 kDa (WYOsGRAS3) to 94
305 kDa (OsGRAS39). YOsGRAS3 showed a minimum amino acid (aa) length of 137 aa while
306 OsGRAS39 had a maximum length of 854 aa. The pl of the proteins ranged from acidic to
307  basic (4.5-10.1) with only eight proteins having a pl of more than 7. The majority of the proteins
308 fall under the pl range of 4-7. Likewise, the remaining 32 proteins were found to be in the
309 acidic range i.e. pl <7. This is because of the observation that the proteins carried more
310 negatively charged (acidic) amino acid residues like Aspartic acid and Glutamic acids in their
311  composition as compared to basic amino acid residues. Only OsGRAS39 was found to have an
312 equal number of acidic and basic residues in its composition. According to TargetP-2.0 server,
313 OsGRAS39 was predicted to be localized to the chloroplast while no signal peptides for

314  chloroplast or mitochondria could be specified by the tool for the rest of the proteins.

315  We have also analyzed the proteins for their three dimensional structures and ligand binding
316  residues in the 3DLigand site and the structures were submitted to the Phyre2 program to
317 analyse their secondary structures like the percentage of disordered regions, a-helix and -
318  sheets. YOsGRAS3 showed a maximum of 71% and OsGRAS8 had a minimum of 31% of a-

319  helical structure. Similarly, maximum (14%) extent of 3-sheets were noticed in the secondary
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320  structure of OSGRAS32. No B-sheets were present in YOsGRAS2 and WYOsGRAS3. Several
321 metallic and non-metallic ligands were also observed to be interacting with the GRAS proteins,
322 which included Mg*2, Ca™?, SAM, SAH, NAP, NAD, ATP, Zn*? and Ni*2 The three
323 dimensional structures of the proteins along with their interacting ligands have been provided

324  inthe Fig. S3.

325  Low complexity region (LCR) are repetitive amino acid sequences found abundantly in the
326  eukaryotic proteins. These play essential roles in protein-protein and protein-nucleic acid
327 interactions (Toll-Riera et al., 2012). It was noted that the number of LCRs in each of the

328  proteins varied from none to a maximum of eight in OsGRAS20 and OsGRAS43, respectively.

329  Grand average of hydropathicity index or GRAVY index indicates the hydrophobicity of a
330 protein taking into consideration its charge and the size. Usually GRAVY values range from
331 -2 to +2 with more positive values indicating hydrophobicity and more negative values
332 indicating hydrophilicity (Morel et al., 2006). Seven proteins had a positive GRAVY value
333  while the rest 33 proteins had a values lesser than zero, which indicated that the majority of the
334  GRAS proteins are hydrophilic. The list of all the observations have been provided in the

335  supplementary table S2.

336 In order to study the domains present in the genes, we utilized the SMART online tool and
337  observed that all the proteins had at least one GRAS domain with YOsGRAS4, YOsGRASS,
338 OsGRAS39, YOsGRAS10 exhibiting two GRAS domains. Among them, YOsGRAS4 and
339  WYOsGRASI10 had two internal repeats designated as RPT1 along with two GRAS domains.
340 One DELLA domain and one SCOP domain in addition to the GRAS domain were found in
341  OsSLR1 and OsGRASL18, respectively. DELLA proteins are transcriptional regulators, which
342  function in gibberellic acid signaling by binding with GA receptor, GID1 followed by

343  proteasomal degradation of DELLA domain (Murse et al., 2008). OsGRAS41 had a
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344  transmembrane region, OSGRAS43 and OsGRAS53 had two RPT1 domains (internal repeats)
345 along with their single GRAS domains. The detailed list of the domains and the LCRs with
346  their sequences have been provided in the Table S3. The presence of transmembrane domain

347  in OsGRAS41 was further confirmed through TMHMM software.

348 3.6.Expression analysis under simulated abiotic stress conditions

349  We have identified a GRAS transcription factor as a potential stress tolerance gene by
350  screening a pool of gain-of-function mutants in rice in our previous study (Moin et al., 2016a).
351 Another report by Xu et al. (2015) suggested the role of OsGRAS23 (reported as OSGRAS22 in
352  this study) in drought tolerance in rice. These observations have prompted us to analyse the
353  differential expression pattern of GRAS family of transcription factors under the influence of
354  biotic and simulated abiotic stress conditions in the present study. We have analyzed the
355  expression patterns of 40 selected genes separately in shoot and root tissues at six different
356 time points for two abiotic (NaCl and ABA) and two biotic (BLB and SB) stresses. The native

357  expression patterns of these genes in 13 different tissues were also studied.

358  Based on the pattern of expression, we have divided the genes as immediate early (IE), early
359 (E) and late (L) responsive genes. Some genes were expressed up to 100 folds after the
360 incidence of stress. Thus, the genes were also categorized as expressive (2-10 fold), moderately
361  expressive (10 -30 fold) and highly expressive (>30 fold) types. Genes showing an upregulation

362  of >2 folds were considered as expressive.

363  The majority of the genes got upregulated in the root (Fig. 5a, b) compared to the shoot (Fig.
364  5¢, d). Asindicated in the pie chart, about 55-60% of the total genes showed IE type expression
365 under both NaCl and ABA treatments. NaCl, however, induced more early (12.5%) responsive
366  genes than late (2.5%) whereas, ABA induced more late genes (12.5%) than early (2.5%). The

367 list of the expressed genes has been provided in Fig. 5. More than half of IE genes continued


https://doi.org/10.1101/2021.06.28.449579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.28.449579; this version posted June 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

368  their expression till 60 h of treatment, while some others became downregulated or showed no
369  expression at all later during the experimental timeline. Under ABA treatment, all highly
370  upregulated genes i.e. YOsGRAS2, OsSHRI1, OsSCR1 and OsGRAS39 were IE type and their
371 expression persisted till the last time point of treatment i.e. 60 h. Other IE type genes showed
372 a split before increasing their expression at subsequent time points. Only OsGRAS39 was
373 highly expressive under both ABA and NaCl treatments (100 fold and 65 fold, respectively).
374  OsGRAS2, YOsGRAS2, OsGRAS25, OsGRAS35 and OsSCR1 under NaCl and OsGRAS22
375 under ABA were early (E) expressed genes respectively, while YOsGRAS9, OsGRAS3,
376  OsGRAS11 and OsGRAS26 under ABA and YOsGRAS9 became upregulated under NaCl

377  treatment with late (L) expression.

378  Twelve and thirteen genes (30 and 32%) were mild to moderately expressed, respectively under
379 the ABA treatment, whereas seven genes (17%) were moderately expressive under NaCl
380 treatment and rest 19 genes (47%) exhibited mild expression. Nine genes (22%) under ABA
381 and thirteen (32%) genes under NaCl treatment were either downregulated or showed no
382 change in the level of expression. Among them, OsGRAS7, OsGRAS23, OsGRAS28 and
383  YOsGRASS were downregulated under both treatments. YOsGRAS3, YOsGRAS4, OsCIGR]
384 and OsGRAS32 under ABA treatment and OsCIGR1 under NaCl treatment showed an
385 immediate expression, but was either downregulated or showed no expression at subsequent

386  time points

387  Not many genes were expressed in the shoot. However, YOsGRASS is the only gene, which
388  showed moderate expression (25-30 fold) under both ABA and NaCl treatments. This gene
389  was IE type maintaining its expression till 60 h under NaCl, but showed a split before reaching
390 apeak under the ABA treatment. On the contrary, it showed low expression (2-3 fold) in root
391  tissues under ABA and NaCl treatments. Among the other genes that were mildly expressive

392 in both root and shoots were YOsGRAS2, OsGRAS12, OsGRAS19, OsGRAS24, OsGRAS25
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393 and OsSCR1. The rest of the genes were mainly downregulated or did not show any change in
394  expression in shoot tissues under both the stress treatments. The expression level of all the

395  genes studied has been provided in Table 2.

396  Among the genes studied, some genes were observed to be expressed only under NaCl or ABA
397 treatments at certain time points, whereas some were found to be expressive under both
398 treatments. Such overlaps has been depicted in the form of Venn diagrams in Fig. S4. The
399  corresponding list of genes clearly demonstrates that several genes were up/down-regulated
400 simultaneously under both ABA and NaCl treatments at certain time points. In roots, the
401  expression of 37.5% of the genes (IE type) overlapped under both stress treatments, while in

402  shoots only YOsGRASS (IE) was expressive.

403 3.7.Differential expression analysis of GRAS genes under biotic stress

404  We have studied the expression of the selected GRAS transcription factors in the leaf samples
405  of rice infected with Xoo and R. solani pathogens that cause Bacterial Leaf Blight (BLB) and
406  Sheath Blight (SB) diseases, respectively (Fig. 6). Six genes were upregulated in BLB of which
407  five (OsGRASI, OsGRASI8, OsCIGR2, YOsGRAS9, OsGRAS53) showed low expression
408  while one gene (OsCIGR1) was highly upregulated upto 57 folds. More genes were upregulated
409 in SB infected leaves compared to the BLB treated ones. Out of the thirty expressed genes in
410 SBinfected leaves, only twelve showed very high expression levels while the rest of the genes
411  exhibited low to moderate expression. OsGRAS2, YOsGRAS3, OsGRAS19, OsGRAS20,
412 OsGRAS23 and OsSHR1 were expressed by >100 folds under the SB treatment. A total of 22
413 genes in BLB and three in SB treated samples were downregulated. Those that were
414  downregulated in SB treated samples (OsSHR2, OsGRAS24 and OsGRAS43) were also
415  downregulated in BLB treated leaves. Twelve genes under BLB and seven under SB showed

416  no changes in their expression levels.
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417 3.8.Native expression analysis of GRAS genes in various tissues at specific

418 developmental stages in rice

419 In order to study the native expression patterns of GRAS transcription factors in different
420  tissues of the rice plant, we performed gRT-PCR analysis of 13 different tissues, which
421 included shoot, root, root-shoot transition, flag leaves, flower, spikes and grain of mature
422 20 d old plants (after shifting to greenhouse), shoot and root of 7 d old seedlings, 3 d old
423 plumule and radicle, embryo and endosperm of 16 h germinating seeds. The mean values were

424  used to plot a heat map (Fig. 7).

425  Expression analysis showed a conspicuous downregulation of all genes in most of the tissues
426  particularly in plumule, radicle, embryo and the endosperm. The number of downregulated
427  genes in other tissues are: 39 genes in 7 d shoot, 38 genes in 20 d shoot, grain and 7d root, and
428  37genes in root-shoot transition and flower followed by 36 genes in spikes, 34 genes in leaves
429 and 30 genes in 20 d root. Out of 40 selected genes, only seven were expressed in certain
430  tissues. OSGRAS2 and OsGRAS3 were upregulated only in mature leaves, OsGRAS28 in 20 d
431  root, flower and spike, OsCIGR1 in root-shoot transition and leaves, OSGRAS39 in 20 d root
432  and OsGRAS47 in 20 d root and flower. Out of these seven genes, five were upregulated either
433 in the roots or in the root-shoot transition region indicating the preference of GRAS genes
434  towards expression in the root tissue. This is also in accordance with the expression analysis
435 under abiotic stress condition, where the genes were highly expressive in roots rather than in
436  the shoot tissue. Three out of seven mildly expressive genes were upregulated in flower and
437  spike of 20 d old plants with none of them expressing in the grain. OsSGRAS39, which was
438  upregulated in root tissues under native conditions, is highly expressive in roots under abiotic
439  stress conditions also responding immediately after the application of stress treatment. This
440  might be an indication of its tissue specificity and its potential as a stress tolerance transcription

441  factor gene.
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442 4. Discussion

443  Being sessile, plants cannot escape the onslaught from environmental stresses like cold, heat,
444  drought etc. , nor can they avoid harmful interactions with microorganisms like fungi and
445  bacteria (Lin et al., 2017). Such adversities impose a threat to agricultural productivity and
446  sustainability. In order to support the burgeoning global population, the development of stress
447  tolerant crops is of utmost importance (Cushman and Bohnert, 2000). Characterization of
448 insertional mutants is an important functional genomics based method of identifying novel
449  genes responsible for inducing stress tolerance in crop plants (Cushman and Bohnert, 2000).
450  TF genes are of particular importance in this context as they act upstream in the pathway(s)
451  and control the expression of several genes working under their control. Because of this, the
452  manipulation undertaken using TF genes as ‘Master’ genes would render the plant more
453  accommodative towards the particular stress under consideration. Our previous studies have
454  identified several key players for stress tolerance in indica rice variety via enhancer based
455  activation tagging method. A GRAS transcription factor gene, YOsGRAS4 was one of the
456  important genes that was identified in the study along with others for enhanced water use

457  efficiency associated with enhanced photosynthetic efficiency (Moin et al., 2016a).

458 4.1.Evolutionary relationships, gene organization and protein properties of rice

459 GRAS genes

460  Plants use certain acclimation and adaptive measures to cope up with the impending stress,
461  which is mostly modulated through the action of hormones and regulators (Lin et al., 2017).
462  Thus understanding the expression patterns of GRAS family of genes, which play a key role in
463  gibberellin signaling and their spatio-temporal regulation help us identify candidate genes for
464  improving the endogenous defence ability of plants, particularly rice in the present context. In

465 this study, we have shortlisted important GRAS genes responsible for abiotic and biotic stress
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466  tolerance. We have also studied the in-silico properties of these genes and have correlated them

467  with our expression data.

468  According to the published evidence that is available (Liu and Widmer, 2014), 60 GRAS genes
469  were reported in the rice genome, which are distributed on all the twelve chromosomes except
470  chromosome numbers 8 and 9. Highest number of gene density was observed on chromosome
471  11. We have selected 40 genes for our study, drawing one member representing each
472  paralogous group. The availability of high quality genomic sequences enabled us to get an
473  insight into the phylogenetic, genomic and protein properties of the GRAS genes. In our
474  analysis, we have classified the genes into 14 subfamilies (Cenci and Rouard, 2017) of which
475  LISCL constituted the maximum number of genes. However, most expressive genes belonged
476  to SCL3, SHR1, DELLA, HAM and PAT subfamilies. The ten MEME-identified motifs were
477  categorized into five conserved C-terminal GRAS motifs. Genes belonging to the same
478  subfamily exhibited similar motif arrangements, but this varied within the subfamilies, which
479  might be due to the diverse biological functions of GRAS genes. This group of proteins were
480  reported to have originated in bacteria, which later expanded into eukaryotic genomes via
481  horizontal gene transfer and repeated duplication events with the possible retroposition of
482  intronless genes (Huang et al., 2015). Our genomic organization study revealed 31 OsGRAS
483  genes out of 40 to be intronless and this observation is in line with previous studies. Several
484  interacting metallic and non-metallic ligands associated with GRAS genes along with their
485  hydrophilic nature (as indicated by the GRAVY index) indicated their involvement in cell
486  signaling, catalysis and protein-protein interactions (Ulucan et al., 2014; Jing et al., 2017). The
487  majority of the genes were observed to have a pl less than seven and were found to be rich in
488  negatively charged amino acids like glutamic acid and aspartic acid. This makes the
489 interactions of GRAS proteins very specific as proteins with low pl tend to minimize the

490  chances of non-specific interactions with nucleic acids and other acidic proteins (Takakura et
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491  al., 2016). All GRAS genes have at least one GRAS domain, but some were found to have two
492  or possess a DELLA domain, which is known to have important role in gibberellic acid

493  signaling (Urbanova and Metzger, 2018).

494 4.2 Differential expression patterns of OsGRAS genes and their spatio-temporal

495 regulation

496  Based on external cues, spatio-temporal regulation of gene transcription is required to control
497  the concentration of particular transcripts and proteins in the cells for their adjustment to the
498  environmental changes. Most of the GRAS genes were observed to be upregulated in roots
499  with 55- 60% of them showing IE type of gene expression. In plants, stress responses can be
500 divided broadly into early and late response types. Early responsive genes are expressed within
501  minutes of stress induction and this provides protection and repair from the initial stress. Such
502 response “alarms” the plant to prepare for further stress tolerance or avoidance. On the other
503 hand, late responsive genes are mostly involved in protein synthesis that regulates downstream
504  genes, thereby responding to the “adaptation” part of stress mediation (Bahrami and Drablos,
505  2016; Lin et al., 2017). YOsGRAS9 was observed to be late expressive under both treatments
506 in root, indicating that it might have an important role in subsequent steps of stress
507 amelioration. Interestingly, 50-60% of IE expressed genes continued to express till the end
508 point of the treatment. Among them, OsGRAS39 was the only gene that was observed to be
509  highly expressive under both NaCl and ABA treatments in roots. Apart from this, YOsGRAS?2,
510 OsSHR1 and OsSCR1 continued their expression till 60 h under ABA treatment. This probably
511 indicates that these constitute an important set of genes required by the plant throughout for
512  stress remediation. Others like YOsGRAS3, YOsGRAS4, OsCIGRI and OsGRAS32 under
513 ABA and OsCIGR1 under NaCl were the genes induced initially (IE type), which either
514  stopped expressing or got downregulated at subsequent time points. These genes are probably

515  required for initial stress responses whose function is later on taken up by other downstream
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516  genes in the signaling cascade. YOsGRASS5 (IE type) was found to be the only moderately
517  expressive gene in shoot under both stress conditions. Since root is the first organ to perceive
518 the stress signal, it induces a signaling cascade that extends towards shoot. Such preferential
519  expression of GRAS genes in roots over shoots indicates their important role in stress tolerance
520 (Janiak et al., 2016). Also, previous studies indicated that probably the role of these genes in
521  pattern formation and signal transduction enables them to be more expressive in roots (Pysh et

522 al. 1999).

523  Rice productivity is severely hampered by BLB and SB diseases. BLB infection during tillering
524  stage can cause a Yyield decline of 20-40%, while it can reduce crop productivity by 50% at a
525  younger stage. Upto 45% yield losses in rice are caused by SB infections (Chukwu et al., 2019;
526  Singh et al., 2019). Thus, identification of key genes and understanding their expression
527  patterns are important for developing tolerant varieties of rice for these diseases. Under BLB
528  treatment, only six genes (15%) were expressive compared to thirty (75%) expressive genes
529 under SB infection. Quite a number of genes were expressive under SB infection and both
530 abiotic stress conditions. Noteworthy among them are OsGRAS39, OsGRAS8, OsSHR1 and
531  OsSLRL1. Thus, these genes can be considered as to be quite important as they are expressive
532 under both stress conditions with important roles in disease resistance. Majority of the genes
533  were highly expressive in ABA treated roots and SB infection. The presence of multiple stress
534  responsive elements in their putative promoter regions are corroborated by our expression data
535 and these observations indicate their probable roles in improving plant defence against biotic

536 and abiotic stress.

537  Proteins belonging to DELLA subfamily of GRAS transcription factors are known to be
538 negative regulators of seed germination as bioactive gibberellic acid causes proteasomal
539  degradation of such proteins for gibberellin signaling to occur (Urbanova and Metzger, 2018).

540 This explains the downregulation of all genes in plumule, radicle, embryo and endosperm.
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541  OsGRAS39 was expressive in roots under native as well as abiotic stress conditions indicating
542 its tissue specificity. This gene belongs to SCL3 subfamily, which is known for modulating
543  GA signaling in roots via protein-protein interactions (Weng et al., 2020). Hence, high
544  expression of OSGRAS39 in roots under all stress conditions can be further exploited for its

545  potential role in stress tolerance.

546 GRAS gene family has been studied extensively in many plant species, but we have
547  successfully provided a backdrop based on which future exploration on rice GRAS genes can
548  be done. The differential expression patterns of these genes indicates their importance in stress
549  remediation. Our study provides an insight into the role of GRAS genes in stress tolerance
550 along with their spatio-temporal regulation. Based on this report, it would be possible to pick
551  up important genes that can be further manipulated to develop stress tolerant varieties of rice

552 and other related crops.
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Table 1: List of cis- regulatory elements and their functions

Name of cis-element

Function

ABRE ABA responsive element (Choi et al. 2000)

MYB/MBS MYB binding site for drought inducibility
(Ambawat et al. 2013)

DRE Dehydration responsive element (Narusaka et al.
2003)

MYC Transcription factor for stress responses, helps in
dehydration induced expression of genes (Tran et
al. 2004)

STRE Stress responsive element (Hwang et al. 2010)

TCA element Element for salicylic acid responsiveness (Wei et

al. 2013)

CGTCA-motif/ TGACG-motif

Methyl-Jasmonate responsive element (Wang et
al. 2011)

TC-rich motifs

Responsible for defense and stress, transcription
regulation (Bernard et al. 2010; Liu et al. 2017)

Box S

Responsive to wounding and pathogen elicitation
(Yin et al. 2017); Stress responsiveness (Ding et
al. 2019)

GARE-motif/ TATC-box

Gibberellin responsive element (Bastian et al.
2010)

ERE

Element for ethylene responses (Sanchez and
Singh 2002)

TGA-element/AuxRR core/ AuxRE

Element for auxin response (Sakai et al. 1996)

WUN motif Wound responsive element for biotic stress (Xu
etal. 2011)

LTR Low temperature responsive element (Zhang et
al. 2020)

W box Binding sites for WRKY transcription factors
(Dhatterwal et al. 2019)

CCAAT box Binding site for MYB transcription factors

P-box Gibberellin responsiveness (Zhang et al. 2020)

WRE Wound responsive element (Whitbred and

Schuler 2000)
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754  Table 2: List of GRAS genes and their expression pattern under NaCl and ABA
755 treatments
Gene name Locus number Regulation Type of Maximum Regulation Type of Maximum
(up/down) Response | fold change | (up/down) Response | fold change
Root Shoot
NaCl
OsGRAS1 LOC_0s01g45860 | DOWN - - - - -
OsGRAS?2 LOC_0s01g62460 | UP E(2.9) 33 - - -
OsGRAS3 LOC_0s01g65900 | DOWN - - - - -
OsGRAS5 LOC_0s01g71970 | UP IE (5.5) 6.1 - - -
OsGRAS7 LOC_0s02g10360 | DOWN - DOWN - -
YOsGRAS2 | LOC_0s02921685 | UP E(2.6) 18.8 DOWN - -
OsGRASS LOC_0s02g44360 | UP 1E(5.6) 12 DOWN - -
OsGRAS10 LOC_0s02g45760 | UP IE(12.4) 124 DOWN - -
OsGRAS11 | LOC_0s03g09280 | UP IE(3.8) 4.8 DOWN - -
OsGRAS12 | LOC_0s03g15680 | UP IE(9.5) 9.5 uP E(2.1) 6.8
OsSHR2 LOC_0s03g31880 | UP IE(3.6) 4.3 DOWN - -
WYOsGRAS3 | LOC_0s03g37900 | UP IE(3.7) 3.7 DOWN - -
YOsGRAS4 | LOC_0s03g40080 | UP 1E(3.0) 16.2 DOWN - -
OsGRAS15 LOC_0s03g48450 | UP 1E(3.8) 3.8 DOWN - -
OsSLR1 LOC_0s03g49990 | UP 1E(3.3) 11 DOWN - -
OsGRAS18 | LOC_0s03g51330 | - - - DOWN - -
OsGRAS19 | LOC_0s04g35250 | UP IE(4.2) 6.4 uP IE(2.1) 2.1
WOsGRAS5 | LOC_0s04g37440 | UP IE(2.2) 2.2 up IE(7.7) 25.2
OsGRAS20 LOC_0s04g46860 | DOWN - - DOWN - -
OsGRAS22 | LOC_0s04g50060 | UP IE(3.2) 4.6 DOWN - -
OsGRAS23 | LOC_0s05g31380 | DOWN DOWN - -
OsGRAS24 | LOC_0s05g31420 | UP IE(4.0) 8.6 uP L(4.6) 4.6
OsGRAS25 | LOC_0s05¢40710 | UP E(4.5) 4.5 upP E(4.8) 4.8
OsGRAS26 LOC_0s05g42130 | UP IE(2.6) 2.6 DOWN - -
OsGRAS28 | LOC_0s06¢01620 | DOWN - - DOWN - -
OsCIGR1 LOC_0s07g36170 | UP 1E(3.2) 3.2 DOWN - -
OsGRAS32 LOC_0s07g38030 | DOWN - - DOWN - -
OsCIGR2 LOC_0s07g39470 | DOWN - - DOWN - -
OsSHR1 LOC_0s07g39820 | UP 1E(7.3) 111 DOWN - -
OsGRAS35 | LOC_0s07g40020 | UP E(6.8) 174 DOWN - -
OsSCR1 LOC_0Os11g03110 | UP E(3.8) 5.7 DOWN - -
YOsGRASS | LOC_0s11g04400 | DOWN DOWN - -
OsGRAS39 LOC_0Os11g04570 | UP 1E(3.6) 65.3 DOWN - -
OsGRAS41 LOC_0Os11g06180 | UP 1E(2.4) 4.1 DOWN - -
YOsGRAS9 | LOC_0s11g11600 | UP L(8.0) 8 DOWN - -
OsGRAS43 LOC_0Os11g31100 | UP IE(3.5) 35 DOWN - -
OsGRAS44 | LOC_Os11g47870 | UP IE(2.9) 5.8 DOWN - -
OsGRAS47 LOC_0Os11g47910 | - - - DOWN - -
YOsGRAS10 | LOC_0s12g06540 | DOWN - - DOWN - -
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OsGRAS53 | LOC_0s12g38490 | DOWN - - DOWN - -
Gene name Locus number Regulation Type of Maximum Regulation Type of Maximum
(up/down) Response | fold change | (up/down) Response | fold change
Root Shoot
ABA
OsGRAS1 LOC_0s01g45860 | - - - DOWN - -
OsGRAS?2 LOC_0s01g62460 | UP IE(3.3) 5.6 DOWN - -
OsGRAS3 LOC_0s01g65900 | UP L(3.5) 35 DOWN - -
OsGRAS5 LOC_0s01g71970 | UP IE(6.2) 12.2 DOWN - -
OsGRAS7 LOC_0s02g10360 | DOWN - - DOWN - -
YOsGRAS2 | LOC_0s02921685 | UP IE(2.8) 32.7 UP L(3.5) 35
OsGRASS8 LOC_0s02g44360 | UP IE(5.5) 27.9 DOWN - -
OsGRAS10 | LOC_0s02g45760 | UP 1E(2.4) 16.7 DOWN - -
OsGRAS11 LOC_0s03g09280 | UP L(4.1) 4.1 DOWN - -
OsGRAS12 LOC_0s03g15680 | UP 1E(8.2) 8.2 up L(3.8) 3.8
OsSHR2 LOC_0s03g31880 | UP IE(4.5) 14.3 DOWN - -
YOsGRAS3 | LOC_0s03g37900 | UP 1E(2.8) 2.8 DOWN - -
YOsGRAS4 | LOC_0s03g40080 | UP IE(2.1) 2.1 DOWN - -
OsGRAS15 | LOC_0s03g48450 | UP IE(2.9) 14.6 DOWN - -
OsSLR1 LOC_0s03g49990 | UP 1E(7.9) 30.2 DOWN - -
OsGRAS18 | LOC_0s03g51330 | UP IE(2.8) 3.4 DOWN - -
OsGRAS19 LOC_0s04g35250 | UP L(3.5) 11 DOWN - -
YOsGRASS5 | LOC_0s04937440 | UP IE(2.9) 2.9 UP IE(8.2) 31.6
OsGRAS20 | LOC_0s04g46860 | UP 1E(2.9) 4.1 DOWN - -
OsGRAS22 LOC_0s04g50060 | UP E(5.5) 14.2 DOWN - -
OsGRAS23 | LOC_0s05931380 | DOWN - - DOWN - -
OsGRAS24 | LOC_0s05g31420 | UP 1E(15.3) 15.3 uUpP L(6.9) 6.9
OsGRAS25 | LOC_0s05¢40710 | UP IE(6.2) 14.2 UP IE(3.0) 10.5
OsGRAS26 | LOC_0s05g42130 | UP L(2.4) 2.4 DOWN - -
OsGRAS28 | LOC_0s06¢01620 | DOWN - - DOWN - -
OsCIGR1 LOC_0s07g36170 | UP IE(7.3) DOWN - -
OsGRAS32 LOC_0s07g38030 | UP 1E(2.09) DOWN - -
OsCIGR2 LOC_0s07939470 | DOWN DOWN - -
OsSHR1 LOC_0s07g39820 | UP 1E(14.1) 66.3 DOWN - -
OsGRAS35 | LOC_0s07g40020 | UP 1E(15.9) 15.9 DOWN - -
OsSCR1 LOC_0s11g03110 | UP 1E(6.7) 34.3 uUpP L(2.4) 2.4
YOsGRAS8 | LOC_0s11g04400 | DOWN - - DOWN - -
OsGRAS39 LOC_0s11g04570 | UP IE(12) 101.4 DOWN - -
OsGRAS41 LOC_0s11g06180 | UP IE(5) 21.3 DOWN - -
YOsGRAS9 | LOC_0s11g11600 | UP L(2.7) 2.7 DOWN - -
OsGRAS43 | LOC_0s11g31100 | UP 1E(2.07) 7.3 DOWN - -
OsGRAS44 | LOC_0s11g47870 | UP IE(19.2) | 19.2 DOWN - -
OsGRAS47 LOC_0s11g47910 - - DOWN - -
YOsGRAS10 | LOC_0s12g06540 | DOWN - - DOWN - -
OsGRAS53 | LOC_0s12g38490 | DOWN - - DOWN - -
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756  Figure 1: Chromosomal distribution of GRAS genes in rice

757  Karyotypic representation of rice chromosomes obtained from NCBI Genome Decoration
758  Page. Rice genome carries 60 GRAS genes, which are represented in the figure with red arrows
759 indicating the position of each gene. The size of each chromosome and the number of genes
760  present are provided below each in each bracket.

761  Figure 2: Phylogenetic analysis of OsGRAS genes

762 An unrooted phylogenetic tree showing the evolutionary relationship of OsGRAS genes. The
763  tree was constructed using the Neighbour Joining method in MEGAY software with a bootstrap
764  value of 1000. The number at each node represents the percentage bootstrap values. Based on
765  the previous literature, the genes have been divided into 14 subfamilies (mentioned in boxes)
766  and each subfamily has been colour coded.

767  Figure 3: MEME-motif analysis of OsGRAS genes

768  Figure showing the identified MEME-motifs of OSGRAS genes. The conserved GRAS-motifs
769  are provided at the top. A search for 10 MEME-motifs was done and each of them has been
770  assigned to the corresponding GRAS-motifs. Each coloured box represents one motif and the
771 legend has been provided below. The genes were organized based on their subfamilies.

772 Figure 4: In-silico analysis of putative promoter regions of GRAS genes

773 The selected GRAS genes were subjected to in silico analysis for cis- regulatory elements in
774  their putative promoter regions (sequence retrieved from about <lkb upstream region). This
775  was performed in PlantCARE database and the figure was prepared by mapping the stress
776  regulatory elements in the each of the sequences. The index for each element along with its
777  functions are mentioned below the figure.

778  Figure 5: Expression analysis of GRAS genes under abiotic stress

779  Heat map representation of temporal expression pattern of GRAS genes developed using
780  MORPHEUS program. 7 d old seedlings were subjected to NaCl (250uM) and ABA (100uM)
781  treatments and the obtained quantitative real-time values were double normalized using rice
782  actin and tubulin as the internal reference genes and that of the unstressed samples using the
783  AACT method. The experiment was conducted separately for root (4a, b) and shoot (4c, d)
784  tissues. Percentage of genes upregulated under NaCl and ABA treatments is represented in the
785  form of a pie chart beside their corresponding heat maps. The genes were separated based on
786  their time point(s) of expression and annotated as immediate early (IE), early (E) and late (L)
787  expressive genes. The name of the genes is provided in the list below.

788  Figure 6: Quantitative real-time expression analysis of GRAS genes under biotic stress

789  Expression analysis of GRAS genes under the infection of Xanthomonas oryzae pv. oryzae
790 causing bacterial leaf blight (6a) and Rhizoctonia solani causing sheath blight (6b) were
791  studied. The genes were double normalized using rice actin and tubulin as internal reference
792  genes and the Ct values untreated samples by AACt method. One way ANOVA was performed
793  on the data and a represents P<0.05, b represents P<0.025 and c represents P<0.001

794
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795  Figure 7: Native expression analysis of GRAS genes

796  Heat map representing the spatial expression pattern of GRAS genes under 13 different
797  developmental stages of rice. The map was generated using MORPHEUS program. The data
798  was single normalized using rice actin as the internal reference gene.

799
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of Ribosomal Protein Small Subunit
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Genes in Rice
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M. S. Madhav? and P. B. Kirti'*
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Ribosomal proteins (RPs) are indispensable in ribosome biogenesis and protein
synthesis, and play a crucial role in diverse developmental processes. Our previous
studies on Ribosomal Protein Large subunit (RPL) genes provided insights into their
stress responsive roles in rice. In the present study, we have explored the developmental
and stress regulated expression patterns of Ribosomal Protein Small (RPS) subunit genes
for their differential expression in a spatiotemporal and stress dependent manner. We
have also performed an in silico analysis of gene structure, cis-elements in upstream
regulatory regions, protein properties and phylogeny. Expression studies of the 34
RPS genes in 13 different tissues of rice covering major growth and developmental
stages revealed that their expression was substantially elevated, mostly in shoots
and leaves indicating their possible involvement in the development of vegetative
organs. The majority of the RPS genes have manifested significant expression under
all abiotic stress treatments with ABA, PEG, NaCl, and H»>O». Infection with important
rice pathogens, Xanthomonas oryzae pv. oryzae (Xoo) and Rhizoctonia solani also
induced the up-regulation of several of the RPS genes. RPS4, 13a, 18a, and 4a
have shown higher transcript levels under all the abiotic stresses, whereas, RPS4 is
up-regulated in both the biotic stress treatments. The information obtained from the
present investigation would be useful in appreciating the possible stress-regulatory
attributes of the genes coding for rice ribosomal small subunit proteins apart from their
functions as house-keeping proteins. A detailed functional analysis of independent genes
is required to study their roles in stress tolerance and generating stress- tolerant crops.

Keywords: rice, ribosomal protein small subunit (RPS) genes, ribosomal proteins, stress responses, gene
expression
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Abstract

The epitome of any genome research is to identify all the existing genes in a genome and investigate their roles. Various
techniques have been applied to unveil the functions either by silencing or over-expressing the genes by targeted expres-
sion or random mutagenesis. Rice is the most appropriate model crop for generating a mutant resource for functional
genomic studies because of the availability of high-quality genome sequence and relatively smaller genome size. Rice has
syntenic relationships with members of other cereals. Hence, characterization of functionally unknown genes in rice will
possibly provide key genetic insights and can lead to comparative genomics involving other cereals. The current review at-
tempts to discuss the available gain-of-function mutagenesis techniques for functional genomics, emphasizing the contem-
porary approach, activation tagging and alterations to this method for the enhancement of yield and productivity of rice.

Key words: activation tagging; functional genomics; gain-of-function mutagenesis; rice; tissue-specific tagging; water-use

efficiency (WUE)

Introduction

About 25 species of rice are found globally, of which Asian rice
or Oryza sativa is widely cultivated and consumed. Rice, con-
sidered as the poor’s staple cereal, is consumed by >3.2 billion
people across the globe, feeding about 40% of the world popula-
tion. Sustained or increased productivity of rice demands more
arable land, irrigation facilities and manpower. Therefore, a bet-
ter understanding of its genome function can facilitate the de-
velopment of tailor-made varieties of agricultural importance.
The past decade has been the decennium mirabilis in the rice gen-
ome research with (1) the avalanche of complete genome se-
quence, (2) development of tools and techniques for functional

genomic studies and (3) identification and characterization of
relevant, candidate genes for agronomical traits in transgenic
rice plants. Mutant populations are the indispensable tools for
mining the functions of plant genes. Mutants generated by the
use of chemical agents, high-energy radiations and T-DNA/
transposable elements disrupt the function of genes in the tar-
get genome. These gene-disruption technologies have the limi-
tations that they induce recessive loss-of-function mutations
and are unable to produce a distinct mutant phenotype of gen-
etically redundant genes.

As an alternative, several gain-of-function mutagenesis
strategies have been developed that use multiple enhancers or

Mazahar Moin is a Research Fellow in the Department of plant Sciences, University of Hyderabad. His research program is on activation tagging in rice for
identification of the candidate genes responsible for water-use-efficiency and the characterization of novel genes.
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Rice Ribosomal Protein Large
Subunit Genes and Their
Spatio-temporal and Stress
Regulation

Mazahar Moin', Achala Bakshi’, Anusree Saha’, Mouboni Dutta’, Sheshu M. Madhav?
and P. B. Kirti'*
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Ribosomal proteins (RPs) are well-known for their role in mediating protein synthesis
and maintaining the stability of the ribosomal complex, which includes small and
large subunits. In the present investigation, in a genome-wide survey, we predicted
that the large subunit of rice ribosomes is encoded by at least 123 genes including
individual gene copies, distributed throughout the 12 chromosomes. We selected 34
candidate genes, each having 2-3 identical copies, for a detailed characterization of
their gene structures, protein properties, cis-regulatory elements and comprehensive
expression analysis. RPL proteins appear to be involved in interactions with other
RP and non-RP proteins and their encoded RNAs have a higher content of alpha-
helices in their predicted secondary structures. The majority of RPs have binding sites
for metal and non-metal ligands. Native expression profiling of 34 ribosomal protein
large (RPL) subunit genes in tissues covering the major stages of rice growth shows
that they are predominantly expressed in vegetative tissues and seedlings followed by
meiotically active tissues like flowers. The putative promoter regions of these genes
also carry cis-elements that respond specifically to stress and signaling molecules. Al
the 34 genes responded differentially to the abiotic stress treatments. Phytohormone
and cold treatments induced significant up-regulation of several RPL genes, while
heat and HoO» treatments down-regulated a majority of them. Furthermore, infection
with a bacterial pathogen, Xanthomonas oryzae, which causes leaf blight also induced
the expression of 80% of the RPL genes in leaves. Although the expression of RPL
genes was detected in all the tissues studied, they are highly responsive to stress
and signaling molecules indicating that their encoded proteins appear to have roles
in stress amelioration besides house-keeping. This shows that the RPL gene family is
a valuable resource for manipulation of stress tolerance in rice and other crops, which
may be achieved by overexpressing and raising independent transgenic plants carrying
the genes that became up-regulated significantly and instantaneously.

Keywords: ribosomal proteins, abiotic stress, biotic stress, gene expression, rice

Abbreviations: H,O,, hydrogen peroxide; MeJa, methyl jasmonate; RP, ribosomal protein; RPL, ribosomal protein large
subunit; SA, salicylic acid.
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