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SUMMARY 

 
A cluster of three ethylene response factor (ERF) like genes at the SUB1 locus has been reported from rice variety 

FR13A that confers tolerance to submergence for about 14 days and SUB1 gene-expression was studied. However, 

SUB1 gene-expression variation in rice hybrids developed from different tolerant parents is useful to understand 

distinct submergence tolerance mechanisms. In this investigation, we used semi-quantitative RT–PCR to investigate 

SUB1A and SUB1C transcripts in relation with submergence tolerance and stem elongation (under submergence). 

Two F1 hybrids were developed, using three distinct parents: susceptible Fulkari, moderately tolerant Kalukanda and 

tolerant Swarna-SUB1. The allele-specific transcripts of two genes in tolerant, susceptible and moderately tolerant 

varieties indicated that differential expression of both SUB1A and SUB1C alleles was associated with different level 

of tolerance. The results demonstrated that the two hybrids had unequal expression of two alleles indicating non-

additive interaction of alleles with different level of tolerance. Hybrid-1 (Fulkari/Swarna-SUB1) showed lower 

negative heterosis for SUB1A (-47.8%) and plant survival (-13.9%) and antagonistic interaction of heterozygous 

combination of two alleles lowered SUB1A expression leading to susceptibility. SUB1 gene-expression in tolerant 

rice variety Kalukanda and its hybrid (Kalukanda/Swarna-SUB1) showed synergistic action of SUB1A and SUB1C 

transcripts with higher SUB1A and SUB1C, which is a new observation compared with antagonistic relationship 

(higher SUB1A and lower SUB1C) reported in tolerant SUB1 gene. With the possibility of different submergence 

tolerance mechanisms in Kalukanda, its use in hybridization might lead to improvement of submergence tolerance 

with balanced levels of both SUB1A and SUB1C transcripts. 
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Key findings: SUB1A and SUB1C transcripts in rice variety Kalukanda act synergistically (up- regulation 

of both alleles) indicating different submergence tolerance mechanisms, compared with antagonistic 

action of SUB1A and SUB1C transcripts in tolerant FR13A. 
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INTRODUCTION 

 

Breeding for improving submergence tolerance 

in rice cultivars is a major objective for flood 

prone areas of Asia. Systematic screening of rice 

germplasm at IRRI has confirmed that FR13A 

can survive about 14 days of complete 

submergence. FR13A can thrive in regions 

affected by flash floods, whereas modern high-

yielding varieties cannot survive the flash floods 

(Mackill et al., 2012; Mohanty et al., 2000; Xu 

et al., 2006). A cluster of three ethylene 

response factor (ERF) like genes at the SUB1 

locus has been identified (Xu et al., 2006). Two 

markers (close to SUB1) were converted to 

cleaved amplified polymorphic site (CAPS) 

markers, through digesting PCR amplified 

products with respective restriction enzymes and 

clear tolerant specific SUB1A1 and SUB1C1 

alleles were found in tolerant accessions. 

Intolerance was found to be associated with poor 

submergence induced SUB1A2 (and SUB1C2) or 

complete absence of SUB1A (only SUB1C 

allele). The discovery of SUB1A gene facilitated 

its introgression through Marker Assisted 

Backcrossing (MABC) to high yielding varieties 

(Bailey-Serres et al., 2010; Collard et al., 2013; 

Mackill et al., 2012). Using MABC, SUB1 gene 

was transferred into several popular Asian rice 

varieties (Xu et al., 2006; Septiningsih et al., 

2009, 2013; Thomson et al., 2010; Manzanilla et 

al., 2011; Mackill et al., 2012; Collard et al., 

2013). New submergence tolerance rice varieties 

with SUB1A gene might be able to withstand 

flashfloods affecting vast tracts of paddy.  

Flood resistant rice maintains their 

chlorophyll and underwater photosynthesis (Das 

et al., 2005; Nagai et al., 2010; Winkel et al., 

2013). The physiological response of rice plants 

to flooding is mainly of two types: (a) restricted 

elongation ability of leaves and internodes by 

which the varieties survive under complete 

submergence, and (b) rapid elongation ability of 

leaves and internodes by which the varieties 

avoid the complete submergence, genotypes that 

elongate faster during flooding are more useful 

for deep water areas (Chen et al., 2011; Luo et 

al., 2011, Sarkar and Bhattacharjee, 2012; 

Vergara et al., 2014). A negative correlation 

between per cent survival and elongation growth 

was found, when tolerance is inherited from 

FR13A (Yamada, 1959; Sasaki et al., 2000a, b; 

Jackson et al., 1987; Sardana, 1997). 

Although FR13A has been successfully 

used as submergence tolerance source, 

additional sources are needed. Pyramiding 

several genes into the same background is the 

most effective breeding strategy, when multiple 

genes confer a similar phenotype (Mackill, 

2003). Gene based SUB1 markers were 

identified by Xu et al. (2006) and haplotype-

based gene expression analysis of SUB1 genes 

has been successfully performed by Xu et al. 

(2006) and Masuduzzaman et al. (2017). 

Different submergence tolerance mechanisms 

other than SUB1 gene need to be investigated. In 

this connection, SUB1 gene expression analysis 

in other SUB1 gene haplotypes and their hybrids 

are required. SUB1 gene expression analysis in 

hybrids is crucial, because breeders are still 

striving to observe the expression level of SUB1 

gene in hybrid and segregating generations for 

finding more tolerant genotypes. 

RT-PCR (Reverse Transcriptase 

Polymerase Chain Reaction) analysis is applied 

to detect differential expression of a specific 

gene. The number of copies of produced RNA is 

called the expression level of the gene (Xu, 

2005). Gene is "on" when the cell makes 

mRNA, and "off" when the cell does not make 

it. Differences in gene expression, termed as 

expression level polymorphisms (ELPs) 

(Doerge, 2002) have been studied in many crops 

and was found to be associated with flowering-

time control (Johanson et al., 2000; Caicedo et 

al., 2004) and pathogen resistance (Grant et al., 

1995; Gassmana et al., 1999) in Arabidopsis. 

However, for deleterious alleles, synergistic 

interactions mean that expression of two alleles 

would be more harmful together than expected 

from their separate effects. Antagonistic 

epistasis, therefore implies unexpected 

robustness to the effects of deleterious alleles 

(Devisser et al., 1996; Peters and Keightley, 

2000). Haplotype-based gene expression 

analysis of SUB1 genes was studied by many 

researchers which is relatively reliable than 

single-locus test. Xu et al. (2006) and Fukao et 

al., (2006) described that when SUB1A1 gene is 

very active, it improves the ability of rice to 

survive under water. They identified the 

submergence tolerance mechanisms in tolerant, 
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moderately tolerant and intolerant varieties and 

reported that SUB1A ethylene response factor 

(ERF) inhibits ethylene production and 

underwater elongation.  

It was confirmed that SUB1A gene is the 

contributor for tolerance (Xu et al., 2006; 

Septiningsih et al., 2009; 2015; Bailey-Serres et 

al., 2010; Singh et al., 2009, 2015). Expression 

of SUB1A gene also suppresses a nearby 

ethylene-responsive paralogous gene (SUB1C). 

Masuduzzaman et al., (2010) found A1C1 

haplotype as the most tolerant as compared to 

other haplotypes, indicating the major role of 

SUB1A1 for tolerance. Comparison of SUB1 and 

non-SUB1 varieties under submergence 

indicated that SUB1A was the principal 

determinant in submergence tolerance that 

inhibited the elongation in SUB1 lines. In 

addition, the varieties Madabaru, Kalukanda and 

Kottamali (A2C2) showed moderate level of 

tolerance with higher expression of both 

SUB1A1 and SUB1C1 alleles. Submergence 

tolerant landrace (FR13A) and other SUB1 

haplotypes have been extensively exploited in 

mechanistic studies; but the study on other SUB1 

gene haplotypes and their hybrids is limited. 

Efforts are needed to study transcriptional 

interactions of SUB1 genes in the F1s and to 

investigate strengths of transcriptional 

interactions of alleles in hybrids for 

understanding the basis of different tolerance 

mechanisms. 

Effect of nucleotide sequence variation 

has found on allelic expression patterns, some of 

which might lead to phenotypic changes 

(Zhuang and Adams, 2007). Guangming et al. 

(2006) detected unequal expression in rice 

hybrids and their parents at a leucine-rich repeat 

receptor kinase gene cluster of different 

haplotypes and their combinations in hybrids. 

Analysis of allele-specific expression patterns in 

the hybrid revealed that high levels of additive 

(equal to the average of two parents) expression 

with low levels of non-additive (different from 

the average of two parents) expression levels 

(Stupar and Springer, 2006; Swanson-Wagner et 

al., 2006). The expression variation is suggested 

to play important roles in determining 

phenotypic diversity in hybrids (Guo et al., 

2004).  

The expression variation is suggested to 

play important roles in determining phenotypic 

diversity in hybrids (Guo et al., 2004). But, very 

little is known about SUB1 allele-specific 

expression variation in other haplotypes and 

their hybrid combinations. Current research also 

focuses on expression variation at SUB1 locus of 

hybrids and their parents- in relation with 

investigating differential mechanism of 

submergence tolerance. In view of the above 

mentioned introduction, the present studies were 

undertaken with the following major objectives: 

to investigate the relationship between level of 

SUB1A and SUB1C transcripts in different 

haplotypes and their hybrids under submergence 

stress and also to detect the effect of different 

patterns of expression of SUB1A and SUB1C on 

tolerance level of selected rice hybrids and to 

understand the basis of different mechanism of 

submergence tolerance. 

 

 

MATERIALS AND METHODS 

 

Plant materials and submergence treatment 

 

Two F1 hybrids (tolerant x intolerant, tolerant x 

moderately tolerant) and their parents were used 

in this experiment. For assaying SUB1A and 

SUB1C expression, 4 sets of seedlings were 

raised in separate plastic trays, containing finely 

ground soil. Except the control tray, other 2 trays 

with 14 days old seedlings were submerged 

completely in water tank for 3d and 7d. After 

submergence of 3d, one tray was taken out of 

water tank. The shoot tissues were cut into 

sections (5 to10 mm), and were taken into 2ml 

tubes, quickly. The samples were frozen 

immediately in liquid nitrogen and stored at –

80°C. Similarly, after 7d of submergence, de-

submerged shoots and the corresponding non-

submerged controls were also sampled for 

analysis. All leaves of each variety were 

harvested at 3 pm on the day of treatment 

specified and special care was taken not to thaw 

the samples. The parents and their hybrids 

(Table 1) were grown in trays and leaf samples 

were harvested at 7 days after submergence, 

following same procedures mentioned above.
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Table 1. List of parents and F1s for expression studies. 

SL Varieties Haplotype Phanotype 

1 F1-- Fulkari x Swarna-SUB1 - - 

2 F1-- Kalukanda x Swarna-SUB1 - - 

3. Parent- Fulkari A0C2 S 

4. Parent- Kalukanda A2C2 MT 

5. Parent-  Swarna-SUB1 A1C1 T 

 

 

 

 

Figure 1. Intact RNA, indicated by clearly visible 18S and 28S rRNA bands. 

 

 

The data were taken on seedling height, and per 

cent survival from five randomly selected 

seedlings, before submergence, after treatment 

(7 days of submergence) and after the 7th day of 

recovery. 

 

Measuring elongation and submergence score 

 

Before collecting leaves of submerged plants of 

each treatment, plant height was measured. To 

observe the response of increased elongation 

growth on gene expression, elongation was 

calculated, as compared with initial plant height 

(non-submerged control) of each variety. The 

trays were kept in screen house for recovery of 

seedlings. The data were taken on seedling 

height, and per cent survival from five randomly 

selected seedlings, before submergence, after 

treatment (7 days of submergence) and after the 

7th day of recovery. 

 

Total RNA extraction 

 

Total RNA from shoot tissue samples was 

extracted following TRI Reagent (Sigma 

Aldrich, USA) based protocol. Frozen tissue 

sample (~ 80-100 mg) was taken in a prechilled 

mortar. It was then powdered by grinding in 

mortar and frequently or periodically adding 

liquid nitrogen in the mortar to prevent thawing. 

Finally, dried RNA pellets were re-suspended 

in100μl Diethyl Pyrocarbonate (DEPC) treated 

double distilled water.  

 

Quality check of RNA 

 

RNA samples and amplification reactions were 

assembled on ice and precautions were taken to 

save the samples from contamination and 

degradation by RNase. RNase-free tips and 

plastic tubes and solutions (treated with DEPC 

to inactivate RNase) were used. RNA integrity 

was assessed by comparing the relative 

intensities of the 28S and 18S rRNA bands 

(Figure 1) in 1.5% agarose gel electrophoresis, 

stained with SYBR safe (Thermofisher).  

Total RNA concentration and purity 

(260/280 ratio) were also measured in duplicate 

by the NanoDrop spectrophotometer (NanoDrop 

Technologies). Only the RNA samples having a 

260/280 ratio between 1.8 and 2.0 were used. 

Subsequently, the samples were diluted with 

nuclease-free water to a concentration of 100 

ng/μl. The diluted 10 μl of each RNA sample 

was treated with the RNase-free DNase for 30 

min at 37°C (Promega, Madison, WI) to remove 

traces of contaminating DNA, followed by 

treating with RNase inhibitor for 10 minutes at 

65°C in 0.5 ml tubes in a thermal cycler,  

28S 

18S 
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Table 2. Nucleotide sequence of gene specific primers and thermo cycling conditions for RT-PCR. 

Primers Sequence of primers 
Annealing 

Temp (oC) 

No of 

cycles 

PCR product size 

(bp) 

SUB1A 
F: 5´-GAT GTG TGG AGG AGA AGT GA-3´ 

R: 5´-TGT TTT GGT GGA TCG ATG GG-3 
54 33 203 

SUB1C 
F: 5´-AAC GCC AAG ACC AAC TTC C-3´ 

R: 5´-AGG AGG CTG TCC ATC AGG T-3´ 
53 34 173 

Actin-1 
F: 5´-ACA GGT ATT GTG TTG GAC TC-3´ 

R: 5´-GCT TAG CAT TCT TGG GTC C-3´ 
53 35 118 

 

according to the manufacturer's instructions 

(Promega). Then concentration of purified RNA 

was measured again in duplicate by the 

NanoDrop. Finally, samples were diluted to a 

conc. of 33.3 ng/μl and the RNA stock solutions 

were stored at -20 °C. 

 

Semi-quantitative RT-PCR for cDNA 

synthesis 

 

For first stand cDNA synthesis in a single tube, 

semi- quantitative RT-PCR was performed, 

using one step RT-PCR kit (Invitrogen). Totally 

100 ng (3µl) of high-quality total RNA was used 

as a template. The RT reactions were performed 

in a 25 µl reaction mixture consisting of 22 µl of 

the RT-PCR reagent mixture and 3µl of total 

RNA (100ng). For one reaction, the RT-PCR 

reagent mixture contained: RNase-free water 

6.75µl, 12.5 µl of 1X one-step RT-PCR buffer 

(Invitrogen, Carlsbad CA), 1 µl gene specific 

forward and reverse gene specific primers 

mixture, DMSO 1.25 µl and 0.5 µl of one-step 

RT-PCR/ Platinum Taq mix (Invitrogen, 

Carlsbad CA), and over layered with 1 drop of 

nuclease-free mineral oil (Sigma), according to 

the manufacturer’s instructions. After reaction 

assembly, the tables were transferred to a 

thermal cycler (G-Strom) (pre-heated to the 

desired cDNA synthesis temperature of 50°C) 

and immediately the RT-PCR amplification 

program was started with 1 cycle of reverse 

transcription at 50°C for 30 min and then PCR 

condition consists of: initial denaturation for 5 

min at 94ºC, followed by 30 to 33 cycles of 95ºC 

for 15s, annealing at 53-55ºC for 30s and 

extension at 72ºC for 1 minute, and a final 

extension step at 72ºC for 8 min. In thermal 

cycler, cycling condition was optimized for each 

primer pairs to ensure amplification products did 

not reach saturation.  

To control contamination from previous 

sample, a control reaction without RNA 

template was set up. For more reliable results, 

three replicates were performed for each sample. 

The mRNA levels were determined for SUB1A 

and SUB1C and for one housekeeping gene: 

actin-1. The transcript levels were compared 

across multiple samples, based on band intensity 

of amplification products relative to internal 

control (actin1) those were expressed at a 

relative constant level among all samples.  

 

Gel electrophoresis of PCR products 

 

To quantify the gene expression of SUB1A and 

SUB1C and Actin-1, the RNA samples were run 

on 1.5 % agarose gel electrophoresis. PCR 

products were run at constant voltage 80 V and 

the gel was stained in CYBR safe for 30 

minutes. The amplified products were visualized 

under UV light and documented by gel 

documentation system. 

 

Heterosis for the traits related to tolerance 

 

We treated seedlings of both hybrids (involving 

contrasting traits for elongation, survival and 

SUB1A and SUB1C transcripts) under 7d of 

submergence and assayed the effect of allele-

specific transcript accumulation on elongation 

growth. Same line, Swarma-SUB1 was used as 

donor of tolerant specific SUB1A and SUB1C 

alleles in two crosses (Table 2). The interactions 

of different alleles are hypothesized to be the 

basis of differential expression in hybrids. The 

average of two parents was used to estimate 

mid-parent heterosis. To determine the  
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Figure 2. RT-PCR detection of SUB1A, SUB1C and Actin-1 transcription in hybrids and their parents at 

7d of submergence. A: Representative RT-PCR gel for 2 hybrids with respective parents B: Densitometry 

analysis of mRNA expression for SUB1A and SUB1C. 

 

significance of heterosis, t-test was utilized. We 

considered epistasis as any deviation from 

additivity of the genotype values, looking at the 

interaction of alleles at the heterozygous state. 

 

Data Analysis 

 

The specific band intensity for SUB1A and 

SUB1C with respect to a housekeeping gene 

(actin-1) was compared from semi- quantitative 

RT-PCR data at two-time points (3 days and 7 

days of submergence. Relative transcript 

abundance was calculated using the comparative 

cycle threshold method (Livak and Schmittgen, 

2001). The intensity of each band of SUB1A, and 

SUB1C was measured, using an IS-1000 Digital 

Imaging System (Alpha Innotech) and quantified 

using Flurochem version 2.0 software 

(AlphaEaseF Canalysis software). The 

normalized intensity values were detected in 

comparison with the lowest negative control ‘0’. 

Bar graphs represented the relative band 

intensity of SUB1A and SUB1C at 7d of 

submergence. Expression values and elongation 

means of genotypes were computed. 

Gene expression was treated as 

quantitative trait (Gibson and Weir, 2005) to 

find out interactions between alleles (Phillips, 

1998; Brem et al., 2005). If expression of two 

interacting alleles increase in a positive 

skewness (higher value), synergistic epitasis 

occur. If one allele increases in the positive 

skewness and other one decreases, then 

antagonistic epistasis occurs. Finally, we 

investigate the differential mechanism of 

submergence tolerance in relation with average 

survival and elongation of different varieties due 

to differential expression of SUB1A and SUB1C 

in hybrids and their parents.  

 

 

RESULTS AND DISCUSSION 

 

Allelic expression variations in hybrids and 

their parents 

 

To distinguish between these possibilities, the 

expression of SUB1A and SUB1C alleles were 

compared in two F1 hybrids involving three 

selected rice varieties: susceptible Fulkari 

(A0C2 haplotype), moderately tolerant 

Kalukanda (A2C2 haplotype) and tolerant 

Swarna-SUB1 (A1C1 haplotype). The parents 

and their hybrids, Fulkari x Swarna-SUB1 and 

Kalukanda x Swarna-SUB1) were submerged 

for 7 days to investigate gene expression 

variation in hybrids. Figure 2 showed the SUB1A 

and SUB1C transcript of hybrids along with their 

parents. In tolerant Swarna-SUB1, the 

expression of SUB1A was highest; while  
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Table 3. Percent heterosis (mid parent) for different traits and allele-specific transcripts under 7d 

submergence stress. 

Expression/ 

Phenotype 
Fulkari 

Swarna-

SUB1 
Hybrid 1 MpH% Kalukanda 

Swarna-

SUB1 

Hybrid-

2 
MpH% 

SUB1A(E) 2 136 36 -47.8* 111 136 81 0.53 

SUB1C(E) 60 38 64 30.6* 120 38 80 1.3 

Elongation % 156 42 137 38.4** 70 42 59 5.4 

Survival % 5 90 41 -13.9* 67 90 73 -8.9* 

Remarks S T S  MT T T  
MpH% = Mid parent heterosis %, E = Expression value; *, ** and *** indicated significant at 5%, 1% and 0.1% levels of 

probability, respectively. 
 

expression level of SUB1C was very low. In 

susceptible Fulkari, the expression of SUB1C 

was highest and SUB1A was not expressed. 

Thus, the allele-specific transcripts of two genes 

indicated that parental alleles had higher allelic 

expression differences.  

In hybrid-1 (Fulkari/Swarna-SUB1), 

SUB1A0/ SUB1A (involving null and normal 

allele) and SUB1C1/SUB1C2 (length variation 

and position of SNP) heterozygous allelic 

combination resulted in novel interactions those 

may be the sources of expression difference of 

SUB1A and SUB1C. SUB1A and SUB1C 

expression level in hybrid-1 was not 

intermediate between two parents, but shifted 

towards (higher SUB1C and lower SUB1A), that 

of the homozygous parent, Fulkari. As the effect 

at two loci was not additive; it indicated the 

involvement of interaction for variation of 

transcripts. 

 Expression analysis also indicated that 

both SUB1A and SUB1C alleles were expressed 

in the hybrid-2 (Kalukanda/Swarna-SUB1). The 

expression level skewed to homozygous parent, 

Kalukanda. Kalukanda had single-nucleotide 

polymorphism at SUB1A locus compared with 

Swarna-SUB1. In hybrid-2, SUB1A1/SUB1A2 

(involving SNP variation) and SUB1C1/SUB1C2 

(length variation and position of SNP) 

heterozygous allelic combination might play a 

vital role in regulation of SUB1A and SUB1C. 

SUB1 gene-expression studies in Kalukanda and 

its hybrid (Kalukanda/Swarna-SUB1) showed 

that SUB1A and SUB1C transcripts act 

synergistically (higher SUB1A and SUB1C) and 

Kalukanda has different submergence tolerance 

mechanisms compared with antagonistic relation 

(higher SUB1A and lower SUB1C) in tolerant 

SUB1 gene of FR13A (Xu, et al., 2006). The 

presence of novel submergence tolerance gene in 

Kalukanda and Madabaru was first discovered 

by Masuduzzaman et al. (2010) and after that 

investigation - Septiningsih et al. (2013) 

searched for novel quantitative trait loci (QTLs) 

from a cross between IR72 and Madabaru. They 

identified four QTLs on chromosomes 1, 2, 9, 

and 12 and suggested that an alternative pathway 

may be present in those varieties different from 

SUB1A gene. These findings also proved the 

novelty of Kalukanda and Madabaru with 

distinct submergence tolerance mechanism than 

the mechanism of FR13A. Further, SUB1A and 

SUB1C expression values in hybrid-2 were not 

equal to the average of both parents, indicating 

involvement of interaction for transcript 

variation as earlier reported in maize (Song and 

Messing, 2003; Guo et al., 2004), wheat and rice 

hybrids (Bao et al., 2005; Wang and Sadee, 

2006) for significant allelic expression 

difference in hybrids. The genetic control of 

allelic expression variation has been documented 

in yeast, mice and maize hybrids (Brem et al., 

2002; Schadt et al., 2003; Yvert et al., 2003). 

Heterosis did not simply resulted from overall 

genetic diversity within a hybrid, but is likely a 

reflection of diversity at specific genes those 

contributed to a particular trait (Stuber et al., 

1992; Xiao et al., 1995; Li et al., 2001; Luo et 

al., 2001). 

 

Heterosis in expression and tolerance level of 

hybrids 
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Allele-specific transcript accumulation of 

SUB1A and SUB1C genes were assayed in two 

hybrids, involving contrasting traits for 

elongation growth. Same line, Swarna-SUB1 

was used as donor of tolerant specific SUB1A1 

and SUB1C1 alleles and marked differences 

existed between the parental mean and F1 

generations in the two crosses for the traits 

studied, as shown in Table 3. Hybrid-1 showed 

low negative heterosis for SUB1A (-47.8%) and 

survival (-13.9%). In fact, SUB1A transcript and 

survival % was much lower than the mid parent 

(MP) values and the concept of epistasis model 

fitted in the hybrid-1 for explanation of variation 

for these traits. Hybrid-1 showed positive 

heterosis for SUB1C (30.6%) and elongation 

(38.4%), which might be due to the detrimental 

effect of lower SUB1A expression. Hybrid-2 

showed slightly higher positive heterosis for 

SUB1A (0.53%) and survival per cent (5.4%), 

but SUB1A transcript and survival per cent were 

different from MP value and the concept of 

epistasis model also best explained the variation 

in the hybrid-2. Hybrid-2 also had slightly 

higher positive heterosis for SUB1C (1.3%) and 

elongation (5.4 %). In fact, almost equal portion 

of SUB1A and SUB1C did not exert much 

detrimental effect of survival in hybrid-2. Thus, 

selection of hybrid-2 might lead to improvement 

of tolerance with balanced level of SUB1A and 

SUB1C transcripts. Similar results were found 

by Xu et al., (2006) and SUB1 introgressed 

cultivars have also shown higher tolerance and 

same mechanisms of tolerance in rice 

(Iftekharuddaula et al., 2011; Mackill et al., 

2012; Septiningsih et al., 2009, 2013, 2015; 

Singh et al., 2009).  

 

Effect of differential expression of SUB1A 

and SUB1C on elongation 

 

The allelic variation in gene expression in two F1 

hybrids was determined; involving slow, 

medium and strong elongating parents: 1) 

hybrid-1, Fulkari/Swarna-SUB1 (strong 

elongating x slow-elongating) and hybrid-2, 

Kalukanda/Swarna-SUB1 (medium elongating 

X slow-elongating). We analyzed the 

interactions of SUB1 locus genes and their effect 

on elongation and fitness (survival) (Figures 3 

and 4). According to reported studies, 

interactions between alleles at SUB1 locus 

played significant role on expression of 

elongation and tolerance level of rice. Several 

studies have also focused importance of SUB1 

gene for reduced elongation under submergence 

conditions (Baxter et al., 2014; Fukao et al., 

2011; Liu et al., 2015; Yang and Hong, 2015). 

Thus, deployment of tolerant varieties with 

SUB1A gene has been found highly effective 

(Singh et al., 2009; 2013; Iftekharuddaula et al., 

2011; Dar et al., 2013). 

Epistasis interaction is defined as a 

deviation from additive gene effects (Lynch and 

Walsh 1998). As expression level of SUB1A and 

SUB1C genes were deviated from additive 

effect, epistasis model can best explain the basis 

of heterosis rather than dominance and over 

dominance hypothesis (Hull, 1945) in the two 

hybrids. Interactions in heterozygous states were 

best explained by either antagonistic or 

synergistic effect. In hybrid-1, SUB1A and 

SUB1C interacted antagonistically reducing the 

amount of SUB1A transcripts (but slightly higher 

than the lower parent) and up-regulated the 

SUB1C. Finally, expression of strong elongation 

indicated susceptible phenotype in hybrid-1 

(Figure 3). Both hybrid-1 and Fulkari are 

susceptible, but hybrid-1 had slightly higher 

survival percent (41%) than Fulkari (5%). The 

deviation in fitness might be due to a change in 

strength of interactions raised from differential 

expression of SUB1A and SUB1C alleles in 

hybrid-1 compared with the parent, Fulkari. 

In hybrid-2, SUB1A and SUB1C alleles 

interacted in a synergistic manner–thus 

increasing level of both SUB1A and SUB1C 

transcripts. Finally, moderate level of elongation 

contributed to medium level of tolerance, as like 

in Kalukanda. Hybrid-2 and Kalukanda are 

moderately tolerant for their range of survival, 

but hybrid-2 had slightly higher survival (73%) 

than Kalukanda (67%). The deviation in fitness 

might be due to a change in strength of 

interactions raised from differences in 

expression of SUB1A and SUB1C alleles in the 

hybrid-2 compared with the parent, Kalukanda. 

Analyzing the involvements of transcript 

variation in differentiating xylem of Eucalyptus 

wood-forming tissues, Kirst et al. (2005) found 

interactions of the interacting alleles for different 

traits in an F1 hybrid. A number of interactions 
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Figure 3. Comparing expression of SUB1A and SUB1Cin relation with elongation and survival percent in 

hybrid and their parents. Short bars represent smaller effect and long or medium long bars represent 

greater effects. A. In hybrid 1, antagonistic interaction of SUB1A and SUB1C alleles favored suppression 

of SUB1A and expression of SUB1C as well expression of higher elongation. The presence of higher 

elongation caused lower survival percent. B. In hybrid 2, synergistic interaction of SUB1A and SUB1C 

alleles favored suppression of both the alleles and medium elongation. The presence of strong elongation 

caused lower survival percent. 

 

 

Figure 4. Phenotypes of two hybrids compared with their parents. 

 

among the several genes have been found in 

Arabidopsis accessions and F1 hybrids using 

cDNA array (Devisser et al., 1996). These 

results suggested that major allele for elongation 

of Kottamali should be a particularly good 

candidate for the source of novel genes for 

submergence tolerance. These results are distinct 

from several studies in rice for submergence 
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tolerance (Xu et al., 2006; Singh et al., 2009; 

among the several genes have been found in 

Arabidopsis accessions and F1 hybrids using 

cDNA array (Devisser et al., 1996). These 

results suggested that major allele for elongation 

of Kalukanda should be a particularly good 

(Jantaboon et al., 2011; Bailey-Serres et al., 

2012; Dar et al., 2013). 

In the two hybrids, the expression 

pattern of SUB1A and SUB1C affected 

elongation growth differentially (Table 3). In 

fact, moderate level of elongation (59%) of 

hybrid-2 was found better for higher survival, 

compared with high level of elongation in 

hybrid-1(137%). A novel mechanism favored 

the expression of both the SUB1A and SUB1C 

alleles that caused limited leaf chlorosis and 

moderate level of elongation in hybrid-2, as like 

Kalukanda. These results further indicated the 

presence of novel beneficial allele in Kalukanda 

that resulted in beneficial contribution to SUB1A 

and SUB1C expression and higher survival. 

Troyer (2006) pointed out the importance of 

adapted or beneficial alleles in heterosis of corn. 

Selection of hybrid-2 (Kalukanda/Swarna SUB1) 

might lead to improvement of tolerance having 

balanced level of SUB1A and SUB1C transcripts. 

 

 

CONCLUSION 

 

In this investigation, using semi-quantitative 

RT–PCR - SUB1A and SUB1C transcripts were 

interpreted in respect with submergence 

tolerance and stem elongation (under 

submergence). Two F1 hybrids were developed, 

using 3 distinct parents: susceptible Fulkari, 

moderately tolerant Kalukanda and tolerant 

Swarna-SUB1. SUB1 gene-expression in hybrids 

compared with parents (different SUB1 gene 

haplotypes) showed that two hybrids had 

unequal expression of two alleles and had 

different level of tolerance, compared with 

respective parents. The shift in expression 

patterns in SUB1A and SUB1C of hybrids was 

due to non-additive interaction of alleles that 

also affected the elongation and survival of 

different hybrids differentially. Hybrid-1 

(Fulkari/Swarna-SUB1) showed lower negative 

heterosis for SUB1A (-47.8%) and survival (-

13.9%) heterozygous combination of two alleles 

interacted antagonistically (lower SUB1A) that 

showed toward susceptible phenotype. SUB1 

gene-expression in tolerant rice variety 

Kalukanda and its hybrid (Kalukanda/Swarna-

SUB1) showed that SUB1A and SUB1C 

transcripts act as synergistically (higher SUB1A 

and SUB1C), which is a new innovation 

compared with antagonistic relationship (higher 

SUB1A and lower SUB1C) in tolerant SUB1 

gene. Different submergence tolerance 

mechanisms might be present in Kalukanda. Use 

of Kalukanda in hybridization and selection of 

its hybrid might lead to improvement of 

submergence tolerance having balanced level of 

both SUB1A and SUB1C transcripts.  

 

 

ACKNOWLEDGEMENTS 

 
We are grateful to Dr. D. J. Mackill, former Head, Plant 

Breeding, Genetics and Biotechnology Division (PBGB), 

International Rice Research Institute, Philippines, Dr. 

Abdelbagi Ismail, principal scientist and coordinator of the 

Stress-Tolerant Rice for Africa and South Asia (STRASA) 

project, IRRI and Dr. Sigrid Heuer, Former Scientist, 

International Rice Research Institute for their guidance and 

financial supported from grant of German Federal Ministry 

for Economic Cooperation and Development. We are also 

grateful to Michael Thomson, EM Septiningsih, Dr. 

Pandey, Jessica Rey, Namrata Singh, Darlene Sanchez and 

Trang Dang Minh of International Rice Research Institute 

for their technical support in laboratory, as well as for data 

analysis.  

 

 

REFERENCES 

 
Bailey-Serres J, Lee SC, Brinton E (2012). Water 

proofing crops: effective flooding survival 

strategies. Plant Physiol. 160: 1698–1709. 

Bailey-Serres J, Fukao T, Ronald P, Ismail AM, 

Heuer S, Mackill DJ (2010). Submergence 

Tolerant Rice: SUB1’s Journey from 

Landrace to Modern Cultivar. Rice 3: 138–

147. 

Bao JY, S Lee C, Chen X, Zhang Y, Zhang SQ, Liu 

T, Clark J, Wang M, Cao H, Yang SM, 

Wang, Yu J (2005). Serial analysis of gene 

expression study of a hybrid rice strain 

(LYP9) and its parental cultivars. Plant 

Physiol. 138: 1216–1231. 

Baxter A, Mittler R, Suzuki N (2014). ROS as key 

players in plant stress signaling. J. Exp. Bot. 

65(5): 1229–1240. 



SABRAO J. Breed. Genet. 49 (3) 280-292 

290 

 

Brem RB, L Kruglyak (2005). The landscape of 

genetic complexity across 5,700 gene 

expression traits in yeast. Proc. Natl. Acad. 

Sci. 102: 1572–1577. 

Brem RB, Yvert G, Clinton R, Kruglyak L (2002). 

Genetic dissection of transcriptional 

regulation in budding yeast. Sci. 296: 752–

755. 

Caicedo AL, Stinchcombe JR, Olsen KM, Schmitt J, 

Purugganan MD (2004). Epistatic 

interaction between Arabidopsis FRI and 

FLC flowering time genes generates a 

latitudinal cline in a life history trait. Proc. 

Natl. Acad. Sci. 101: 15670–15675. 

Chen X, Visser EJW, de Kroon H, Pierik R, 

Voesenek LACJ, Huber H (2011). Fitness 

consequences of natural variation in 

flooding induced shoot elongation in Rumex 

palustris. New Phytol. 190: 409–420. 

Collard BCY, Septiningsih EM, Das SR, Carandang 

J, Pamplona AM, Sanchez DL, Kato Y, Ye 

G, Reddy JN, Singh US, Iftekharuddaula 

KM, Venuprasad R, Vera-Cruz CN, Mackill 

DJ, Ismail AM (2013). Developing new 

flood-tolerant varieties at the International 

Rice Research Institute (IRRI). SABRAO J. 

Breed. Genet. 45: 42-56. 

Dar MH, Janvry AD, Emerick K, Raitzer D, Sadoulet 

E (2013). Flood tolerant rice reduces yield 

variability and raises expected yield, 

differentially benefitting socially 

disadvantaged groups. Scientific Reports 3: 

1–8. 

Das KK, Sarkar RK, Ismail AM (2005). Elongation 

ability and nonstructural carbohydrate levels 

in relation to submergence tolerance in rice. 

Plant Sci. 168:131–136. 

Devisser JAGM, Hoekstra RF, Vanden Ende H 

(1996). The effect of sex and deleterious 

mutations on fitness in chlamydomonas. 

Proc. R. Soc. Lond. Ser. B263: 193–200. 

Doerge RW (2002). Mapping and analysis of 

quantitative trait loci in experimental 

populations. Nat. Rev. Genet. 3: 43–52. 

Fukao T, Yeung E, Bailey-Serres J (2011). The 

submergence tolerance regulator SUB1A 

mediates crosstalk between submergence 

and drought tolerance in rice. Plant Cell 

23(1): 412–427. 

Fukao T, Xu K, Ronald PC, Bailey-Serres J (2006). 

A variable cluster of ethylene response 

factor-like genes regulates metabolic and 

developmental acclimation responses to 

submergence in rice. The Plant Cell. 18: 

2021–2034. 

Gassmann W, Hinsch ME, Staskawicz BJ (1999). 

The Arabidopsis RPS4 bacterial-resistance 

gene is a member of the TIR-NBS-LRR 

family of disease-resistance genes. Plant J. 

20: 265–277. 

Gibson G, Weir B (2005). The quantitative genetics 

of transcription. Trends in Genet. 21(11): 

616-623. 

Grant MR, Godiard L, Straube E, Ashfield T, Lewald 

J, Sattler A, Innes RW, Dangl JL (1995). 

Structure of the Arabidopsis Rpm1 gene 

enabling dual-specificity disease resistance. 

Sci. 269: 843–846. 

Guangming, H., X. Luo, F. Tian, K. Li, Z. Zhu, W. 

Su, X. Qian, Y. Fu, X. Wang, C. Sun, J. 

Yang (2006). Haplotype variation in 

structure and expression of a gene cluster 

associated with a quantitative trait locus for 

improved yield in rice. Genome Res. 16: 

618-626. 

Guo M, Rupe MA, Zinselmeier C, Habben J, Bowen 

BA, Smith OS (2004). Allelic variation of 

gene expression in maize hybrids. Plant Cell 

16: 1707–1716. 

Hull FH (1945). Recurrent selection for specific 

combining ability in corn. J. Am. Soc. 

Agron. 37: 134–135. 

Iftekharuddaula KM, Newaz MA, Salam MA, 

Ahmed HU, Mahbub MAA, Septiningsih 

EM, Collard BCY, Sanchez DL, Pamplona 

AM, Mackill DJ (2011). Rapid and high-

precision marker assisted backcrossing to 

introgress the SUB1 QTL into BR11, the 

rainfed lowland rice mega variety of 

Bangladesh. Euphytica 178: 83–97. 

Jackson MB, Waters I, Setter TL, Greenway H 

(1987). Injury to rice plants caused by 

complete submergence: a contribution of 

ethylene. J. Exp. Bot. 38: 1826–1838. 

Jantaboon J, Siangliwa M, Im-markb S, Jamboonsria 

W, Vanavichitc A, Toojindaa T (2011). 

Ideotype breeding for submergence 

tolerance and cooking quality by marker-

assisted selection in rice. Field Crops Res. 

123: 206–213. 

Johanson U, West J, Lister C, Michaels S, Amasino 

R, Dean C (2000). Molecular analysis of 

FRIGIDA, a major determinant of natural 

variation in Arabidopsis flowering time. Sci 

.290: 344–347. 

Kirst M, Basten CJ, Myburg AA, Zeng Z, Sederoff 

RR (2005). Genetic architecture of 

transcript-level variation in differentiating 

xylem of a Eucalyptus hybrid. Genet. 169: 

2295-2303. 



Asm et al. (2017) 

291 

Li ZK, Luo LJ, Mei HW, Wang DL, Shu QY, Tabien 

R, Zhong DB, Ying CS, Stansel JW, Khush 

GS, Paterson AH (2001). Over dominant 

epistatic loci are the primary genetic basis of 

inbreeding depression and heterosis in rice. 

I. Biomass and grain yield. Genet. 158: 

1737–1753.  

Liu B, Rennenberg H, Kreuzwieser J (2015). 

Hypoxia induces stem and leaf nitric oxide 

(NO) emission from poplar seedlings. 

Planta 241(3): 579–589. 

Livak KJ, Schmittgen TD (2001). Analysis of relative 

gene expression data using real-time 

quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods; 25(4): 402-408. 

DOI: 10.1006/meth.2001.1262. 

Luo FL, Nagal KA, Scharr H, Zeng B, Schurr U, 

Matsubara S (2011). Recovery dynamics of 

growth, photosynthesis and carbohydrate 

accumulation after de-submergence: a 

comparison between two wetland pants 

showing escape and quiescence strategies. 

Ann. Bot. 107: 49–63. 

Luo LJ, Li ZK, Mei HW, Shu QY, Tabien R, Zhong 

DB, Ying CS, Stansel JW, Khush GS, 

Paterson AH (2001). Over dominant 

epistatic loci are the primary genetic basis of 

inbreeding depression and heterosis in rice. 

II. Grain yield components. Genet. 158: 

1755-1771.  

Lynch M, Walsh B (1998). Genetics and analysis of 

quantitative traits. Sunderland, A: Sinauer 

Associates, Inc., pp. 980. 

Manzanilla DO, Paris TR, Vergara GV, Ismail AM, 

Pandey S, Labios RV, Tatlonghari GT, Acda 

RD, Chi TTN, Duoangsila K, Siliphouthone 

I, Manikmas MOA, Mackill DJ (2011). 

Submergence risk and farmers’ preference: 

implications for breeding SUB1 rice in 

Southeast Asia. Agric. Systems 104: 335–

347. 

Masuduzzaman, ASM., Md. Maksudul Haque, A. K. 

M. Shamsuddin, M. A. Salam, Md. 

Shahjahan Kabir, Ardashir Kharabian-

Masouleh, Md. Enamul Haque and Md. 

Ansar Ali. (2017). Variation in expression of 

Sub1gene confers differential response to 

submergence tolerance in rice (Oryza 

sativaL.). AJCS 11(06):757-76. 

Masuduzzaman ASM, Septingsih E, Sanchez D, 

Pamplona A, Heurer S, Ismail A, 

Shamsuddin AKM, Saiam MA, Hossain 

MK, Mackill DJ (2010). Molecular diversity 

and variation of SUB1 gene expression in 

relation to submergence tolerance in rice. 

Genomics and Plant Genet. Res. P-229. 

Mackill DJ, Ismail AM, Singh US, Labios RV, Paris 

TR (2012). Development and rapid adoption 

of submergence-tolerant (SUB1) rice 

varieties. Advan. in Agron. 115: 303-356. 

Mackill DJ (2003). What molecular tools are 

available for selection for drought tolerance. 

In: Manual, Breeding rice for drought-prone 

environments. 4.4: 55-57. 

Mohanty HK, Mallik S, Grover A (2000). Prospects 

of improving flooding tolerance in lowland 

rice varieties by conventional breeding and 

genetic engineering. Curr. Sci. 78 (2): 132-

137. 

Nagai K, Hattori Y, Ashikari M (2010). Stunt or 

elongate two opposite strategies by which 

rice adapts to floods. J. Plant Res. 123:303–

309. 

Peters AD, Keightley PD (2000). A test for epistasis 

among induced mutations in Caenorhabditis 

elegans. Genet. 156: 1635–1647. 

Phillips PC (1998). The language of gene interaction. 

Genet. 149: 1167–1171. 

Sardana S (1997). Submergence tolerance and 

elongation ability in newly developed lines 

of rice for Tripura. Indian J. Hill Farm. 10 

(1-2): 111-112.  

Sarkar RK, Bhattacharjee B (2012). Rice genotypes 

with SUB1 QTL differ in submergence 

tolerance, elongation ability during 

submergence and re-generation growth at re-

emergence. Rice 5:7. DOI: 10.1007/s12284-

011-9065-z. 

Sasaki RZ, Zhao C, Zhao ZC (2000a). Submergence 

tolerance of transplanted rice seedlings with 

several plant ages in leaf number - 

relationship between the growth during 

submergence and survival. Japanese J. Crop 

Sci. 69(3): 372-379. 

Sasaki RZ, Zhao C, Zhao ZC (2000b). Submergence 

tolerance of transplanted rice seedlings with 

several plant ages in leaf number - duration 

of submergence and the role of endosperm 

reserves. Japanese J. Crop Sci. 69(3): 365-

371. 

Schadt EE, Monks SA, Drake TA, Lusis AJ, Che N, 

Colinayo V, Ruff TG, Milligan SB, Lamb 

JR, Cavet G, Linsley PS, Mao M, Stoughton 

RB, Friend SH (2003). Genetics of gene 

expression surveyed in maize, mouse and 

man. Nature. 422: 297–302. 

Septiningsih EM, Hidayatun N, Sanchez DL, 

Nugraha Y, Carandang J, Pamplona AM, 

Collard BYC, Ismail AM, Mackill DJ 

(2015). Accelerating the development of 

new submergence tolerant rice varieties: the 



SABRAO J. Breed. Genet. 49 (3) 280-292 

292 

 

case of Ciherang- SUB1 and PSB Rc18-

SUB1. Euphytica 202: 259-268. 

Septiningsih EM, Ignacio JCI, Sendon PMD, 

Sanchez DL, Ismail AM, Mackill DJ (2013). 

QTL mapping and confirmation for 

tolerance of anaerobic conditions during 

germination derived from the rice landrace 

Ma-Zhan Red. Theor. Appl. Genet. 126: 

1357-1366. 

Septiningsih EM, Pamplona AM, Sanchez DL, 

Neeraja CN, Vergara GV, Heuer S, Ismail 

AM, Mackill DJ (2009). Development of 

submergence tolerant rice cultivars: the 

SUB1 locus and beyond. Ann. Bot. 103: 

151–160. 

Singh A, Mukul, Joshi M, Mukh Ram, Arya M, 

Singh PK (2015). Screening and evaluation 

of rice cultivars for submergence tolerance 

using SSR markers. The Ecoscan 9(1&2): 

255-259.  

Singh US, Dar MH, Singh S, Zaidi NW, Bari MA, 

Mackill DJ, Collard BCY, Singh VN, Singh 

JP, Reddy JN, Singh RK, Ismail AM (2013). 

Field performance, dissemination, impact 

and tracking of submergence tolerant 

(SUB1) rice varieties in South Asia. 

SABRAO J. Breed. Genet. 45: 112–131. 

Singh S, Mackill DJ, Ismail AM (2009). Responses 

of SUB1 rice introgression lines to 

submergence in the field: yield and grain 

quality. Field Crops Res. 113: 12-23.  

Song R, Messing J (2003). Gene expression of a gene 

family in maize based on non-collinear 

haplotypes. Proc. Natl. Acad. Sci. 100: 

9055–9060. 

Stupar RM, Springer NM (2006). Cis-transcriptional 

variation in maize inbred lines B73 and 

Mo17 leads to additive expression patterns 

in the F1 hybrid. Genet.173: 2199–2210. 

Stuber CW, Lincoln SE, Wolff DW, Helentjaris T, 

Lander ES (1992). Identification of genetic 

factors contributing to heterosis in a hybrid 

from two elite maize inbred lines using 

molecular markers. Genet.132: 823–839. 

Swanson-Wagner RA, Jia Y, DeCook R, Borsuk LA, 

Nettleton D, Schnable PS (2006). All 

possible modes of gene action are observed 

in a global comparison of gene expression in 

a maize F1 hybrid and its inbred parents. 

Proc. Natl. Acad. Sci.103: 6805–6810. 

Thomson MJ, Ismail AM, McCouch SR, Mackill MJ 

(2010). Marker assisted breeding. In: Pareek 

A, Sopory SK, Bohnert HJ, Govindjee, eds. 

Abiotic stress adaptation in plants: 

physiological, molecular and genomic 

foundation. Dordrecht, The Netherlands: 

Springer, 451–469. 

Troyer AF (2006). Adapteness and heterisis in corn 

and mule hybrids. Crop Sci, 46 : 528-543. 

Vergara GV, Nugraha Y, Esguerra MQ, Mackill DJ, 

Ismail AM (2014). Variation in tolerance of 

rice to long-term stagnant flooding that 

submerges most of the shoot will aid in 

breeding tolerant cultivars. AoB PLANTS 6 : 

plu055; doi:10.1093/aobpla/plu055. 

Wang D, Sadée W (2006). Searching for 

polymorphisms that affect gene expression 

and mrna processing: Example ABCB1 

(MDR1). AAPS Journal; 8(3): E515-E520. 

Winkel A, Colmer TD, Ismail AM, Pedersen O 

(2013). Internal aeration of paddy field rice 

(Oryza sativa) during complete submergence 

importance of light and floodwater O2. New 

Phytol. 197: 1193–1203. 

Xiao J, Li J, Yuan L, Tanksley SD (1995). 

Dominance is the major genetic basis of 

heterosis in rice as revealed by QTL analysis 

using molecular markers. Genet.140: 745–

754. 

Xu K, Xu X, Fukao T, Canlas P, Maghirang-

Rodriguez R, Heuer S, Ismail AM, Bailey-

Serres J, Ronald PC, Mackill DJ (2006). 

SUB1A is an ethylene-response-factor-like 

gene that confers submergence tolerance to 

rice. Nature 442: 705–708. 

Xu X (2005). Data mining techniques in gene 

expression data analysis. Ph.D Thesis. 

National University of Singapore, 

Singapore. 

Yamada N (1959). Physiological basis of resistance 

of rice plant against overhead flooding. 

Bulletin of the National Institute of 

Agricultural Sciences, Series D Plant 

Physiology, Genetics and Crops in General. 

8: 1–112.  

Yang CY, Hong CP (2015) The NADPH oxidase 

Rboh D is involved in primary hypoxia 

signalling and modulates expression of 

hypoxia-inducible genes under hypoxic 

stress. Environ. Exp. Bot. 115: 63–72 

Yvert G, Brem RB, Whittle J, Akey JM, Foss E, 

Smith EN, Mackelprang R, Kruglyak L 

(2003). Trans-acting regulatory variation in 

Saccharomyces cerevisiae and the role of 

transcription factors. Nature Genet. 35: 57-

64. 

Zhuang Y, Adams KL (2007). Extensive allelic 

variation in gene expression in populus F1 

hybrids. Genetics. 177: 1987-1996. 


