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FOREWORD
Population of India is growing constantly and it is likely to be the most populous nation
on this planet by 2050. Although the country has currently attained food self sufficiency,
yet substantial increase in food production is warranted to meet the demand of ever increasing
human population. Majority of people in India depends on rice for their staple food. India is
the second largest rice-growing country after China, but its rice productivity is much lower
compared to many Asian countries. The country has to produce at least 120 million tons of
rice for meeting the food demand by 2030. Rice is grown in India largely in rainfed condition
and nearly 40% of the country’s total rice area falls under rainfed lowlands, where rice crop
suffers from various abiotic stresses such as submergence, water logging, drought and salinity.
Excessive flooding poses risks to human life and is a major contributor to the low productivity
in rainfed lowlands. During the past five decades, the flood-affected area in India has more
than doubled from about 19 million hectares to 40 million hectares. Recent climate change
projections suggest that precipitation and flooding, temperatures and sea level rise are likely
to increase, with adverse impacts on crop yields and farm income.
Central Rice Research Institute, Cuttack has made significant contribution to the
germplasm characterization for submergence tolerance in rice. The Sub1 QTL was isolated
from submergence tolerant rice variety FR 13A which was identified by this Institute. This
QTL has now been incorporated into several mega varieties, which are becoming increasingly
popular in flash flood-prone areas in India as well as in other rice-growing countries. The
Institute has also contributed substantially to the understanding of various factors influencing
submergence tolerance, identification of new donors and underlying physiological mechanism
of tolerance in rice. I sincerely appreciate the efforts of the authors in bringing out a
comprehensive compilation of the research findings on various aspects of submergence
tolerance in the bulletin entitled ‘Submergence tolerance in rice: biophysical constraints,
physiological basis and identification of donors’. They have also made an attempt to identify
the research gaps and suggested future strategies for improving submergence tolerance. I
congratulate the authors and hope that this bulletin will be useful to the rice workers working
in the area of submergence tolerance.
(S.K. Datta)

CONTENTS
Sl. No.

Particulars

Page

1.

Summary

07

2.

Introduction

08

3.

Biophysical constraints and plant survival under submergence

09

4.

Physiological basis of submergence tolerance

14

5.

Farmers' wisdom in preserving submergence-tolerant landraces

22

6.

Genes related to escape and quiescence strategies

24

7.

Impact of SUB1 on plant survival and productivity

25

8.

Rice genotypes with better submergence
tolerance than SUB1-introgressed lines

28

9.

Research gaps, synthesis and future strategies

31

10.

References

32

6

Summary
Environmental characterization of floodwater reveals that the survival of rice
plants depends not only on the depth and duration of submergence but also on the quality
of floodwater, including concentrations of O2, CO2, and C2H4, light intensities, temperature,
pH and turbidity. Saturated or super-saturated O2 levels cause damage to rice plants due to
the higher photo-respiratory losses. Favourable changes in floodwater quality improve the
chances of survival of susceptible cultivars to a greater extent compared to tolerant cultivars.
Hence, in the absence of clearly-defined data on floodwater characteristics, the comparison
of scoring for tolerance from different experiments sometimes creates confusion. When
the pH of floodwater is acidic (≤5.0), availability of CO2 increases, leading to higher
underwater photosynthesis and better plant survival. Turbidity is more injurious than O2
and CO2 levels, light intensity, temperature and pH of the floodwater. Varietal differences
were observed with respect to silt accumulation on leaves and the deposition was less in
plants with erect leaves, suggesting that high-yielding semi-dwarf cultivars with submergence
tolerance gene would be better adapted when flooding occurs with turbid water. During
the initial 3-4 days of submergence, the floodwater is generally turbid. After settling down
of silt, the water becomes clear and underwater photosynthesis may help in plant survival.
So, the maintenance of chloroplast integrity under submergence is a useful trait for survival.
Chlorophyll fluorescence-based screening technique can distinguish between tolerant and
susceptible cultivars without destroying the susceptible cultivars. It is perhaps better than
molecular marker-based screening technique when the submergence stress is too severe.
Limited elongation during submergence helps the plants to survive under complete
submergence. Non-structural carbohydrate level before and after submergence determines
the survival chances of a cultivar under complete submergence.
The submergence tolerance is mainly controlled by dominant gene(s) and fine
mapping of SUB1 on chromosome 9 has been completed. Marker-assisted backcross
breeding approach is now being successfully exploited for the development of high-yielding
submergence-tolerant rice cultivars. Under mild stress (5-6 days submergence), plant
mortality in rice is generally very less, yet extensive leaf damage occurs. However, the
damage is almost nil in cultivars with SUB1 QTL/genes due to the maintenance of higher
activities of antioxidant enzymes. Prolonged water stagnation decreases the grain yield
drastically in cultivars with SUB1 (e.g. Swarna-Sub1) compared to those without SUB1
(e.g. Swarna). Our studies suggest that Swarna-Sub1 is suitable for flash flood conditions.
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Introduction
Rice is the staple food for more than
half of the world’s population. Asia accounts
for about 90% of the global rice production.
India is the second largest rice-growing country
after China, with a production of more than 100
million tones. However, with a population of
1.2 billion in 2010, it is likely to be the most
populous country on this planet by 2030. India
needs to produce 120 million tons of rice by
2030 to feed its one and a half billion plus
population by then (CRRI Vision Document
2030, 2011). Providing sufficient food for everincreasing population is possible by raising the
Variety Savitri: wash-out due to submergence
productivity of rice under limited natural
resources, particularly land and water. Rice is grown in areas where two-thirds of the world’s poorest
and hungriest live. In the mega-cities of Asia, the poor people may spend up to 50% of their total
income on only rice. So, anything that lowers the price of rice directly benefits hundreds of millions
of poor consumers. This can be achieved by increasing the rice productivity, which in turn will also
benefit millions of farmers and their families. The Green Revolution in Asia during 1960s did just
that and led to the Asian economic miracle of the last 50 years (Zeigler et al., 2006).
In India, rice is mainly cultivated on tiny farms, primarily to meet the family demand.
Marketable surplus for meeting the demand of urban populace comes from affluent farmers with
large landholdings. Rice production and prices fluctuate widely with the occurrence of drought,
flood and many more abiotic and biotic stresses. Almost all rice is grown on small farms of 0.5-3 ha
and the yields range from less than 1.0 t/ha under poor rainfed conditions to over 4.0 t/ha in irrigated
systems (http://eands.dacnet.nic.in/latest_2006.htm). The vagaries of discomfort increase when
weather conditions are unfavourable.

Variety Swarna: Damage due to submergence

Variety Swarna-Sub1: Recovered after submergence

Most of the farmers in rainfed lowland areas are very poor and solely depend on rice for
their livelihood. Thus, rice gives both livelihood and food security to poor farmers of these areas. In
8

order to increase total rice production in the country, a great leap is required in the yield per unit area,
that too under adverse climatic conditions.
Among the 42 biotic and abiotic stresses affecting rice production, submergence is considered
the third most important constraint for higher productivity in eastern India (Setter et al., 1998). Excessive
flooding poses risks to human life and is a major contributor to the poverty and vulnerability of
marginalized communities. During the past five decades, the flood-affected area in India has more
than doubled in size from about 5% (19 million hectares) to 12% (40 million hectares) of the total
geographic area (IPCC, 2007; World Bank Report, 2008). In addition, the climate projections suggest
that temperatures, precipitation and flooding, and sea level rise are likely to increase, with adverse
impacts on crop yields and farm income. A spatial shift in the rainfall pattern towards the already
flood-prone coastal areas is also projected. As an example of the implied magnitude of this shift, the
discharge at the measuring station at Naraj on the Mahanadi River in Odisha, India is likely to rise
dramatically from the current level of about 2%
to over 10% under the climate change scenario
(World Bank Report, 2008; INCCA, 2010).
Rainfed lowlands constitute highly fragile
ecosystem often prone to flash floods
(submergence), with an average productivity of
1.2 t/ha in normal years and hardly 0.5 t/ha in
case of the submergence. The present research
bulletin is a compilation of the work carried out
at the Central Rice Research Institute, Cuttack
along with a few references published from
elsewhere to fill the knowledge gaps for drawing
tangible conclusions. The article focuses on
Cultivars tolerant to complete submergence
multifaceted problems to which rice crop is
exposed during submergence. Due consideration is also given to the use of innovative research
approaches to build on the progress achieved so far in germplasm improvement.

Biophysical constraints and plant survival under submergence
Rice is generally tolerant to anaerobiosis. However, excessive flooding may result in various
environmental stresses that accompany partial or complete submergence. The variations in floodwater

Post submergence appearance

Screening for submergence tolerance
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characteristics across locations induce different responses in various rice cultivars and, hence, conclusions
drawn on their flooding tolerance at one site cannot be extrapolated to other sites (Setter et al., 1998).
Flooding from rainwater usually results in clear water and causes less crop damage than that with
silted or turbid water. Therefore, comprehensive understanding of the relationship between floodwater
qualities and plant survival is useful for developing a suitable package of management practices as
well as crop improvement.

Light intensity, shading and turbidity
Light is an important factor, which affects plant growth and survival to a great extent. Light
reaching to the leaves of submerged plants is attenuated by water, dissolved organic matter, silt and /
or phytoplankton suspended in the water column. During flash floods, the floodwater is mostly
turbid and only a meager amount of solar radiation reaches at the crop canopy, limiting the rate of
photosynthesis. Underwater light regime is a major factor controlling the CO2 and O2 concentration
in floodwater and, hence, it affects greatly the physiological status of submerged rice plants (Sarkar et
al., 2006). Diurnal variations in dissolved CO2 commonly occur in floodwaters, with a build-up of
CO2 level during darkness and its depletion to concentrations well below those in air-saturated water
when light is available for photosynthesis (Setter et al., 1998). The dissolved oxygen level and pH of
the water in a rice field are positively correlated, since the O2 is largely a product of photosynthetic
activity that uses up carbon and thereby reduces the dissolved CO2 (and thus H+ concentration),
effectively raising both the pH and O2 level (Das et al., 2009). Thus, increased concentration of O2
determines the lowering of CO2 level in floodwater.
We studied the comparative effects of variations in floodwater using rice cultivars with
contrasting initial carbohydrate content, elongation ability under flooding and survival percentage.
Among different treatments, shading with white cloth exhibited the highest survival percentage,
followed by clear water and silted water in that order (Table 1, 2). In shading treatment, plants received
much lower light intensity and temperature of the floodwater was lower by 1.3-1.6 oC compared to
the clear water conditions (Das et al., 2009). Under clear water with higher O2 concentration coupled
with high light intensity, net photosynthesis might have decreased due to increased photorespiration,
resulting in higher plant mortality compared to the shaded condition (Ramakrishnayya et al., 1999).

We get rice even after submergence
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The pH of the floodwater under shaded condition was more alkaline and CO2 concentrations were slightly lower compared to the silted floodwater conditions (Table 1), yet the leaf senescence under shaded condition was slow, as evident by the chlorophyll retention capacity (Table 6).
Though light availability under shaded condition and treatment with 0.2 % silt in floodwater was
more or less same, the survival percentage was considerably higher under shading, suggesting that the
plants suffered more injury under turbid water conditions. Under 0.4% silted water conditions, survival percentage was the lowest because the oxygen concentration was low (Table 1), available light
was almost nil and depletion of carbohydrate was also greater (Table 6). These findings strongly
suggest that a minimum level of light (88-184 mol m-2 s-1) is required to check the leaf senescence
11

(Das et al., 2009). Low O2 concentrations (hypoxic) as well as super saturated level do not protect the
plants against senescence. Comparison of the amount of silt deposition on leaf surface of different
rice cultivars (Fig. 1) revealed that the relationship between silt deposition and survival % was nonsignificant. The deposition of silt was low in rice cultivars with erect leaf compared to those with
droopy leaf (Das et. al., 2009).

Fig. 1. Variation in silt deposition on leaf surface of different rice cultivars grown in floodwater
containing 0.2% and 0.4% silt. Bars represent standard deviation.

Temperature
The plant survival under submergence was better in winter than in summer season (Das et
al., 2009). In both the seasons, there was not much variation in the pH and O2 levels of the floodwater. Also, the higher CO2 concentration and light intensity could not improve the plant survival in
summer season. Temperature of the floodwater during winter season was on an average 4.8oC less
compared to summer season. Even in the intact rice plants, where root respiratory activity is supported by O2 transport from shoots along the aerenchyma, roots experience O2 shortage at elevated
temperatures (32-33oC) inducing the ethanolic fermentation. This causes faster utilization of carbohydrates and leads to increased plant mortality. These findings strongly suggest that the seasonal
effects of flooding on the crop response are mainly due to water temperature rather than O2 levels.

Gas diffusion and pH
Gases are known to diffuse 10,000 times slower in water than in air (Armstrong, 1979).
Concentration of O2 in the floodwater during flash floods is generally high, but the water may become
anoxic in some environments, especially during night when the O2 produced during daytime is
consumed in respiration. The CO2 concentration in floodwater during turbulent flash floods tends to
be in equilibrium with that in the air due to rapid mixing. Measurements of the concentration of
gases in floodwater during submergence gave important clues about the causes of reduced plant
growth and survival. Studies carried out at NDUAT, Faizabad, eight other locations in Uttar Pradesh
and Bihar and CRRI, Cuttack showed significant variations in plant survival at different locations of
eastern India when a set of rice genotypes was exposed to submergence for similar duration. In these
studies, the floodwater oxygen concentration ranged between 0.0 and 0.6 mol m-3 (air equilibrium
0.24 mol m-3 at 30oC) and carbon dioxide concentration between 0.004 and 0.020 mol m-3 (air
12

equilibrium 0.01 mol m-3) (Setter et al., 1995). Our studies showed that mortality of rice plants occurred
at higher O2 concentrations (Table 3). The oxygen concentration of 0.125 mol m-3 is considered a
reasonable threshold limit for respiration in germinating rice seeds, coleoptiles and embryos.

The adverse effects of low CO2 supply at different floodwater pH levels on plant survival
under submergence were studied in susceptible and tolerant rice cultivars (Table 4). When the floodwater pH was maintained at 5.0, the CO2 availability was high and the plant survival was 100% in the
tolerant and 62% in the susceptible cultivar. However, when the floodwater pH was raised to 8.0,
thus reducing the availability of CO2, plant survival in susceptible cultivar IR 42 decreased remarkably but the tolerant cultivar FR 13A showed no effect. In India especially in Bihar, pH of the
floodwater is generally above 8.0 and very high mortality of the plants is expected.
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Aerenchyma and Leaf morphology:
Rice is well adapted to water-logging
due to the presence of aerenchyma tissues. The
plants grown in lowlands having excess water
without complete inundation possess greater
aerenchyma tissues compared to those grown
in uplands under water deficit condition.
Importance of aerenchyma under long-term
water-logging is well established. Our studies
showed that the short-term (7 days) exposure
of rice plants to complete submergence induced
the formation of aerenchyma tissues in roots
and the process was faster in tolerant (FR13A)
than in susceptible (IR42) cultivar (Fig. 2).
Rice, basically a wetland crop is
tolerant to anaerobiosis. It adopts several
strategies to counter the submergence. Rice
cultivars Sabita and Hatipanjari
recommended for cultivation in semi-deep
to deep water condition (50-100 cm water
depth at least for a month during crop
growing period) exhibited the elongation of
both leaf sheath and leaf lamina due to
complete submergence (Sarkar et al., 1996).
Fig. 2. Percentage increase of cell area under The leaves became narrower and leaf mass/
submergence over non-submerged control condition area decreased significantly. Possibly, these are
(adapted from Das, 2005).
the adaptive traits required for long-term
water stagnation in semi-deep to deep water
conditions. Elongation of leaf lamina due to short-term complete submergence was negligible in
submergence tolerant (FR13A) and intolerant (IR42) rice cultivars, though intolerant rice cultivar showed
leaf sheath elongation. Highly significant positive association between leaf mass/leaf area ratio and
submergence tolerance was observed (Sarkar, 1998; Sarkar et al., 1999). Therefore, for identifying
submergence tolerant rice cultivars, we have to think in a
different way (Table 5). The plants that permit least changes
in their morphology and physiology under submergence
are more likely to tolerate short-term flash flooding.

Physiological basis of submergence tolerance
Photoperiod sensitivity
Traditional varieties adapted to lowland and
deepwater ecosystems are generally not high-yielding
types but photo-sensitive in nature. Due to the photosensitivity, these cultivars avoid submergence stress at In the same patch flash-flooding to drought occurs
the time of flowering. The photo-sensitivity is significant because complete submergence during
flowering even for a few days affects grain formation and spikelets become completely sterile.
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Besides, photoperiod-sensitive cultivars possess high plasticity and can be planted at different ages
without much loss in grain yield. In a recent field survey, we observed that farmers sometimes
planted more than two-month old seedlings to avoided complete inundation, especially in deepwater
and water stagnant areas. Bolan (double transplanting) is a traditional practice followed by farmers in
submergence-prone areas in north-eastern part of West Bengal, India. Use of photoperiod-sensitive
cultivars has also helped in adopting this technology.

Elongation ability and duration of flood
Rice plants that exhibit limited elongation during submergence often show tolerance to
complete flooding. Some researchers believe that the ideal combination for adaptation to complete
flooding is submergence tolerance (survival under water) together with some elongating ability. This
kind of ideotype is suitable only if (I) water level increases and remains at that level, (II) recedes only
partly or (III) recedes but rises again and stays for longer duration. However, reduced elongation
under flash flood condition (complete submergence for 1-2 weeks) is vital for survival because the
elongating plants would tend to lodge as soon as the water recedes. The rationale behind classifying
a genotype with limited elongation during submergence as tolerant is that such a genotype is likely to
use only a small quantity of available carbohydrates for elongation growth, leaving enough reserve
for survival during submergence (Sarkar et al., 1996) and resumption of growth after water recedes
(Das et al., 2005).
Studies involving manipulation of elongation growth have also demonstrated the effects of
elongation on plant survival during submergence. For example, GA application 48 h before flooding
resulted in more elongation during submergence with consequent reduction in plant survival. In
contrast, application of GA biosynthesis inhibitor, paclobutrazol, reduced the shoot elongation, resulted
in higher survival percentage (Das et al., 2005). A highly significant negative association (r = -0.76**)
was observed between shoot elongation and survival under complete submergence (Das et al., 2005).

Carbohydrate status and submergence tolerance
Percentage survival of rice seedlings under submergence correlated positively with seedling
dry weight, sugar content and starch content of both roots and shoots (Table 5). Non-structural
carbohydrates content before and after submergence is important for providing energy for maintenance
of vital metabolic processes during submergence and for regeneration and recovery of seedlings

15

after submergence (Sarkar et al., 1996; Sarkar, 1998; Das et al., 2001). Our recent studies have shown
that the differences in tolerance level were not necessarily associated with the initial carbohydrate
status before submergence but were rather associated with the plant’s ability to maintain high levels
of stored energy through either slower utilization during submergence and/or greater underwater
photosynthesis. The initial carbohydrate level before submergence was almost equal in rice cultivars
Gangasiuli and Raghukunwar (Table 6), but Gangasiuli showed better survival percentage (51 %)
than Raghukunwar (36 %), with retention of higher chlorophyll and non-structural carbohydrate
contents during submergence.

Chloroplast’s structural and functional integrity and submergence tolerance
Under natural flooding, the plant receives lower radiant energy, which enhances senescence
and affects the photosynthetic apparatus (Panda et al., 2006, 2007, 2008a, 2008b). We suggest that the
maintenance of chloroplast integrity could be a better option for predicting the plant survival under
submergence. However, the chlorophyll content-based screening technique is not sensitive enough to
16

distinguish between tolerant and susceptible cultivars at early stages of submergence (Panda et al.,
2006). As because the donor side of photosystem II (PS II) was more affected than the acceptor side
under mild submergence stress (Panda et al., 2008a; Sarkar and Panda, 2009). The maximal chlorophyll
a fluorescence yield (Fm) refers to complete reduction of PS II acceptor QA, the quencher of
fluorescence. The faster rise in Fm could be ascribed to a slowdown of electron transport beyond
QA- and a smaller pool size of electron acceptors between PS II and PS I. The levels of Fo either
decreased or increased under submergence depending on rice cultivars and the damage could be
assessed by higher or lower values of Fo (Table 7). The quenching of Fv/Fm indicates more extensive
damage to reaction center so that the charge recombination is prevented or the activities of water
splitting enzymes are decreased. The maximal photochemical efficiency (Fv/Fm), in general, did not
decrease much after 2 days of submergence compared to the control plants (Table 7). After 4 days of
submergence, Fv/Fm was lower compared to control plants in all the cultivars. However, the extent
of damage was greater in susceptible cultivar IR 42.

Chlorophyll a fluorescence- possible selection criteria for submergence tolerance
An experiment was conducted with 20 Indica rice cultivars to find out the possibility of using
chlorophyll fluorescence as a selection tool for submergence tolerance in rice (Panda et al., 2007,
2008b). Fourteen-day old seedlings were completely submerged for 2, 4, 6, 8 and 10 days and different
chlorophyll a fluorescence parameters were recorded in fully dark-adapted detached leaves after 1.0 h
of de-submergence. The Chl fluorescence parameters namely, the efficiency with which trapped
excitation can move an electron further than QA- (i.e. 1-Vj) and the quantum yield of electron transport
per absorption (ETo/ABS) increased during submergence. The increase was more pronounced in
tolerant than in susceptible cultivars. On the other hand, the specific energy flux for absorption per
reaction centre (ABS/RC) decreased during submergence and the magnitude of reduction was greater
in tolerant than in susceptible cultivars. The plant survival percentage under submergence showed
highly significant negative correlation with ABS/RC and positive correlation with 1-Vj and ETo/
ABS. In general, correlation of fluorescence reading taken after 6 days of submergence with survival
17

percentage exhibited greater values of F-ratio and R2 percentage. Multiple regression analysis with or
without constant revealed that the values of F-ratio and R2 percentage increased in the formula when
no constant was used as compared to the formula with constant and regression coefficients. The
maximum R2 value was obtained when all the three parameters namely 1-Vj, ETo/ABS and ABS/
RC of 6 days after complete submergence were used without any constant value in the regression
analysis (R2 = 96.5**). These parameters might provide bases to rank the plants according to their
sensitivity to complete submergence. More specifically, when drawing ellipsoids in order to have a
better visual comprehension of the clustered data, it became evident that there were three distinct
groups of cultivars i.e. tolerant, moderately tolerant and susceptible (Panda et al., 2008b).

Chlorophyll fluorescence-based screening technique vis-á-vis molecular screening
technique
To differentiate between submergence tolerant and susceptible rice cultivars, several screening
techniques are applied starting from simple testing of rice cultivars for survival under complete
submergence to molecular markers associated with the submergence tolerant gene SUB1. Testing of
rice cultivars under complete submergence for a specified period results in the loss of susceptible
cultivars. We may even lose tolerant cultivars, if the duration of submergence is further increased.
The degree of submergence tolerance between FR13A (donor of the submergence tolerant gene,
SUB1) and Swarna-Sub1 varies, though both the cultivars have the SUB1gene. FR13A is able to
withstand submergence for a longer period compared to Swarna-Sub1. So, phenotyping of rice cultivars
for submergence tolerance could be done more efficiently by employing chlorophyll a fluorescence
technique (Sarkar and Bhattacharjee, 2011), wherein FR13A maintained greater values of area, driving
force (DF), performance index (PIabs), electron transport (ETo/CSo), number of reaction centres
(RC/CSo) and lower values of Vj and Vi compared to Swarna-Sub1 (Panda and Sarkar, 2011, 2012a).

Nutrient status and submergence tolerance
The nutrient status of rice seedlings before submergence affects their survival after
submergence. Therefore, besides genetic enhancement, some of the traits associated with submergence
tolerance could also be manipulated through certain crop management practices. This could
substantially enhance the survival and productivity of rice in flood-prone areas, particularly when
combined with the genetic enhancement. Survival of both the tolerant (FR13A) and susceptible
(IR42) cultivars decreased substantially when seedlings with higher nitrogen concentration were used,
although higher survival percentage was observed in FR13A compared to IR 42. There was a negative
relationship between the nitrogen and starch contents and, therefore, a low nitrogen level in the plant
contributed to higher accumulation of starch in shoot (Sarkar, 1998). However, if there is sufficient
gap between the time of nitrogen application and complete inundation (under low dose of 15 kg N
ha-1), adequate starch accumulation occurs in the plant and it might help in survival. Application of
N: P: K at 15:40:20 kg ha-1 in seedbed helped in raising the robust seedlings, which could withstand
complete submergence better than unfertilized seedlings (Table 8). Here, transplanting was done
after 25 days of seeding, whereas seedlings were submerged after 15 days of transplanting. A significant
positive correlation was observed between the phosphorous application and submergence tolerance.
Apart from better survival, the plants receiving phosphorous showed greater accumulation of
carbohydrates before submergence and less elongation during submergence compared to the plants
grown without any phosphorous application. Our studies showed that even the susceptible cultivars
could perform better under submergence stress, if they could accumulate higher quantity of non18

structural carbohydrates before inundation (Sarkar, 1998; Sarkar et al., 1996). We can easily produce
robust seedlings through nursery management by sowing good quality seed with a seed rate of 30 g
m-2 and application of N, P, and K at 15, 40 and 20 kg ha-1 in seedbed. For getting robust seedlings
under field conditions, the seed rate and doses of N: P: K should be 60-70 kg ha-1 and 15: 60: 20 kg
ha-1, respectively.

Reactive oxygen species and submergence tolerance

Deficiency of molecular-oxygen in root zone under submerged condition leads to altered
cellular metabolism and dramatically reduces the crop productivity. Prolonged submergence treatment
in rice induces anoxia-specific metabolic changes, which in turn inhibit the synthesis of antioxidants
causing oxidative damage during re-oxygenation period after the restoration of normal condition
(Das et al., 2004). Rice plants that survive under transient submergence differ from those which
succumb to submergence in respect of the timing and duration of carbohydrate consumption and
anaerobic metabolism (Das et al., 2005). The increased production of alcohol dehydrogenase, which
is required for anaerobic fermentation, paradoxically involves the formation of H2O2, which acts as a
signaling molecule or causes cellular damage. Our studies have shown that, even under hypoxic
condition, rice plants which could maintain greater H2O2 level resisted the adverse effects of
submergence (Das et al., 2004).

Antioxidant enzymes
The activity of catalase (CAT) decreased due to submergence stress in both tolerant and
susceptible rice cultivars (Sarkar et al., 2001). Yet, the enzyme activity was significantly greater in
tolerant cultivars and this was highly meaningful for the plants under oxygen-deficient conditions
(Table 9), because the CAT could directly produce O2 from H2O2 and improve the supply of O2. The
higher levels of H2O2 in tolerant cultivars compared to susceptible cultivar under submergence also
helped in the maintenance of higher CAT activity and supply probably more molecular O2. There
was not much variation between tolerant and susceptible cultivars in respect of guaiacol peroxidase
(GPX) activity under complete submergence. We observed a reduction in the activity of superoxide
dismutase (SOD) in all the rice cultivars (Table 9).
Ascorbate peroxidase (APX) together with the other enzymes contributes to the depletion
of H2O2 level by utilizing ascorbate (AsA) as the specific electron donor for reducing H2O2 to water
with the concomitant generation of monodehydroascorbate, which is disproportionated
nonenzymatically to AsA and dehydroascorbate (DHA). The DHA is subsequently reduced to AsA
by the action of enzyme dehydroascorbate reductase (DHAR), using reduced glutathione (GSH) as
the reducing substrate. The resulting oxidized glutathione (GSSG) is then converted back to the
reduced form (GSH) by NADPH-dependent enzyme glutathione reductase (GR). The DHA
accumulation is generally considered as a negative event for cell metabolism. The probability of
DHA accumulation was less in tolerant than in susceptible cultivars due to the higher activity of
DHAR (Table 9). The differences between susceptible and tolerant rice cultivars in the levels of
reduced ascorbate during submergence were non-significant (Das et al., 2004; Baliyarsingh et al., 2007;
Panda and Sarkar, 2012a, 2013). Probably, tolerant cultivars recycled the AsA more efficiently and
protected the enzymes of ascorbate-glutathione cycle, with the maintenance of its threshold balance.
Thus, the level of AsA during submergence was the same between tolerant and susceptible cultivars.
The higher activities of antioxidant enzymes APX, DHAR and GR in tolerant cultivars helped in
better physiological adaptation to hypoxic condition, so as to maintain the structural integrity of
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enzyme molecules. When needed upon exposure to high oxygen concentration, these enzymes could
detoxify the toxic oxygen species and protect the system effectively.
Oxygen deprivation stress in plant cells under natural conditions is distinguished by two
physiologically different states: hypoxia and re-oxygenation. The level of H2O2 during re-aeration
decreased in tolerant cultivars but increased in susceptible cultivars compared to the submerged
condition (Panda and Sarkar, 2012a, 2013). The sharp increase in the SOD activities in tolerant cultivars
after re-aeration revealed that this enzyme played a crucial role in scavenging of the ROS formed
during adaptation to aerobic condition. However, the activity of GPX did not increase much during
re-aeration (Table 9). The pathway involving SOD→ CAT → GPX antioxidant system in rice perhaps
was not sufficient for removing the ROS due to the poor over-expression of GPX during reaeration. The high levels of APX and DHAR in tolerant cultivars ensured enhanced degradation of
H2O2 and conversion of oxidized ascorbate to its reduced form. There were not much variations in
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the GR activities between tolerant and susceptible cultivars after 24 h of re-aeration (Table 9). Our
investigations suggest that the antioxidant enzymes CAT, APX and DHAR play greater role to detoxify
the ROS during submergence as compared to the other antioxidant enzymes, whereas during reaeration a group of other antioxidant enzymes are also involved. Along with the pathway involving
SOD→CAT→GPX, the ascorbate-related antioxidant system also plays an important role in the
removal of ROS.

Regeneration capacity
When rice plants are subjected to flash flooding, they need to adapt to two drastic
environmental changes: the shift from aerobic to hypoxic conditions during complete submergence
and then again from hypoxic to aerobic conditions after the floodwater recedes. Therefore, it is
pertinent to understand the physiological processes that are triggered during aerobic → anaerobic
transitions. When the plant tissues are subjected to hypoxic or anoxic condition, the oxygen-dependent
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pathways especially the energy generating systems are suppressed and the functional relationship
between root and shoot is disturbed; both carbon assimilation and utilization of photosynthates are
suppressed. Tolerant rice cultivars have shown higher regeneration growth in terms of emergence of
new leaves and survival percentage (Panda et al., 2008a). Quick regeneration growth following
submergence is a desirable trait under frequent flooding, as it can ensure production of sufficient
biomass for achieving best possible productivity. The greater amount of sugar and starch before and
after submergence seems to have considerable impact on plant survival and subsequent regeneration
(Table 10). Cultivars with higher carbohydrate content at the time of re-emergence were able to
develop new leaves very quickly. Total non-structural carbohydrate (sugar + starch) content after
submergence showed highly significant positive association with survival percentage and regeneration
growth (Panda et al., 2008a). The photosynthetic apparatus suffered greater damage when the plants
were exposed to air (Panda and Sarkar, 2012b). Tolerant cultivars, however, adjusted to the new
environment quickly, as was evident from the values of Fo, Fm, Fv/Fm and area above fluorescence
curve between Fo and Fm. On the other hand, susceptible cultivars failed to adjust with the upcoming
conditions and the values of these fluorescence parameters decreased further. Tolerant cultivars
maintained higher levels of chlorophyll during submergence and subsequent period of re-emergence.
Besides, tolerant cultivars maintained greater photosynthesis and rubisco activities (Panda and Sarkar,
2012a, 2012b, 2012c).

Farmers’ wisdom in preserving submergence-tolerant landraces
Most rice cultivars are damaged when subjected to complete submergence for several days.
Modern high-yielding rice varieties are generally sensitive to complete submergence; however, a few
tolerant landraces have been identified (Panda et al., 2006, 2008a; Sarkar and Bhatttacharya, 2011).
Cultivars highly tolerant to flash flooding are rare. Only 0.1% of 15,000 rice germplasm evaluated at
the Central Rice Research Institute, Cuttack, India survived under 12 days of complete submergence
(Sarkar and Mohanty, 2010). FR13A was known to this Institute even in 1950 (Table 11) as a
submergence-tolerant cultivar and it had been developed through selection from the farmers’ variety
“Dhallaputia” grown in Odisha. Subsequently, FR13A occupied the core position in the National and
International rice breeding programmes from which the submergence tolerance gene SUB1A was
identified and cloned (Xu and Mackill, 1996; Xu et al., 2006).
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Fukao et al. (2009) reported that unlike key domestication alleles for shattering, pericarp
colour and amylose content, the submergence tolerance-conferring SUB1A-1 allele was restricted
to limited number of aus / indica accessions and not present in the modern cultivars. The occurrence
of submergence tolerance-conferring haplotypes of the SUB1 locus in both aus (FR13A; Odisha,
India) and indica (Goda Heenati and Kurkaruppan; Sri Lanka) genotypes most likely reflected the
role of human selection for submergence tolerance trait in two geographic regions. Molecular
studies on the frequency of subtype alleles encoding human leucocyte antigens (HLA-A*02) in Sri
Lankan and eastern Indian populations suggested a very close ancestry (Malavige et al., 2007).
Migration of an outcast prince with his followers from the Odisha region to Sri Lanka took place
around 500 BC (Malavige et al., 2007). Hence, it appears reasonable that rice with the submergence
tolerance-conferring SUB1 haplotype was transported by the immigrants from India and
subsequently introgressed into local indica varieties grown in Sri Lanka. The SUB1 haplotypes
have limited distribution amongst rice cultivars but may have been prized by the farmers of
submergence-prone areas in Odisha, India and Sri Lanka (Fukao et al., 2009, Baile-Serres et al.,
2010). The local rice landraces adapted to extremes of water variability, including progressive
flooding or rapid submergence could be the source of genetic variation for improving the
adaptability of varieties to extreme environmental stresses such as complete / partial submergence.
In preserving the local landraces tolerant to different abiotic stresses, including the excess water
stress, farmers of the Southeast Asian countries played a pivotal role since time immemorial. The
climate change resilient rice is linked to the wisdom of farmers.
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Genes related to escape and quiescence strategies
Quiescence and elongation (expansion) are two opposite strategies by which rice adapts to
submergence depending upon the nature of flooding. The ethylene response factor genes Snorkel1
(SK1) and Snorkel2 (SK2) allow rice to adapt to deep water whereas Submergence1A-1 (SUB1A-1)
allows rice to acclimatize under flash flooding (Xu et al., 2006; Hattori et al., 2009; Nagai et al., 2010).
The QTL on chromosome 12 was the most effective for deepwater response (Nemoto et al., 2004;
Hattori et al., 2007, 2008) whereas the QTL on chromosome 9 was most important for flash flood
response (Xu and Mackill, 1996). Both SKs genes and SUB1A encode ethylene-responsive factortype transcription factor and are connected to gibberellin biosynthesis or signal transduction, yet
deepwater and submergence-tolerant rice seem to have opposite flooding response; namely, escape
by elongation or remain stunted under water until flood recedes (Hattori et al., 2009; Bailey-Serres
and Voesenek, 2010).
The genes at the SUB1 locus, which confer submergence tolerance, were identified by
positional cloning (Xu et al., 2006). In the SUB1 region, three similar genes encode the AP2/ERF

Fig. 3. Model of flash flood and stagnant deepwater tolerance in rice and the influence of floodwater
characteristics on survival. SK1, SK2 ’!Snorkel 1 and Snorkel 2 QTL responsible for plant elongation
under submergence; SUB1A, SUB1B, SUB1C’! Submergence-1 QTL, SUB1A responsible for plant
quiescence and plant survival under complete submergence, SUB1B and SUB1C do not confer
submergence tolerance and are associated with submergence susceptibility; Slender rice-1 (SLR1) and
SLR1 Like-1 (SLRL1) are repressors of GA signaling; CHO, non-structural carbohydrate (Adapted
from Sarkar and Mohanty, 2010).
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domain: SUB1A, SUB1B and SUB1C. These are located tandemly on chromosome 9 in FR13A. In
comparison, the submergence-intolerant varieties Nipponbare and M202 possess SUB1B and SUB1C,
but lack SUB1A. The introduction of SUB1A into submergence-intolerant varieties confers
submergence tolerance (Fukao et al., 2006; Xu et al., 2006; Neeraja et al., 2007; Septiningsih et al.,
2009). SUB1A negatively regulates the transcription of these genes, to reduce energy consumption
during submergence. Fukao and Bailey-Serres (2008) showed the mechanism by which SUB1A
regulates plant growth. Slender rice-1 (SLR1) and SLR1 Like-1 (SLRL1) are repressors of GA
signaling. The amount of SLR1 protein is elevated after submergence in submergence-tolerant rice
(M202-Sub1), but not in submergence-intolerant rice (M202). Additionally, more SLRL1 protein
accumulated in submergence-tolerant rice (M202-Sub1) than in submergence-intolerant rice (M202).
These results suggest that the restriction of growth by submergence-tolerant rice is due to the
accumulation of SLR1 and SLRL1 through SUB1A. On the other hand, SK1 and SK2 are upregulated by the submergence-induced accumulation of ethylene in internodes, consistent with the
essential role of ethylene in GA-stimulated underwater shoot elongation (Jackson, 2008). The
mechanisms behind the tolerance and plant growth either elongation or quiescence have been summarized
in Fig. 3.

Impact of SUB1 on plant survival and productivity
As stated earlier, FR13A selected from
the local Indica cultivar Dhallaputia and released
in India in the 1940s is the source of SUB1.
Recently, the SUB1 QTL has been introgressed
through marker-assisted breeding in ‘Swarna’ and
other popular rice cultivars of South and Southeast
Asia. Whether the introgression of SUB1 has any
adverse effects on yield and yield attributes needs
to be understood not only for commercial
cultivation but also for future development.

Swarna-Sub1 at farmer field

Mechanism of submergence tolerance associated with SUB1 QTL
Rice cultivars introgressed with SUB1 QTL showed less elongation and better survival under
submergence (Panda and Sarkar, 2012a, 2012b, 2012c, 2013). These cultivars maintained greater
activities of alcohol dehydrogenase compared to the susceptible cultivars. Chlorophyll content decreased

Bumper harvest of Swarna-Sub1

Evaluation of Swarna-Sub1 at farmers field
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with increased period of submergence and the rate of degradation was significantly lower in cultivars
with SUB1. Chlorophyll fluorescence studies revealed that the genotypes with SUB1 QTL maintained
the chloroplast’s structural and functional integrity in a better manner and could withstand submergence
stress. Under mild stress, plant mortality in rice is generally very less but extensive damage of leaves
occurs; however, the damage is almost nil in Swarna-Sub1 due to the maintenance of higher activities
of antioxidant enzymes (Table 12).

No adverse effects of introgression of SUB1 QTL
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Growth and yield of submergence tolerant and intolerant rice cultivars with and
without SUB1 QTL under favorable lowland and simulated submerged conditions
Growth and yield parameters of 8 rice cultivars differing in their submergence tolerance were studied during wet season for two consecutive years (2005 and 2006) under favorable rainfed lowland
and simulated submerged conditions. Changes in the stagnant water level in the experimental field are
presented in Fig. 4. There was not much water stagnation in the field during 2005, but in 2006 heavy
rainfall just within 3 days of rice planting resulted in the water stagnation (Sarkar et al., 2009). SwarnaSub1 matured 4-5 days earlier than Swarna under normal condition. However, in 2006 with frequent
water stagnation, flowering in Swarna-Sub1was delayed and the days to 50 % flowering increased
by10 days as compared to Swarna. It showed that water stagnation influenced the date of maturity
to a greater extent in Swarna with SUB1 QTL. As expected, the grain yield of all the varieties was
more in 2005 than in 2006. Under rainfed favourable shallow lowland (0-15 cm water depth) condition, the yield potential was more or less same for Swarna and Swarna-Sub1. Under submerged
conditions, the average grain yield was maximum in FR13A (2.86 t ha-1), followed by IR49830-7
(2.40 t ha-1), Swarna (2.37 t ha-1), and IR40931-33 (1.33 t ha-1) with SUB1 and CRLC899 (0.66 t ha-1)
without SUB1. The other without SUB1 cultivars IR42, Swarna and Sarala completely perished due
to complete inundation and failed to produce any grain. Swarna-Sub1 is sensitive to water logging. It
was affected the most compared to other cultivars and produced only 0.45 t ha-1 grain yield under
45-55 cm water depth (Table 13).

Fig. 4. Changes of water depth in the experimental field during crop growth period.

Inference about SUB1
Introgression of SUB1 QTL as such has no deleterious effects on yield and yield attributes.
There was not much variation in the yields of Swarna and Swarna-Sub1 under favourable conditions.
The yield potential of different rice cultivars possessing SUB1 QTL varies significantly (Table 13).
Therefore, the parent materials should be carefully selected before introgression of SUB1. Cultivars
with greater initial vigour are considered better for this purpose. Introgresson of SUB1 in a rice
cultivar increases its submergence tolerance but the tolerance level is not greater than FR13A. It
suggests that we have to look for new genes/QTLs for realizing greater submergence tolerance. The
dramatic effect of SUB1 on what is essentially a quantitative trait suggests a regulatory locus rather
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than a specific enzyme action. Prolonged water stagnation decreases the grain yield of cultivars with
SUB1 (e.g. Swarna-Sub1) to a greater extent compared to those without SUB1 (e.g. Swarna). In
2006, we conducted several trials in farmers’ fields, wherein the crop experienced mild submergence
stress and there was no plant mortality even in susceptible cultivar Swarna. However, SwarnaSub1showed lesser leaf damage and produced more than 2.0 t ha-1 of extra grain yield as compared
to Swarna. Our studies suggest that Swarna-Sub1 is suitable for flash flood conditions.

Rice genotypes with better submergence tolerance than SUB1-introgressed lines
We have achieved much through the discovery of SUB1 QTL /
gene. However, more efforts are still needed to ensure that farmers
get full benefits of submergence tolerance research going on in
India and abroad. We have screened thousands of rice germplasm
for submergence tolerance and prepared the data base. A list of
tolerant genotypes from the data base along with the important
characteristics is given in Table 14. A few selected best genotypes
from this list were evaluated to identify the better germplasm than
SUB1-introgressed lines such as Swarna-Sub1, IR64-Sub1 and
SambaMahsuri-Sub1. Rice genotypes used in this investigation
exhibited distinctively variable responses to submergence in terms
of visible injury, underwater elongation and plant survival (Table
15). Genotypes INGR08113, INGR08109, INGR08111 and
AC42091 showed greater elongation due to the imposition of
submergence and their leaf tips came out above the water surface
within 10 days of submergence (data not shown). The other
genotypes, however, remained under water during the entire period
of submergence. Plant height did not increase much in SUB1
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Degree of submergence tolerance and
regeneration capacity vary among
different rice genotypes

introgressed cultivars because of significantly lower elongation compared to the other genotypes.
After 20 days of submergence, the plant height varied from 39 cm in Swarna-Sub1 to 113 cm in
INGR08109 while the rate of elongation varied from 62 % in IR64-Sub1 to 194 % in INGR08111.
Greater plant mortality was noticed even after 14 days of submergence in susceptible cultivars.
Among the SUB1 introgressed cultivars, plant survival after 14 days of submergence was only 66 %
in SambaMahsuri-Sub1, whereas it was 88% in Swarna-Sub1 and 90 % in IR64-Sub1. Survival
percentage decreased in almost all the cultivars when the period of submergence was increased to 20
days. Interestingly, all the landraces tested in this study showed significantly greater survival (53-88 %)
after 20 days of submergence compared to SUB1-introgressed lines (12-30 %). Genotypes AC38575,
AC37887, IC258990, IC258830, AC42087 and AC20431-B showed more than 80 % survival even
after 20 days of submergence (Sarkar and Bhattacharya, 2011). Genotyping of all the genotypes was
also done using SUB1A and SUB1C specific primers SC3 and ART5, respectively (Table 15). The
primer SC3 closely linked with SUB1A showed distinct band in 15 genotypes, whereas ART5 closely
linked with SUB1C showed distinct band in 11 genotypes. A few genotypes such as Swarna-Sub1,
IR64-Sub1, Sambamahsuri-Sub1, AC258830, AC42088, INGR08109, INGR08111 and FR13A
showed distinct bands for both SC3 and ART5. The primer SC3 did not show any marker associated
band in INGR08110, INGR04001 and AC20431-W, suggesting that this primer alone could not
distinguish between the tolerant and susceptible genotypes and many more SUB1A specific primers
need to be tested in future for identifying new genes/alleles. Considering the presence of either SC3
or ART5, it appeared that almost all the submergence tolerant cultivars possessed SUB1 QTL with
some allelic differences. So far, SC3 is one of the closest simple sequence repeat (SSR) markers
downstream of SUB1A.
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Research gaps, synthesis and future strategies
In rainfed lowland and deepwater areas, excess water, drought and adverse soil conditions
will continue to be the dominant factors in deciding the crop productivity. Emphasis is needed to
develop cultivars with tolerance to multiple stresses. Information on floodwater characteristics is
now available in India. However, the surface water depth in paddies changes continuously during the
crop growth period. There is relatively little data with continuous recording of surface hydrology
and even the available information has not been used for better classification of agro-ecosystems.
Fundamental research on the adaptation of rice cultivars under low light intensities and their
capabilities for photosynthesis under submergence can help in identifying the germplasm that can
survive for more than 14 days under submergence. Systematic evaluation of photoperiodic response
of different rice cultivars under field conditions (Sarkar and Reddy, 2006) can help in exchanging the
materials among various South-east Asian countries and utilization of such materials can lead to the
development of cultivars tolerant to multiple abiotic stresses.
Maintenance of high levels of stored carbohydrates in the seedlings prior to submergence
coupled with minimum shoot elongation and better retention of chlorophyll are the desirable traits
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for submergence tolerance in rice. Biotechnological and genetic approaches to enhance the efficiency
of pathways involved in carbohydrate metabolism and regulation of plant hormones such as GA
and ethylene to restrict the elongation growth and reduce the chlorophyll loss under submergence
could help in developing the germplasm with enhanced level of tolerance.
Introgression of SUB1 would be more useful if we choose better plant types with greater
initial vigour. Besides SUB1, attention is required to identify some more new genes/QTLs, which
may increase the level of submergence tolerance. There are rice cultivars (e.g. INGR08110, INGR04001
and AC20431-W), which though possess SUB1 QTL, yet show moderate elongation under complete
submergence. Such cultivars are highly suitable for flood-prone areas where water stagnation
commonly occurs. Proper mechanism and greater utilization of this type of cultivars can enhance the
submergence tolerance in different submergence/flood-prone areas. There are at least two approaches
that could be used in developing transgenic rice with increased tolerance to submergence. These are:
(i) under-expression of genes for elongation growth using an antisense for the genes of gibberellin
biosynthesis pathway by taking rice cultivars (e.g. Sabita) which accumulate greater quantities of nonstructural carbohydrates before submergence (Das et al., 2005) and (ii) over-expression of the genes
for higher level of storage carbohydrates like those for starch accumulation. Besides genetic
enhancement, some of the traits associated with submergence tolerance could be manipulated through
certain management practices such as nursery management involving proper spacing and balanced
nutrition to enhance the build up of carbohydrates in seedlings before transplanting. Efforts are
needed to identify the tolerant genotypes with appropriate physiological and molecular markers.
Separate breeding strategies are required for developing rice varieties for flash flood and deepwater
ecosystem. Recent studies on the plant responses to submergence stress with conventional plant
physiological and genetic as well as through biotechnological approaches have began to bear fruits. A
new world with climate resilient agriculture is not far away.
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