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Drought stress tolerance is a complex trait orchestrated by several metabolic,
physiological, biochemical, and molecular responses. Several studies have elucidated many
components of this multi-genic trait, thus making possible to understand and exploit the
information as tools to develop drought tolerant cultivars.

1.4 Salt stress tolerance

Salinity stress is a major problem in agriculture, affecting 20% of world’s irrigated area,
and causing ~$27.3 billion losses per year (Qadir et al., 2014). Rice is very sensitive to salt
content in the soil, especially in the seedling stage, and can be severely affected by
concentrations as low as 20-50 mM NaCl (Greenway and Munns, 1980; Saichuk et al., 2014).
The complexity of salt stress tolerance traits has slowed down the progress of the development of
salt tolerant crops. Nevertheless, some advances in the development of salt tolerant crops have
been reported using phenotypic information of salt tolerant gene pools in crops like rice, barley
and maize, but with little understanding of the tolerance mechanisms (Ashraf, 1994).

Many studies have helped to provide a better understanding of high salinity tolerance in
plants. Transcriptome analysis has shown that more than 50% of the overexpressed genes during
drought stress are also upregulated during salt stress, and more than 98% of salt inducible genes
are also upregulated during drought stress (Shinozaki and Yamaguchi-Shinozaki, 2007). The
cross-talk between the two stresses is because of the fact that high salt concentrations in the soil
causes a physiological drought stress by limiting water uptake due to a negative osmotic
potential between the outside and the inside of the plant root (Lee and lersel, 2008).

By definition there are two mechanisms of salt stress tolerance: (1) by reducing salt
intake by the plants; and (2) by decreasing salt concentrations in the cytoplasm (Munns, 2002).

While natural variations for salt tolerance within the primary and secondary gene pool of rice
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have been exploited for development of salt tolerant rice (Ashraf, 1994), recent studies have
hinted at the exploitation of the halophyte resources for development of salt tolerant crops.
Halophytes, such as smooth cordgrass can complete their life cycle in high salt concentrations
(~200 mM) where more than 99% of other plants would die (Flowers and Colmer, 2008).
Halophytes have been used as important models in the elucidation of salt stress tolerance in both
dicots and monocots (Joshi et al., 2015). Using salt stress-responsive genes of smooth cordgrass,
transgenic rice lines with enhanced salt tolerance have been developed (Baisakh et al., 2006,
2008, 2012; Joshi et al., 2013, 2015).

High salinity inhibits K* intake because K* transporters, such as HKT1 and LCT1 are
nonselective cation channels (NSCs), which do not discriminate between K* and Na* and import
toxic amounts of salt into the cell (Zhu, 2001). Intracellular homeostasis is vital for the proper
functioning of the plant during stress. Plasma membrane Na*/H* antiporters, such as the Salt
Overly Sensitivel (SOS1), have an important role in Na* exclusion from the cell cytoplasm by
exchange and transport activity of H*-ATPases and H* pyrophosphatases that create a proton
reactive force to pump Na* out of the cell (Zhu, 2003). Expression of a S. alterniflora vacuolar
ATPase subunit c1 (SaVHAC1) enhanced salt stress tolerance of transgenic rice plants, showing
increased K*/Na* ratios in leaf and root tissues and stomatal closure in comparison with the wild
types (Baisakh et al., 2012).

Osmolytes and osmoproctectants are found in different forms — as sugars (fructose or
glucose), sugar alcohols (glycerol, inositol), quaternary amino acid derivatives (betaine, proline)
and sulfonium compounds (dimethyl sulfonium propironate; Yokoi et al., 2002; Joshi et al.,
2015). These organic compounds are important in salt stress tolerance due to their function to

adjust osmotic potential, and preserve enzyme integrity and protein stability in the presence of
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salt ions without affecting cell internal pH. Moreover, some of them have shown to have a
biochemical function as ROS scavengers with the help of antioxidant enzymes as shown by the
accumulation of proline and SOD during salt stress (Serrano et al., 1999; Kartashov et al., 2008).
A. thaliana plants, constitutively expressing a Spartina alterniflora myo-inositol 1-phosphate
synthase gene (SaINO1), have shown greater tolerance to salt stress with reduced root growth
inhibition under salt. Transgenic plants also showed reduced stress symptoms like leaf chlorosis,
and proline accumulation, demonstrating that the SaINO1 gene might be involved in salt stress
tolerance due to accumulation of myo-inositol and other related derivative products (Joshi et al.,
2013).
1.5 Biotic stresses and some tolerance approaches

Under edapho-climatic conditions favorable for rice production, biotic stresses can be a
problem affecting rice production and productivity. In addition to diseases caused by fungi,
bacteria, and viruses, insects are harmful to cultivated rice varieties, reducing yield and grain
quality. Insects, such as the water weevil (Lissorhoptrus oryzophilus Kuschel), stink bug
(Oebalus pugnax), or stem borers, such as the sugarcane borer (Diatrea saccharalis) represent
serious problems to rice producers when not controlled properly. Cultural and chemical controls
are very important to control infestations of water weevil and stem borers in the absence of
resistant varieties due to the polygenic complexity of resistance traits (Stout and Reagan, 2014).

Fall armyworm (Spodoptera frugiperda), is an opportunist chewing insect that affects
various crops like maize, cotton, rice and other grasses (Meagher and Nagoshi, 2004). Since rice
is not the primary host, fall armyworm is considered an occasional (but an important) pest that
feeds on the leaves of young plants, causing great damage when present in large numbers (Stout

and Reagan, 2014). Fall armyworm management is primarily based on cultural, chemical and
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biological controls, which consist of seasonal scouts followed by insecticide applications, weed
elimination, and the use of germplasm capable to produce volatile compounds that attract Fall
armyworm parasitoids (Yuan et al., 2008; Stout and Reagan, 2014).

Induced resistance studies have demonstrated the importance of phytohormones, such as
Salicylic acid (SA) or Jasmonic acid (JA) in plant defense systems. Furthermore, hormonal
cross-talk has been reported in plant defense-specific reactions, relating SA in response to
sucking insects and JA in response to chewing insects, and both SA and JA work antagonistically
to each other (Stam et al., 2013; Stout, 2014).

Transgenic approach has been used to develop rice plants expressing insecticidal crystal
proteins (ICP) of Bacillus thuringiensis (Bt) to confer resistance against stem borers (Ho et al.,
2006), but no transgenic rice has been commercially released to date. Many efforts have been
dedicated to study induced resistance to understand the complicated phytohormone interaction
networks and the development of elicitors that can enhance plant defense mechanisms (Stout and
Reagan, 2014). Lack of resistance germplasm against many herbivore insects may change public
perception against transgenic rice, and therefore genetic engineering could be a useful tool to
develop insect resistant varieties to enhance rice production.

1.6 Jasmonic acid interaction with the basic helix-loop-helix (bHLH)-Myc2 transcription
factor

Jasmonic acid [JA; 3-ox0-2-(2’-pentenyl)-cyclopentaneeacetic acid], is derived from
linoleic acid by the action of lipoxygenase (octadecanoid pathway), which catalyzes oxygenation
of polyunsaturated fatty acids (Vick and Zimmerman, 1983). JA and its derivative methyl
jasmonate (MeJA) were first identified as plant growth inhibitors known to stimulate plant

senescence (Vick and Zimmerman, 1984; Hodson and Bryant, 2012). JA and MeJA upregulate
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the expression of Jarl gene, a JA-amino synthetase, which is essential for the production of the
bioactive form of JA, jasmonyl isoleucine (JA-lle; Starswick and Tiryaki, 2004). JA-lle induces
the expression of Coronatine Insensitivel (COI1), a protein containing a leucine-rich repeat
(LRR) and an N-terminal F-box, which interacts with proteins targeting them for degradation
through ubiquitination. COI1 interacts with the Jasmonate-Zim-Domain (JAZ), a repressor of the
JA signaling, promoting its degradation (Devoto et al., 2002). JAZ family physically interacts
with a basic helix-loop-helix (bHLH) Myc2 TF, a positive regulator of the JA signaling pathway,
to repress its activity. JAZ also works as a JA signaling feedback regulator by the production of a
COI1 insensitive splice variant after the stimulation of JA-1le (Chung and Howe, 2009; Narusaka
et al., 2003). The nuclear localized Myc2 TF, referred to as the master regulator of the JA
signaling pathway, contains a G-box motif (5’-CACGTG-3") for DNA binding specificity, and is
known to upregulate different genes involved in plant defense and JA biosynthesis, such as
VSP2, PDF1.2, TAT, LOX2 and PR1 in Arabidopsis thaliana (Lorenzo et al., 2004). JA is known
to accumulate during insect attack and wound damage. Plants with silenced JA acid signaling
pathway by the downregulation of genes, such as Myc?2 itself or upstream lipoxygenase, showed
increased susceptibility to herbivore insect populations, suggesting that Myc2 is involved in
plant defense mechanisms (Kessler et al., 2004; Lorenzo et al., 2004).

Overexpression of the bHLH-Myc2 TF results in ABA sensitive plants, suggesting that
ABA stimulates Myc2 expression in a cross-talk with JA. Thus Myc2 is expressed during drought
and oxidative stress, and is known to upregulate the ABA responsive gene RD22 during stress
(Abe et al., 2003). Myc2 is believed to participate in the regulation of the circadian clock, light
signaling, and many studies have reported a Myc2 and VSP2 expression reduction under dark

(Verhage et al., 2001; Kazan and Manners, 2013). In rice, Myc2 have been reported to be
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involved in spikelet development by the upregulation of genes like the OSMADS1/LHS1, which
are involved in floral meristem initiation and specification (Cai et al., 2014). Thus, Myc2 plays
an active role in many plant development and stress response mechanisms, which makes it an
important target to elucidate its active involvement in multiple stress responses of rice.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Plant material and growth conditions

Dehusked seeds of transgenic (described below in 2.4) and wild type (WT) rice cultivar
‘Nipponbare’ were pre-sterilized with 70% ethanol by manual shaking for 1 min. Then the seeds
were rinsed twice with autoclaved distilled water (ADW). Surface sterilization was done with
50% Clorox with a drop of tween-20 under constant agitation for 15 min. After that, seeds were
rinsed 5-6 times with ADW, excess of water was dried with sterile filter paper and seeds were
placed on petri dishes with MS + 2, 4-D (2.0 mg/L) for callus induction or % MS basal media
(MSo; Murashige and Skoog, 1962), supplemented with Hygromycin B (50 ug/ml) for
germination of transgenic seeds. Seeds for callus induction were maintained in a growth chamber
at 26x1 °C under continuous dark. Hygromycin-positive 7-day-old seedlings were planted in 1
gallon pots and maintained in the greenhouse at 2921 °C dayhight temperature regime under
natural day light condition. WT seeds were germinated on MS basal media without Hygromycin.
2.2 MYC2 alignment and phylogeny

The protein sequence of OsMyc2 TF (LOC_0s10g42430; Appendix I) was retrieved
from the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/). Myc2 orthologs
(Appendix 1) were obtained from the plant genomic resource Phytozome 10.3
(http://phytozome.jgi.doe.gov/pz/portal.ntml). All the sequences were aligned for phylogeny
studies using the multiple sequence alignment tool Clustalw2

(http://www.ebi.ac.uk/Tools/msa/clustalw?2/).

2.3 Cloning of OsMyc2 and construction of plant transformation vector
OsMyc?2 (2100 bp), was cloned from the first strand cDNA prepared from Nipponbare

RNA, and it was then amplified using the following primers. OsMY C2-F: 5’-
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GGCCAGATCTATGAACCTTTGGACGGACGACAACG containing the Bgl 11 restriction site
(underlined) and OsMYC2-R: 5’-GAACGCTAGCTTACCGGGCGGCGGTG containing the
Nhe 1 restriction site (underlined). The PCR recipe and conditions were same as described earlier
(Baisakh et al., 2012). A master mix formed by approximately 100 ng of template DNA were
used, 50 ng of forward and reverse primers, 200 UM dNTPs, 2 mM MgCl,, 1 U Taq DNA
polymerase and 1x PCR buffer in a total reaction volume of 25ul. Thermal profile was as
follows: Initial denaturation at 95 °C for 5 min followed by 35 cycles of denaturation at 95 °C for
45 sec, annealing at 60 °C for 45 sec and extension at 72 °C for 1 min. A final cycle of primer
extension was carried out at 72 °C for 10 min. The PCR product was partially double-digested
for 10 min with a mixture of Bgl Il and Nhe | at 37 °C. The digested product was runina 1 %
agarose gel and the 2100 bp fragment was excised from the gel, and was eluted using the
Qiaquick gel extraction kit (Qiagen Inc, Valencia, CA). The fragment was then ligated to the
pCAMBIA1301 vector (CAMBIA, Canberra, Australia) digested with the same restriction
enzymes) using T4 DNA ligase kit (Invitrogen, Carlsbad, CA) as per the manufacturer’s
instructions. The recombinant plasmid was transformed to Escherichia coli using the heat shock
method (Sambrook and Russell, 2001). Briefly, the ligation product was mixed with 100 pl
chemically competent E. coli cells and kept on ice for 30 min, and then the mixture was
incubated at 42 °C for 60 sec in a water bath followed by a cold treatment on ice for 2 min. Then
1 ml of Luria-Bertani (LB) liquid medium was added to the mixture and cells were grown at 37
°C for 1 h with constant shaking at 200 RPM in a shaker incubator. The cells were precipitated
by centrifuging at 4000 RPM for 5 min and the pellet was re-suspended in 100 pl of LB liquid
medium. The putatively transformed bacteria were streaked on plates containing LB solid

medium and kanamycin (50 pg/ml) for selection. The plates were kept overnight inside an
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incubator maintained at 37 °C. The next day, a few colonies were individually grown in LB
liquid medium supplemented with kanamycin (50 pg/ml) at 37 °C overnight in an incubator
shaker. The plasmids were extracted using the JenJet plasmid extraction kit (Fermentas,
Ambherst, NY). Plasmids were subjected to PCR analysis using OsMyc2 cloning primers to
identify plasmids containing the 2100 bp OsMyc?2 insert. The integrity and orientation of the
insert in the recombinant plasmid ()\CAMBIA1301/OsMyc2; Figure 2.1) were checked by
restriction enzyme digestion and further verified by sequencing at the Gene Lab of LSU School
of Veterinary Medicine.

The RNAI plasmid, used for the generation of knock down rice mutants, was kindly
provided by Dr. Yinong Yang, Pennsylvania State University. KD mutants used in the present

study were previously generated in Baisakh lab (Mangu et al., unpublished).
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Figure 2.1. Linear vectors pPCAMBIA1301/0OsMyc2
2.4 Agrobacterium tumefaciens-mediated transformation

The recombinant plasmid ().CAMBIA1301/0OsMyc2) was mobilized into the
Agrobacterium tumefaciens strain LBA4404 by freeze-thaw method as described earlier (An et
al., 1988). Ten pg of plasmid were mixed with 50 ul of competent cells and kept on ice for 30
min. The cells were then frozen in liquid nitrogen and immediately given heat shock at 37 °C for

4 min. Then the cells were cooled down on ice for 1 min, 1 ml of YEP media was added, and the
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cells were incubated at 28 °C 4 h in shaker at 200 rpm. The cells were then centrifuged at 5000
RPM for 5 min and re-suspended in 100 pl of YEP medium. The bacterial cells were plated on
YEP-agar plates containing of Rifampicin (20 pg/ml), tetracycline (5 pg/ml) and kanamycin (50
pg/ml). Individual colonies were multiplied on YEP liquid media and storage at -80 °C.

Embryogenic callus produced from mature (dehusked) seeds (described in 2.1) were
genetically transformed as described earlier (Rao et al., 2009).
LBA4404/pCAMBIA1301/0OsMyc2 was pre-cultured for 48 h at 28 °C in YEP solid media with
antibiotics, rifampicin (20 pg/ml), tetracycline (5 pg/ml) and kanamycin (50 pg/ml). The pre-
cultured bacteria was sub-cultured in fresh AB liquid media with the same antibiotics and grown
for 24 h. Bacteria cells were re-suspended in liqguid MS medium containing 2 mg/1L 2,4-D and
100 uM acetosyringone (AS) to a final concentration of Asgo = 1.0 for transformation.

Three to four-week-old seed-derived rice embryogenic callus were vacuum-infiltrated
(0.4-0.6 atm) with the engineered Agrobacterium suspension for 15 min and co-cultivated for 3
days on solid N6 (Chu et al., 1975) co-cultivation media at 25 °C under dark. Following co-
cultivation, the calli were washed thrice in sterile distilled water and finally in liquid MS medium
containing cefotaxime (250 pg/ml) and carbenicillin (250 pg/ml). The calli were then plated on
solid MS medium containing the cefotaxime, carbenicillin and hygromycin (50 pg/ml) as the
selection agent. Selection and regeneration of the putative transgenic callus was performed
following the method described by Baisakh et al. (2001). The OsMyc2 RNAI transgenic rice
lines used in this study were previously generated in Dr. Baisakh’s laboratory. Henceforth, wild
type (WT), overexpresser (OE), and knock down (KD) have been referred to as genotypes, and
independent events within a genotype have been referred to as lines. All OE and KD lines were

subjected to drought stress in T1 generation, and five independent OE lines showing less drought
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symptom and three KD lines were advanced in the greenhouse to achieve homozygosity in T>
generation.
2.5 Subcellular localization of OsMyc?2

Green fluorescence protein (GFP) was used as the reporter marker to detect the
subcellular localization of OsMyc2. OsMyc2 gene without the stop codon was isolated from rice
cDNA with OsMY C2-fus-F 5’-GGCCAGATCTATGAACCTTTGGACGGAC and OsMYC2-
fus-R 5’- CTAGACTAGTCCGGGCGGCGGTGCC primers containing the restriction sites for
Bgl Il and Spe I, respectively using the Phusion High-Fidelity PCR kit (New England Biolab,
UK). The purified OsMyc2 was cloned into pPCAMBIA1304 vector digested with same
restriction enzymes and before gfp in frame. The resulting pPCAMBIA 1304/0sMyc2-gfp (Figure
2.2) and the pPCAMBIA 1304 (as control) were bombarded onto onion epidermal cells using a
PDS1000He particle gun (Bio-rad, Hercules, CA) as described in Joshi et al (2013). The GFP

expression was visualized using a fluorescent microscope.
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Figure 2.2. Linear vectors pPCAMBIA1304/OsMyc2-gfp
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2.6 Stress treatments

Non-transformed wild-type (WT), transgenic OsMyc2 overexpresser (OE) and RNAI
(KD) lines of rice cultivar ‘Nipponbare” were germinated on %2 MSo media at 26 °C under 12
h/12 h light/dark regime inside a growth chamber. Ten one-week-old seedlings per genotype
were placed on Styrofoam seedling float on Yoshida solution (Yoshida et al., 1976). Four-weeks-
old rice seedlings were subjected to salt stress (150 mM NaCl) under hydroponics following the
method described earlier (Baisakh et al., 2012). Floating leaf assay was prepared using leaf
pieces (~2cm long), and placing them on Hoagland solution (Hoagland, 1950) with NaCl in
concentrations of 0 (control), 100 mM and 150 mM.

One-week-old seedlings of WT and transgenic rice lines (6 plants/genotype) were planted
in pots filled with garden soil:potting mix (3:1) inside the greenhouse maintained at 2921 °C
dayhight temperature regime under natural day light condition during Spring 2014 and Fall
2014. Drought stress was imposed on 45-day-old plants by withholding water for 14 days
following which water was resumed until maturity as described by Joshi et al. (2014).

2.7 RNA isolation, cDNA synthesis and expression of OsMyc2 under drought stress

Leaf tissue was collected from unstressed control and drought-stressed plants at 7 and 14
days after stress treatment. Total RNA was isolated from ~100 mg leaf tissues of control and
stressed plants using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
manual. Quality of total RNA was checked in a 1.2% formamide-denaturing agarose gel and
quantification was done using a ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE). First strand cDNA synthesis was carried out using iScript™ cDNA synthesis

kit (Bio-Rad, Hercules, CA).
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Semi-quantitative PCR was performed using cDNA as described by Baisakh et al. (2012)
using OsMyc2-RT-F 5°’- AAGCTCAACCAGCGCTTCTA and OsMyc2-RT-R 5°-
CCTTCTTGAGCGACTCCATC specific primers. The rice Actin 1 gene (OsActl) was used as
the internal control for template validation. For gRT-PCR same 1% strand cDNA was used. PCR
was performed with three biological replications using SYBR green master mix (Bio-Rad,
Hercules, CA) in a MyiQ Real-Time PCR detection system (Bio-Rad, Hercules, CA). The rice
elongation factor gene (OsElfla) was used as the reference gene for normalization of gene
expression difference, and expression values relative to WT under control were calculated as
described by Joshi et al. (2013).

2.8 Physiological analysis of drought stressed plants

Physiological parameters such as chlorophyll fluorescence, relative water content
(RWC), and membrane stability index (MSI) were taken on greenhouse-grown WT, OsMyc2 OE
and KD lines at 0 (control), 3 and 7 days after withholding water. All physiological data were
collected from four plants (biological replicates) of WT, and four independent lines of OE and
three independent lines of KD.

2.8.1 Estimation of photosynthetic yield

Chlorophyll fluorescence was measured in dark adapted plants with a portable
fluorometer (PAM-2100; Walz, Germany). The minimal fluorescence level (Fo) with all
photosystem (PS) 11 reaction centers open was determined by measuring the modulated light,
which was sufficiently low. Maximal fluorescence level (Fm) with all PSII reaction centers
closed was determined by a 0.8-s saturating pulse in dark-adapted leaves. Chlorophyll

fluorescence was measured as Fv/Fm where Fv = Fm - Fo.
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2.8.2 Relative water content (RWC)

The RWC of the leaves was determined following the procedure of Slatyer (1967).
Middle sections of second-youngest fully expanded leaves were collected and weighed [fresh
weight (FW)]. The leaf pieces were immersed in dH20 placed in dark at 4 °C overnight and
weighed after brief blot-drying to remove excess water [turgid weight (TW)]. Then, the pieces
were dried at 60 °C for 48 h and weighed [dry weight (DW)]. RWC was estimated in percentage
of the water content at a given time and tissue as related to the water content at full turgor using
the formula:

RWC (%) = [(FW - DW)/ (TW — DW)] X 100
2.8.3 Membrane stability index (MSI)

Membrane stability index (MSI) was determined as described by Sairam et al. (2002).
Leaf samples (~0.1 g) were placed in 10 ml of ddH20 and heated at 40 °C for 30 min in a water
bath. Then the electrical conductivity of the solution was recorded (C1) using a hand-held
pH/conductivity/TDS tester (Hann Instruments, Woonsocket, RI). Again samples were boiled on
a water bath for 10 min, and conductivity of each sample was measured (C2). The membrane
stability index (MSI) was calculated as:

MSI = [1- (C1/C2)] x 100
2.9 Phytohormone treatments

Seeds of five plants (biological replicates) of WT, OE, and KD each were germinated in
Y MSo media, and five 5-days-old seedlings , were placed in petri dishes containing MSo media
with either jasmonic acid (100 and 50 uM), methyl jasmonate (50 uM), abscisic acid (50 puM), or
gibberellic acid (50 uM). After 7 days of treatment with hormones, length of the shoots and roots

was measured, and tissue samples were taken for RNA extraction. RT-PCR was conducted using
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the OsMyc?2 primers as described in section 2.7. An ABA sensitivity assay was performed with
seeds where 10 seeds (per plate) of WT, OE and KD lines were placed on ¥2 MSo media with 8
or 10 uM ABA. Germination percentage was taken after 7 days.
2.10 Fall armyworm culture and feeding assays

Fall armyworm culture and feeding assays were conducted according to Stout et al.
(2009). The insect that was used in the present experiment came from a colony originated from
the larvae collected in Bermuda grass pastures in Baton Rouge in 1997. Leaf pieces (~2 cm) of
10 plants (biological replicates) of each of four independent lines of OE, three independent lines
of KD, and WT rice were put inside petri dishes layered with moist cotton. First instar-larvae
were placed into the petri dishes with enough leaf (~4 per week) in order to never limit their
feed. After 7 days, larvae were taken out of the petri dishes and weighed. Larvae were returned
to the plate to complete their life cycle. The time that the larvae took to reach the pupae stage and
their weight were taken.
2.11 Agronomic traits

Flowering time was measured as the time taken from seed germination until the first
panicle emerged. Above ground plant tissues without panicles were dried at 50 °C for 48 h and
weighed for determining shoot dry biomass. Grain yield (gram) was estimated by weighing all
the seeds harvested from each plant. Other agronomic traits, such as plant height, number of
tillers per plant, and percentage of fertility were taken for all genotypes. For all agronomic traits
10 plants (biological replicates) of each of five independent lines of OE, three independent lines

of KD, and WT were used.
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2.12 Statistical analyses

All physiological and agronomic data were analyzed by a one way ANOVA using
PROC-GLM. Fisher’s least significant difference (LSD) was used for a post-ANOVA analysis
on mean observations. The level of significance was tested at 5% using ‘F’ test. All statistical
analyses were performed using SAS version 9.4 (Copyright 2002-2012, SAS Institute, Cary,
NC).
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CHAPTER 3: RESULTS

3.1 Alignment and phylogeny analysis of rice Myc2 transcription factor
The cDNA sequence (2.1 Kb) of rice Myc2 (LOC_0s10g42430) transcription factor was

retrieved from the rice genome annotation project database (http://rice.plantbiology.msu.edu).

Located on the 10" chromosome, OsMyc2 contains a basic helix loop helix structural motif and

a G-box element (5’-CACGTG-3"), which provides DNA binding specificity (Figure 3.1).

Putative conserved domains have been detected, click on the image below for detailed results.
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Figure 3.1. Motif and structure analysis of the OsMyc2 protein sequence

The OsMyc?2 used in this study is homologous to the Arabidopsis thaliana Myc2
(AT1G32640.1) and to 47 other Myc2 homologs from different species (Appendix Il). Multiple
alignment of Myc2 protein sequences showed highly conserved regions among different species
(Appendix H1). Inter-species identity matrix indicated that the OsMyc2 was most similar to the
homolog from Sorghum bicolor (81.80%) and was most distant from Eutrema salsugineum
(47.84%). It shared 54.5% similarity with Arabidopsis thaliana. The phylogenetic tree
constructed with alignment-based similarity matrix showed a cluster representing Myc2

members of the graminae family (Figure 3.2).
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Figure 3.2. Phylogenetic tree constructed using the identity matrices of 48 Myc2 homologous
sequences from different plants (Details provided in Appendix II)
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3.2 Development of transgenics

A total of 40 independent transgenic events were obtained through Agrobacterium
tumefaciens-mediated transformation. OsMyc2 gene integration was confirmed by the
amplification of a 760 bp fragment of selectable marker gene hpt (hygromycin

phosphotransferase) in transgenics (Figure 3.3).
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Figure 3.3. A representative gel showing the amplification of the 760 bp hpt gene fragment
demonstrating T-DNA insertion in the genome of transgenic plants, but not in non-transformed
wild type (WT). Water (-) was included as the no template control, and the plasmid
pCAMBIA1301 was used as the positive (+) control
3.3 Subcellular localization of OsMyc2

Fluorescence microscopy of onion epidermal cells bombarded with the fusion plasmid
pCAMBIA1304/0sMyc2:gfp and the non-modified plasmid pPCAMBIA1304 (control) showed

that OsMyc2 expression was localized in the nucleus (Figure 3.4a), whereas the GFP protein

expressed under CaMV 35S promoter was expressed in the whole cell (Figure 3.4b).

32



Figure 3.4. Subcellular localization of the rice bHLH-Myc2 transcription factor using the reporter
gene gfp and visualized in onion epidermal cells after particle bombardment, a)
pCAMBIA1304/0sMyc2:gfp fusion vector, and b) pPCAMBIA1304 empty vector
3.4 OsMyc2 overexpression enhanced plant abiotic stress tolerance

Drought stress was imposed on 45-day-old plants by withholding water for a period of 14
days. OsMyc2 OE lines showed reduced stress symptoms in comparison with the WT and KD
mutants which started to show dehydration symptoms, such as leaf rolling and drying from day 7
onwards (Figure 3.5a). After 14 days of water deprivation, OE lines started showing drought
symptoms, but the WT and some KD plants were almost dead. Upon resuming watering, the OE
lines showed signs of recovery whereas the WT and KD plants were either dead or were unable
to recover (Figure 3.5b). The stressed OE plants had higher biomass (with an increase of 58.6%
to 248.3%) and longer roots (with an increase of 26.8% to 43.4%) as compared to the stressed

WT. On the other hand, stressed KD55 and KD67 showed 8.6% and 19.0% reduction of

biomass, respectively as compared to stressed WT (Appendix V).

33



.

WT KD OEl.OE2 OE3 OF4

Figure 3.5. Wild type (WT), overexpresser (OE), and knock down (KD) rice plants at (a) 7 days
and (b) 14 days after water withholding; (c) Root development of stressed plants

To determine if OsMyc2 is involved in salt stress response of plants, a floating cut-leaf
assay was performed with leaf pieces of WT, OE and KD plants at different salt (NaCl)
concentrations (0 — control, 100 mM and 150 mM). Leaves of WT and KD lines showed higher
chlorosis (chlorophyll bleaching) symptoms after 3 days as compared to leaves from OE lines
(Figure 3.6). This result suggested a possible involvement of OsMyc2 in salt stress tolerance
mechanism, but seedling screening in hydroponic condition under 150 mM NaCl concentration

did not show any difference in chlorosis and leaf drying among the genotypes.
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Figure 3.6. Salt tolerance screening by floating cut-leaf assay of wild type (WT), overexpresser
(OE), and knock down (KD) rice genotypes on Hoagland solution under control (0 mM NacCl)
and salt (100 mM and 150 mM NaCl) stress

3.5 Physiological response of drought stressed plants

The stomatal conductance did not show statistically significant difference (P = 0.82)
among the WT, OE and KD lines under non-stressed control condition (Figure 3.7). But on the
third day of stress, although drought symptoms were not apparent, stomatal conductance
reduction was observed in all the lines and differences were evident between genotypes (P <
0.05). By day 7, WT and KD plants started to show severe stress symptoms as indicated in

Figure 3.6a, where one-way ANOVA analysis indicated significant differences (P< 0.001)
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among different genotypes. Interestingly, all of the OE and a few plants of KD67 showed a high

reduction in stomatal conductance in comparison with WT plants.
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Figure 3.7. Stomatal conductance measured from the leaf samples from WT, OE and KD plants
at 0 (control), 3 d and 7 d after drought stress was imposed. Values represent means + SE of four
independent replicates. Different letters represent statistical significance at 5% level based on
Fisher’s least significant difference (LSD) test across lines

Relative water content (RWC) was >80% in all genotypes until the third day of stress.
Leaf rolling and drying with a significant (P< 0.001) reduction in RWC was observed at day 7 in
WT (<20%) and KD (<40%) plants in comparison with all OE lines, which maintained a higher
percentage of RWC (>80%; Figure 3.8a).

Membrane stability index (MSI) didn’t show significant differences among genotypes at
control (day 0) and at day 3 of withholding water, where the plants maintained >80% MSI
(Figure 3.8b). However, at the seventh day, when stress symptoms were visible, a significant

statistical difference (P< 0.001) was found among genotypes. OE lines maintained higher

membrane stability and cellular integrity in contrast to the WT and KD plants.

36



