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Abstract  
 

A cluster of three ethylene response factor (ERF) like genes at the Sub1 locus has been identified from rice variety FR13A that 

confers tolerance to submergence for about 14 days. Restriction digestion-based haplotype variations among 11 rice accessions were 

analyzed to generate polymorphisms at Sub1C and Sub1A loci. Considering different combinations of SNPs (haplotype), four 

haplotypes: A1C1, A1C2, A2C2 and A0C2 were detected. Further, using semi-quantitative RT–PCR - Sub1A and Sub1C transcripts 

in different haplotypes were interpreted in respect with stem elongation and survival for understanding mechanism of submergence 

tolerance. Expression variations in Sub1 genes in relation with duration of submergence, haplotype diversity and an interaction of 

loci were found. Differential expression of Sub1A and Sub1C affected the stem elongation and survival of different haplotypes 

differentially. In tolerant varieties (A1C1 haplotype, IR40931), the highest expressed gene was Sub1A; while expression of Sub1C 

was lower. Over-expression of Sub1A gene in tolerant varieties, suppressed the stem elongation under submergence, which improved 

the level of submergence tolerance. In susceptible cultivar (Fulkari), the highest-expressed gene was Sub1C, while the Sub1A was 

not expressed which showed higher susceptibility. In moderately tolerant varieties (Kottamali), both Sub1A and Sub1C gene 

transcripts were up-regulated by submergence and higher level of both Sub1A and Sub1C genes transcripts. The varieties in A2C2 

haplotype showed moderate level of tolerance without the Sub1A1 allele and a distinct novel mechanism favored the expression of 

both the Sub1A and Sub1C alleles that confer higher tolerance under complete submergence. 

  

Keywords: Sub1A, Haplotypes, Gene expression, distinct mechanism, submergence tolerance, Rice. 

Abbreviations: ERF_Ethylene Response Factor; MAP_Marker-assisted gene pyramiding; CAPS_cleaved amplified polymorphic 

site; ELPs_Expression level polymorphisms; DEPC_Diethyl Pyrocarbonate; RT-PCR_Reverse transcription polymerase chain 

reaction; PCR_Polymerase chain reaction; SNP_Single-nucleotide Polymorphism; QTL_Quantitative trait locus; RNA_Ribonucleic 

acid; mRNA_messenger RNA; DNA_Deoxyribonucleic acid; cDNA_Complementary DNA; d_Days. 

 

Introduction 

 

The variety FR13A has been found to be relatively more 

submergence tolerant. This is a farmer’s variety choice from 

Orissa, India (Mackill, 1986). IRRI has confirmed that 

FR13A can survive about 14 days of complete submergence. 

Traditional rice varieties, FR13A can thrive in regions 

affected by flash floods where modern varieties could not 

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

2006). Flood Resistant, FR13A can restrict its elongation 

growth, economizing its carbohydrate reserves to enable new 

leaves upon de-submergence (Fukao et al., 2011). Thus, the 

physiological response of rice plants to flooding is mainly of 

two types: (a) submergence tolerance, by which tolerant 

varieties can survive under complete submergence (b) rapid 

elongation ability of leaves and internodes, by which the 

varieties avoid the complete submergence, genotypes (Chen 

et al., 2011; Luo et al., 2011, Sarkar and Bhattacharjee 2012; 

Vergara et al., 2014, Mohanty et al., 2000). A negative 

correlation between 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). Under flash flooding, limited stem elongation growth 

was found to be associated with a cultivar’s ability to survive.  

Developing high-yielding, submergence tolerant rice 

varieties are needed (Mackill et al. 2012; Ismail 2013; 

Septiningsih et al. 2013; Singh et al. 2013). A cluster of three 

related 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 the cleaved amplified 
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polymorphic site (CAPS) markers, through digesting 

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. The discovery of Sub1A gene 

facilitated its introgression to high yielding varieties (Bailey-

Serres et al., 2010; Collard et al., 2013; Mackill et al., 2012). 

New submergence tolerance rice varieties with Sub1A gene 

might be able to resist floods. Although FR13A has been 

successfully used as tolerance source, additional sources are 

needed. Pyramiding several genes into the same background 

is the most effective breeding strategy (Mackill, 2003). 

Information provided by SNPs is most useful, when gene 

based haplotypes of a region are being examined (Rafalski, 

2002). A linear arrangement of alleles (i.e., nucleotides) at 

different SNPs on a single chromosome, or part of a 

chromosome, is called a haplotype (Judson et al., 2002). 

Haplotype diversity has the advantage to find new source of 

gene (McCartney et al., 2004). Haplotype data associated 

with phenotypic combination are also useful for grouping of 

genotypes based on presence and absence of a particular 

allele. Xu et al. (2006) analyzed haplotype diversity of rice 

and found identical submergence tolerant haplotypes. Bai et 

al. (2003) and McCartney et al. (2004) used previously 

identified markers that flank target locus. Detecting novel 

QTLs via haplotype based comparison has advantage over 

expensive QTL mapping (McCartney et al., 2004). Thus, 

haplotype analysis and haplotype based gene expression is 

useful to examine potential polymorphism of the Sub1 locus.  

RT-PCR (Reverse Transcriptase Polymerase Chain 

Reaction) analysis is applied to detect differential expression 

of a specific gene. Reverse Transcriptase synthesizes the 

complementary copies of messenger RNAs of the single 

stranded RNA. Semi-quantitative RT-PCR is a highly 

sensitive method for the detection of rare transcripts (Carding 

and Bottomly, 1992). 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 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. 

In addition, specific sequence of nucleotides constitutes a 

gene that has specific phenotype and expression. SNPs can 

change the property of that gene, if they occur in coding or 

regulatory regions (Pungliya, 2001). Furthermore, haplotype-

based expression analysis is also more informative than 

analysis based on individual SNPs (Rafalski, 2002). 

Guangming et al. (2006) identified different haplotypes at a 

leucine-rich repeat receptor kinase gene cluster of rice 

accessions. Gene-expression differences contributing to 

phenotypic variation are useful to understand the genetic 

basis of a complex trait (Schadt et al., 2003), and to 

understand evolutionary forces (Wilson et al., 1974; Wray et 

al., 2003) and mechanism of stress tolerance. Qu and Xu 

(2006) described a cluster analysis of gene expression data 

aiming at classifying genes into groups based on the 

similarity of their expression.  

Epistasis can be defined as interaction between two alleles 

at different loci. However, biological epistasis results from 

physical interactions between bio-molecules (e.g. DNA, 

RNA, proteins, enzymes, etc.). Complex traits are caused by 

multiple genes and study suggests that gene × gene 

interaction plays an important role (Clark and Wang, 1997; 

Storey et al., 2005). Many biological processes have been 

reported to be affected by epistasis, including aluminum 

tolerance in rice (Wu et al. 2000).  

The transcriptional interactions affect the transcription rate 

of another gene or set of genes. Xu et al. (2006) and Fukao et 

al. (2006) detected the submergence tolerance mechanisms in 

tolerant and intolerant rice varieties and they described that 

Sub1A inhibits ethylene production and underwater 

elongation. Expression of Sub1A gene also suppresses a 

nearby ethylene-responsive paralogous gene (Sub1C). 

Submergence tolerant landrace (FR13A) and its derivative 

lines have been extensively exploited in mechanistic studies, 

because of their higher level of tolerance.  

Recent study of Masuduzzaman et al. (2016) identified few 

more tolerant genotypes, those are distinct from ‘FR13A’ 

(non-Sub1 type of tolerant, Madabaru, Kottamali). Efforts are 

needed to investigate strengths of transcriptional interactions 

of alleles related to tolerance.  

In view of the above introduction, the present study was 

undertaken (1) to investigate the relationship between level of 

Sub1A and Sub1C transcripts in different haplotypes under 

different submergence stress and (2) to detect the effect of 

different patterns of expression of Sub1A and Sub1C on 

elongation growth to understand the basis of tolerance in 

different accessions. 

 

Results and discussion 

 

Patterns of haplotype frequencies and distributions 

 

In this study, Sub1A and Sub1C allele specific haplotype 

based analysis was performed among 11 rice varieties. 

Different combinations of two genes at the Sub1 locus (called 

haplotype) in 11 varieties are shown in Table 4. Each 

haplotype is indicated with two digits: the first digit “A”   is 

for the Gns2 pattern and the second digit “C” for the 

ERF173. For example, A1C1 indicates that this haplotype 

has Sub1A1 allele, and Sub1C1 allele. A0C2 indicated that 

this haplotype has Sub1A0 (absence of Sub1A) and Sub1C2 

alleles.  In this SNP study, three patterns at Sub1A locus: 

Sub1A0 (null allele), Sub1A1 (does not cut), and Sub1A2 

(one SNP) were found and two patterns generated at Sub1C 

locus: Sub1C1 and Sub1C2. Considering different 

combinations of SNPs (called haplotype), four haplotypes: 

A1C1, A1C2, A2C2 and A0C2 (Table 1) were detected 

among 11 genotypes. The present investigation has 

demonstrated the usefulness of haplotype technique, as a 

reliable typing tool for the differentiation of submergence 

tolerant varieties and for analysis of haplotype variation.  

Gene-based haplotype analysis has increased power over 

single-allele studies. It has been emphasized by many 

researchers (Rafalski, 2002; Johnson et al., 2001; Stephens, 

2001; Ching et al., 2002). 

 

Expression of Sub1A and Sub1C influenced by 

submergence 

 

Fig 1 and 2, demonstrated Sub1A and Sub1C transcripts and 

elongation growth of selected varieties from different 

haplotypes under 3d and 7d of submergence.  Most of rice 

varieties die when completely immersed in water for more 

than 7 d (Bailey-Serres et al., 2010; Fukao & Xiong 2013; 

Ismail et al. 2013; Singh et al. 2014). A significant variability 

of Sub1A and Sub1C transcripts was found among two 

submergence level. At 3d, Sub1A was expressed at relatively  
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       Table 1. Tolerance level, A/C ratio and elongation of different haplotypes at Seven days of submergence. 

Haplotype Varieties Elongation Survival Expression value A/C ratio Remarks 

Sub1A Sub1C 

A1C1 IR40931 40% ( L) 95% 87 56 1.55 Tolerant 

Gopalbhog 100% (H) 30% 40 94 0.43 MS 

Motorsail 75% (M) 66% 120 117 1.02 MT 

A1C2 Mach ranga 76 %( M) 86% 119 111 1.07 MT 

A2C2 Kottamali 66% (M) 78% 119 117 1.02 MT 

IR42 93% (H) 12% 75 114 0.64 S 

A0C2 Chamara 137% (H) 5% 20 94 0.02 S 
Each haplotype is indicated with two digits: the first digit “A” is for the Gns2 pattern and the second digit “C” for the ERF173. A1C1 haplotype has Sub1A1 allele, and 

Sub1C1 allele. A0C2 haplotype has Sub1A0 (absence of Sub1A) and Sub1C2 alleles. The data are representative of three independent experiments. L= low, M= medium 

and H= high.  MT= moderate tolerant, MS= moderately susceptible, and S= susceptible 
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Fig 1. Expression variation of Sub1A andSub1C in response to submergence of 3d and 7d. The band intensity of Sub1A and Sub1C, 

was normalized to actin-1, as loading control. 

 

Table 2. Correlation between Sub1A and Sub1C expression values with traits related to submergence tolerance. 

Traits Correlations coefficients (r) 

Elongation% vs.  Survival % - 0.89*** 

Sub1C expression vs. Elongation %  0.56* 

Sub1A expression vs.  Elongation % -0.75** 

Sub1A expression vs.  Sub1C expression -0.57* 

A/C ratio vs. Elongation. - 0.88** 

Sub1A expression vs.   Survival% 0.77** 

Sub1C expression vs.   Survival% -0.37* 
Average of 3 replications of 11 samples used for analysis.*, ** and *** indicated significant at 5%, 1% and 0.1% levels of probability, respectively. 

 

 

 

 

Table 3. A/C ratio, elongation percentage (%) and survival percentage (%) of T, MT and S varieties. 

Varieties A/C ratio Elongation % Survival % 

IR40931( T) 1.55 40 95 

Kottamali (MT) 1.02 66 78 

IR42 ( S) 0.64 93 12 

A/C indicates the   ratio of gene expression values of Sub1A and Sub1C. T= Tolerant, MT= Moderately tolerant, S= Susceptible. 
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Fig 2. Allelic expression variation of Sub1A, Sub1C and elongation (% in response to submergence stress of 3d and 7d.A) the bar 

graph shows an increase of Sub1A transcripts at 7d, compared with 3d. B) The bar graph shows an increase of Sub1C transcripts at 

7d, compared with 3d C) Increased elongation % can be seen in the 7d submergence stressed seedlings, compared with 3d.  

 

 

 

 

 

 

 

 

 
 

Fig 3. The bar graphs representing, Sub1A and Sub1C transcripts and A/C ratio in different haplotypes. (A) Average Sub1A and 

Sub1C transcripts in different haplotypes at 7d of submergence. (B) Average A/C ratios of different haplotypes. 

 

Table 4. List of varieties for expression studies from different haplotypes. 

SL Varieties Genotype Phenotype 

Sub1A Sub1C 

1 IR40931 Sub1A1 Sub1C1 T 

2 Gopalbhog Sub1A1 Sub1C1 MS 

3 Motorsail Sub1A1 Sub1C1 MT 

4 Mach Ranga Sub1A1 Sub1C1 MT 

5 Kottamalli Sub1A2 Sub1C2 MT 

6 HabiganjAman 7 Sub1A2 Sub1C2 S 

7 LaxmiBilash Sub1A2 Sub1C2 MT 

8 IR42 Sub1A2 Sub1C2 S 

9 Chamara Sub1A2 Sub1C2 S 

10 Lumbini Sub1A1 Sub1C1 T 

11 Tillakachari Sub1 A2 Sub1C2 MT 
Different combinations of two genes at the Sub1 locus called haplotype. Each haplotype is indicated with two digits: the first digit “A” is for the Gns2 pattern and the 

second digit “C” for the ERF173. A1C1 haplotype has Sub1A1 allele, and Sub1C1 allele. A0C2 haplotype has Sub1A0 (absence of Sub1A) and Sub1C2 alleles. MS= 

moderately susceptible, MT= moderate tolerant, T=tolerant and S= susceptible 

 

Table 5. Nucleotide sequence of gene specific primers and thermo cycling conditions for RT-PCR. 

Primers Sequence of primers AnnealingTemp (oC) No ofcycles      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´ 53 35 118 
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R: 5´-GCT TAG CAT TCT TGG GTC C-3´ 
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Fig 4. Differential expression of Sub1A and Sub1C influencing elongation growth. (A) Expression  of Sub1A and Sub1C in T 

(IR40931), MT (Kottamali) and S (IR42) varieties. (B) Phenotypes of respective varieties under 12 days of submergence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.  Comparing expression of Sub1A and Sub1C and elongation and survival in T, MT and S varieties. Each long, medium long 

and small bars indicated high, medium and low level of expression values A) In IR40931, higher expression of Sub1A reduced the 

Sub1C and depressed elongation B) In Kottamali, novel mechanism favored the expression of both the alleles and medium 

elongation. C) In IR42, suppression of Sub1A - favoured expression of strong elongation and up regulation of Sub1C. 

 

 

 
Fig 6. The intact RNA was indicated by clearly visible 18S and 28S rRNA bands. 

 

lower level in eight varieties. The expression level was nil in 

3 varieties (Chamara, Motorsail, and Habiganj aman). 

However, increased transcripts of Sub1A and increased 

elongation growth at 7d were found compared with 3d. 

Similarly, the level of Sub1C transcripts and elongation 

growth were relatively lower at 3d of submergence, but 

Sub1C mRNA was highly accumulated at 7d stress. These 

results clearly indicated that increased duration of 

submergence led to abundance of Sub1A and Sub1C 

transcripts. Submergence stimulates ethylene accumulation 

andinternodes elongation (Banga et al., 1996; Kende et al., 

1998). Findings of Xu et al. (2006) and Fukao et al. (2006) 

demonstrated that the Sub1 region haplotype determines 

ethyleneand GA-mediated metabolic and developmental 

responses to submergence through differential expression of 

Sub1A and Sub1C genes. In our experiment, submergence 

stress of 7d led to a significant increase in elongation and 

increased transcription of ethylene-responsive Sub1A and 

Sub1C genes compared with 3d of submergence.  The 

increased duration of submergence ultimately increased inter 

node elongation of shoot, although the increases of 

elongation were not equal for all the varieties. We concluded 

that different patterns of expression of Sub1A and Sub1C 

affected the elongation growth and survival differentially. 

Several studies have also focused importance of Sub1 gene 

for reduced elongation under full submergence conditions 

(Baxter et al., 2014; Fukao et al., 2011; Liu et al., 2015; Yang 

and Hong 2015). Thus, development of tolerant varieties with 

Sub1A gene has been found highly effective (Singh et al., 

2009; 2013; Iftekharuddaula et al., 2011; Dar et al., 2013). 

Although elongation plays a central role in adaptive 

responses to submergence, excessive elongation might cause 

negative responses to the survival of plants. The increased 

duration of submergence enhances elongation and ultimately 

ethylene enhances the enzymatic degradation of chlorophyll 

and the consumption of carbohydrate reserves. The difference 
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in response to two submergence treatments indicated the 

importance of placing transcript profiling results in the 

context of physiological responses. After seven days of 

submergence, the expression of Sub1A and Sub1C transcripts 

was clear. Both of these genes were expressed in all varieties. 

The identification of the Sub1 locus genes exhibiting large 

expression differences under submergence might provide a 

novel insight into the functional basis of submergence 

tolerance in rice. Increased expression of genes following salt 

and heat stresses have been reported in rice and Arabidopsis 

(Larkindale  and  Vierling., 2008; Rizhsky et al., 2004; Busch 

et al., 2005; Schramm et al., 2006; Kilian et al., 2007). 

 

Gene expression ratios to predict tolerant phenotype  

 

The expression level of Sub1A gene relative to the expression 

level of the Sub1C gene in a single sample was presented and 

the ability of pair-wise expression ratios (A/C) to predict 

tolerant level of varieties was tested compared with tolerant 

control (IR40931). Table 1 showed haplotype based 

association of A/C ratio with the phenotype. In IR40931, 

Sub1A was up-regulated and Sub1C was down-regulated at 

7d of submergence. This variety with its higher A/C ratio (> 

1) and higher survival (95%) was predicted as highly tolerant. 

In IR42, expression level of Sub1C was higher than Sub1A 

(lower expression) and; thus, the A/C ratio was much lower 

than 1 (12% survival), which predicted as intolerant. In 

Kottamali and Motorsail, the expression level of both Sub1A 

and Sub1C was higher and thus A/C near 1(65-80% survival) 

was predicted as moderately tolerant. The expression ratio 

might be useful for diagnosis of tolerant level in different 

varieties. Yap et al. (2004) suggested that pair-wise gene 

expression ratio can identify reliable results for 

differentiation of the samples.  

 

Haplotype-specific regulation of transcripts 

 

Expression of Sub1 locus genes was determined in different 

varieties and they were selected from different haplotype 

classes. The average value of Sub1A and Sub1C transcripts 

and A/C ratio of three haplotypes were shown in Fig 3. 

Attempts to amplify Sub1A failed in Chamara (A0C2 

haplotype) that has a null allele at the Sub1A locus. On 

average, A1C1 haplotype had relatively more Sub1A 

transcripts, while less Sub1C (higher A/C ratio) than 

A0C2/A2C2 haplotypes, indicating major role of higher 

Sub1A1 (suppression of elongation) and lower Sub1C1 

transcripts for higher tolerance. Intolerant cultivars (IR42, 

Habigang Aman7) of A2C2 haplotype had weak induction of 

Sub1A gene and the Sub1C allele was also up-regulated by 

submergence. These varieties seemed to have less capacity to 

suppress elongation growth. It seems that single nucleotide 

polymorphisms at Sub1A allele could be responsible for its 

differential expression (SNPs that alter protein function). 

These findings agreed with the findings of Xu et al. (2006) 

and Fukao et al. (2006). According to their results Sub1A2 

allele of intolerant A2C2 haplotypes had a single nucleotide 

change as compared to the Sub1A1 allele.   

Analysis of transcripts of moderately tolerant varieties 

(Motorsailand and Kottamali) indicated that both Sub1A and 

Sub1C transcripts were up-regulated by submergence, which 

was distinct from transcripts of reference varieties. Other 

factors might alter the regulation of the Sub1 genes in these 

varieties. Further interpretation of expression data are needed 

for understanding the source of expression differences in 

Motorsail and Kottamali varieties. 

The transcript levels of two ERF genes at the Sub1 locus 

were evaluated in different haplotypes (43) varieties having 

slow, medium and strong elongation) under 7d of 

submergence. A correlation analysis was used to investigate 

the pleiotropic effects of traits related to tolerance (Table 2). 

Elongation showed positive correlation with Sub1C (r=0.56) 

and negative correlation with Sub1A (r= -0.75), and survival 

% (r=-0.89) as well negative correlation with A/C ratio (r=-

0.88). This association suggested that higher Sub1A 

transcripts had higher potential to maintain slower elongation 

and lesser Sub1C transcripts, as well more A/C ratio and 

higher survival % in tolerant varieties. Similarly, intolerant 

varieties with lower A/C ratio showed strong elongating 

types, having lower survival % and lower portion of Sub1A 

transcripts after submergence. This also indicated that high 

elongation and high Sub1C transcripts were damaging, 

whereas the more elongation, the lower Sub1A transcripts and 

higher Sub1C were found. Negative correlation of Sub1A and 

Sub1C transcripts (r= -0.57) indicated that expression of 

Sub1A possibly suppressed Sub1C. But, this inverse 

relationship was not very strong in moderately tolerant 

varieties Kottamali and Motorsail, as these varieties had high 

level of both Sub1A and Sub1C transcripts, in presence of 

moderate level of elongation. It seems that Sub1A did not 

suppress Sub1C in MT varieties and involvement different 

type of tolerance mechanism. 

 

Mechanism of submergence tolerance 

 

Fig 4 and 5, compare the differential expression of two 

alleles (Sub1A and Sub1C) and their effect on elongation and 

survival in 3 groups of varieties. The strength of interaction 

(either antagonistic or synergistic) effect of Sub1A on 

elongation and Sub1C is important for understanding of 

submergence tolerance mechanism in different varieties. 

Furthermore, tolerance level increases or decreases depend 

on presence or absence of Sub1A allele and their differential 

interaction with Sub1C. The A/C ratio or tolerance level can 

be increased, through an increase expression rate of 

beneficial Sub1A and a decrease rate of Sub1C. 

 

Tolerant A1C1 haplotype 

 

The changes in A/C ratio and effects on elongation and 

survival are shown in Table 3. Over expression of beneficial 

Sub1A favoured to down-regulation of the Sub1C (Fig 5) and 

maintained higher A/C ratio (strong correlation). High A/C 

ratio also indicated antagonistic relationship between Sub1A 

and Sub1C (enhanced Sub1A and repressed Sub1C). A 

genetic interaction between Sub1A and Sub1C may be 

relevant, because antagonistic relationships between ERFs 

have been recognized (McGrath et al., 2005; Fujimoto, et al., 

2000). Quantitative traits are influenced by multiple genes 

and much evidence from model organisms suggests that 

gene×gene interaction plays an important role for expression 

of a trait (Clark and Wang, 1997; Storey et al., 2005). High 

A/C ratio showed exclusively negative skewness to lower the 

elongation (40%) and; thus, suppressed elongation improved 

the survival (95%). The presence of less deleterious allele for 

slow elongation probability resulted in beneficial contribution 

for over expression of Sub1A that further reduced the 

elongation. Similar results were found by Xu et al. (2006) in 

which SUB1 gene introgressed into cultivars and  showed 

higher tolerance and same mechanisms of tolerance in  rice 

(Iftekharuddaula et al., 2011; Mackill et al., 2012; Neeraja et 

al., 2007; Septiningsih et al., 2009, 2013, 2015; Singh et al., 
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2009). Gene-based markers were used to improve tolerance 

to submergence (Septiningsih et al., 2015). 

 

 

Susceptible A0C2 and A2C2 haplotypes 

 

These haplotypes shared either less beneficial Sub1A2 or 

deleterious Sub1A0 (absence of Sub1A). Absence of Sub1A 

allele in A0C2 haplotype or presence of intolerant specific 

Sub1A2 (has less capacity for suppression of elongation) in 

A2C2 haplotype led to the epigenetic up-regulation of Sub1C 

expression and pronounced more elongation (Fig 5). Due to 

poor expression of Sub1A, A/C ratio <1 was maintained in 

susceptible varieties. Excessive elongation (93% in IR42) 

becomes lethal. It enhanced leaf chlorosis, and enzymatic 

degradation of chlorophyll. Strong elongation is considered 

as a dominant trait (Masuduzzaman et al., 1999), and might 

respond towards high susceptibility. Similar results were 

found by Xu et al. (2006).  

 

Moderately tolerant A1C1 and A2C2 haplotypes 

 

There was up-regulation of both Sub1A and Sub1C transcripts 

at the same levels and an A/C almost equal to 1 was 

maintained (Table 3). It seemed that due to synergistic 

effects, the presence of Sub1A transcripts have the potential 

to enhance the Sub1C transcripts (enhancing both alleles). An 

increase of both the transcripts would be a welcome situation 

to reflect a balance between Sub1A and Sub1C transcripts in 

shoot that indicated moderate level of elongation (66% in 

Kottamali) and moderate level of tolerance. The balanced 

transcript rates of Sub1A and Sub1C allowed plants to reach 

fitness equilibrium. Moderate level of elongation was not 

lethal for survival. The limited levels of elongation in 

Kottamali caused less leaf chlorosis and showed 78% 

survival upon de-submergence.  

Sub1A2 allele is intolerant specific and varieties in A2C2 

haplotype were found as intolerant (11). However, Kottamali 

and Tillakkachari in A2C2 haplotype showed moderate level 

of elongation and moderate submergence tolerance. 

Respective mechanisms to limit the high elongation exist in 

these varieties. Novel mechanisms might influence the up 

regulation of Sub1C allele in the presence of Sub1A 

transcripts that probably modified the tolerance level.  It is 

likely that expression of less lethal medium elongation 

background of Kottamali favored the novel mechanism, 

which possibly led to an increase of Sub1A and Sub1C 

transcripts. 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 tolerance (Xu et al., 2006, Singh et al., 

2009; Jantaboon et al., 2011; Bailey-Serres et al., 2012; Dar 

et al., 2013). 

 

Materials and methods 

 

Studies of haplotype 

 

A total of 11 rice varieties (Table 4) were chosen for 

haplotype analysis. In the present study, two CAPS markers, 

GnS2 and ERF173 were closely linked to Sub1A and Sub1C 

alleles (at Sub1 region), respectively. They were used as 

diagnostic markers. Genomic DNA was extracted from each 

rice genotypes, using single plant leaf tissues. PCR reaction 

and the PCR condition were performed using standard 

protocol.  

Restriction digestion of PCR fragments was assayed with 

enzyme Cac8I and AluI to generate polymorphisms at Sub1C 

and Sub1A loci, respectively, according to manufacturer’s 

instructions (BioLabs). The separated bands were visualized 

under UV light and photographs were taken. Molecular 

weight for cut and un-cut bands was measured using Alfa 

Imager software. 

 

Plant materials and submergence treatment 

 

Eleven varieties from different haplotypes (Masuduzzaman et 

al., 2016), differing in tolerance (Table 4) were examined. For 

assaying Sub1A and Sub1C expression, 4 sets of seedlings of 

11 varieties were raised in separate plastic trays, containing 

grinded soils. Except the control tray, other 2 trays with 14 

days old seedlings were submerged completely in water tank 

for 3d and 7d. After submergence for 3d, one tray was taken 

out of water tank. The shoot tissues were cut in to sections (5 

to10 mm) and were taken in to 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.  

 

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 

of seedling height and percent of survival were taken from 

five randomly selected seedling before submergence, after 

each treatments (0, 3 and 7 days of submergence) and after 

the 7th day of recovery. 

 

TRI reagent (RNA Isolation Reagent) based protocol for 

RNA extraction 

 

Total RNA from shoot tissue samples was extracted 

following TRI Reagent (Sigma Aldrich, USA) based 

protocol. Frozen tissue sample (approxo. 80-100 mg) was 

taken in a prechilled mortar. It was then powdered by 

grinding in mortar and frequently or periodically liquid 

nitrogen was added into the mortar to prevent thawing. While 

pulverizing the tissue into a powder, the tissue should was 

kept completely frozen to isolate intact total RNA. Finally, 

dried RNA pellets were re-suspended in100μl Diethyl 

Pyrocarbonate (DEPC) treated double distilled water and 

pipette rapidity until pellet was completely re-dissolved.  

 

Quality check of RNA 

 

RNA samples and amplification reactions were assembled on 

ice and extra care (gloved hands, dust free pipette’s and 

working area) was taken to save the samples from 

contamination and degradation by RNase. RNase-free tips 

and plastic tubes and solutions (that have been treated with 

DEPC to inactivate RNase) were used. RNA integrity was 

assessed by comparing the relative intensities of the 28S and 

18S rRNA bands (Fig 6) in 1.5% agarose gel electrophoresis, 

stained with SYBR safe. Total RNA concentration and purity 

(260/280 ratio) were also measured in duplicate by the 

NanoDrop (NanoDrop Technologies). Only the RNA 
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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 minute at 65°C in 0.5 ml tubes in a thermal 

cycler, 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 the first strand cDNA synthesis, semi-quantitative RT-

PCR was performed in a single tube, using one step RT-PCR 

kit (Invitrogen). 100 ng (3µl) of high-quality total RNA was 

used as a template. The RT reactions were performed in a 25 

µl reaction mixture consist 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, DSMO 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 into 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 minutes, and a final extension 

step at 72ºC for 8  min. In thermal cycler, cycling conditions 

was optimized for each primers pair to ensure amplification 

products did not reach saturation (Table 5).  

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) 

that was expressed at a relative constant level among all 

samples. The major purpose of normalization is to correct for 

non-specific variation, such as differences in RNA quantity 

and quality, which can affect efficiencies of the RT and PCR 

reactions. 

 

Preparation of 1.5 % agarose gel 

 

To quantify the gene expression of Sub1A and Sub1C and 

Actin-1, the RNA samples were run on 1.5 % agarose gel 

electrophoresis. For preparing 300 ml 1.5% agarose gel, 4.5 g 

agarose (BMA products; U.S.A.) was taken in 300ml 1X 

TBE buffer on a conical flux. It was then placed in 

microwave oven and was heated until solution turned 

transparent. The flask was swirled and the solution was 

cooled to 600C for 20 minutes. For assembling the gel united, 

the gel deck was placed on a level surface (checking the 

bubble level) and two casting dams (wedges) were sealed by 

apply gentle pressure in the sealing surfaces against the sides 

of the gel deck. Pre-cool, agarose gel was then poured 

smoothly into the gel casting deck and air bubbles were 

removed with a pipit. The combs were inserted into the 

desired position and allowed the gel to solidify at room 

temperature for about half an hour. Once the gel got 

solidified, it was transferred to electrophoresis tank, 

containing 1X TBE gel running buffer. The level of buffer 

was kept at least 4-5 mm above the gel. Then the comb was 

removed from the solidified gel. 

 

Agarose gel electrophoresis of PCR products 

 

10 μl of each PCR product was mixed with 3 μl of 5X gel 

loading dye. 10 μl  of prepared mixture was then loaded in 

wells of 1.5% agarose gel  and the electrophoresis was 

carried out in submarine gel electrophoresis at constant 

voltage 80 V for 1.5 hours in 1X TBE, until the bromophenol 

blue (the faster-migrating dye) was migrated  as far as 2/3 of 

the gel length. The gel was stained in CYBR safe strain (30µl 

CYBR safe in 300 ml water) for 30 minutes. The amplified 

products were then visualized under UV light and 

documented by gel documentation system. Amplification 

specificity was validated by melt-curve analysis at the end of 

each PCR experiment. PCR efficiency (90–105%) was 

verified by the method of Schmittgen & Livak (2008). 

 

Data analysis 

 

Molecular size for cut and un-cut bands was determined 

using Alfa Imager version 5.5 software program. SNP based 

association was analyzed to determine allelic variants 

(presence or absence of SNP) and to differentiate tolerant and 

intolerant specific Sub1A and sub1C alleles. Effective 

number of haplotypes (particular patterns of sequential SNPs) 

was determined. Management of raw data and graphical 

presentation were done using Microsoft Excel 2003 

programme. The haplotype variations and relationships 

between haplotypes was analyzed using simple comparison.  

The specific band intensity for SubA and SubC with respect 

to a housekeeping gene (actin-1) was compared from semi-

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

submergence). Relative transcript abundance was calculated 

using the comparative cycle threshold method (Livak & 

Schmittgen 2001). The intensity of each band of Sub1A, and 

Sub1C was measured, using an IS-1000 Digital Imaging 

System (Alpha Innotech) and quantities using Flurochem 

version 2.0 software (Alpha EaseFC analysis software). The 

normalized intensity values were detected in comparison with 

the lowest negative control ‘0’. The expression values for the 

three replicates were averaged to find the expression values.  

The simple ratio of the expression (Rosenwald et al., 2003) of 

Sub1Aand Sub1C genes in a single sample was used for 

grouping the varieties. Genes with A/C ratio of >1 were 

considered as up-regulated Sub1A and down regulated 

Sub1C, while genes with a mean A/C ratio of < 1 considered 

as down-regulated Sub1A and up-regulated Sub1C. A/C ratio 

almost 1 indicated up-regulation of both the genes. Bar 

graphs represented the relative band intensity of Sub1A and 

Sub1C at 3d and 7d of submergence. Expression values and 

elongation means of genotypes were compared. Gene 

expression values were treated as quantitative trait (Gibson 

and Weir, 2005) to find out interactions between alleles 

(Phillips, 1998 and Brem et al., 2005).  If expression of two 

interacting alleles increase in a positive skewness (higher 

value), synergistic epistasis has occurred. If one allele 

increase in the positive skewness and other one decrease, 

then antagonistic epistasis has occurred. Finally, we 

investigate the relationship between the average survival and 
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elongation of varieties due to differential expression of 

Sub1A and Sub1C.  
 

 

 

Conclusion 
 

Expression variation in Sub1 genes was found in relation to 

duration of submergence, haplotype diversity (null allele, 

SNP) and interactions of loci. On average, A1C1 haplotype 

(IR40931) had relatively more Sub1A transcripts, and less 

Sub1C than A2C2. In tolerant varieties, higher Sub1A 

transcripts, lower elongation, lower Sub1C transcripts and 

higher survival were found. Over-expression of Sub1A 

suppressed the elongation which improved the level of 

tolerance. The varieties Madabaru, and Kottamali (A2C2) 

showed moderate level of tolerance without the Sub1A1 

allele. These two varieties are the potential source of novel 

submergence tolerance genes. In Kottamali (A2C2), Sub1A 

and Sub1C acted synergistically, in which expression levels 

of both Sub1A and Sub1C were higher. This is a welcome 

situation to modify the tolerance level over other varieties in 

A2C2 haplotype. In A1C1 haplotype (IR4093), higher Sub1A 

expression, lower Sub1C transcripts, lower elongation and 

higher survival were found. In tolerant varieties, the 

expression of Sub1A reduced the elongation. The suppressed 

elongation improved the level of survival. A novel 

mechanism favored the expression of both the alleles that 

caused limited leaf chlorosis and moderate level of 

elongation. These results suggested that the alleles for 

elongation of Kottamali should be a particularly good 

candidate for the source of novel genes for submergence 

tolerance. 
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