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Abstract: Submergence-tolerant genotypes in rice are essential for flood-prone lands, and recent studies have focused
on dissecting tolerance mechanisms considering morphological and physiological changes in the plants upon
submergence. Thirty improved rice varieties and sixty-two traditional rice accessions were screened for submergence
tolerance under complete 9-day and 14-day submergence stress at the two-week-old seedling stage. The submergence
tolerance level of each rice genotype was evaluated according to IRRI guidelines based on survival rates. Accordingly,
rice genotypes were categorized into four groups: tolerant, moderately tolerant, moderately susceptible, and highly
susceptible. Two Mawee accessions (3704, 3618) were submergence tolerant at 14-day submergence stress. The
traditional rice accessions Ratawee3466, Mawee (8552, 4145), and Heenati4935 and improved rice varieties Bw400
were moderately submergence tolerant at 14-day submergence stress. Survival rates of the rice genotypes, their initial
plant height, and shoot elongation at 9-day and 14-day submergence stress showed that seedling elongation (escape
strategy) or reduction of elongation compared to control plants (quiescence strategy) under submergence stress cannot
be used as phenotypic markers for selecting rice genotypes for submergence tolerance in rice. Further, the escape
strategy or the quiescence strategy was not unique to the genotype, and the survival strategy of some rice genotypes
changed with prolonged submergence stress. The escape strategy tended to be an SOS (Save Our Souls) strategy under
prolonged submergence stress from 9 days to 14 days. No correlations between initial plant height and survival rate or
survival rate and the height gain or reduction at 9-day and 14-day submergence stress showed that the submergence
tolerance mechanism in rice was genotype-specific. The submergence-tolerant and moderately tolerant rice genotypes
could be further investigated in future studies.
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INTRODUCTION

According to current trajectories, the world population will become 10 billion by 2056 (Persaud et al., 2018), and
rice consumption will be 360 million tons in 2050 (Timmer ef al., 2010). In the global climate change scenario,
floods have increased by 65% in the last 25 years (FOASTAT, 2022). The total rice cultivation area in the world
is 164.19 million hectares, and 20 million hectares of the land are located in flood plains in Asia (Manikmas,
2008; Redfern et al., 2012; Singh et al., 2016). Around 90% of global rice production is from eleven countries in
Asia, and 45% of the rice cultivating lands in Asia are rain-fed (Rai, 1999).

The annual economic loss in rice production by flood in the world is recorded as one billion US dollars
(Manikmas, 2008) and threatens global food security. Food security has three facets: malnutrition, lack of
materials, and socio-cultural deprivation (Hendriks, 2015). Disappearance of traditional accessions and
knowledge has been identified as a socio-cultural impact of food insecurity (Saint Ville et al., 2019). The species
that evolved in diverse natural habitats acquire numerous tolerances since they have adapted to local conditions.
Hence, traditional rice accessions are a treasure for buffering the rice gene pool for food security. Submergence-
tolerant traditional rice accessions are still cultivated in India (Ram et al., 2002) and cultivating such traditional
accessions ensures a local food supply in marginal environments (Pretty & Hine, 2000). However, naturally
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evolved submergence-tolerant rice accessions have been replaced in the irrigated commercial rice cultivation
system.

Sri Lankan traditional rice accessions have been identified as a source of many abiotic and biotic stress
tolerances, and submergence tolerance has been assessed at the seedling stage (Ranawake & Hewage, 2014) and
post-germination stage (Ranawake at el., 2010). Further, indigenous rice genotypes have been screened for
submergence tolerance in different studies (Goswami et al., 2017; Kumar et al., 2017).

Submergence occurs in two different conditions: partial submergence and complete submergence. Under
partial submergence conditions, a part of the plant is covered by water, initiating metabolic changes inside the
plant (Nishiuchi et al., 2012). Under complete submergence conditions, the entire plant including the leaf tip is
covered by water, and the ability of a rice plant to survive 10-14 days of complete submergence and renew its
growth when the water subsides is defined as complete submergence tolerance (Catling, 1992). Generally, lowland
rice species cannot tolerate submergence stress for more than two weeks (Mittal et al., 2022).

There are two different survival strategies in rice under submergence stress: escape strategy and quiescence
strategy. Deepwater rice varieties follow escape strategy to bring the canopy above the water level faster. Ethylene
elongates shoots in rice under submergence stress (Jackson, 2008), and ethylene promotes carbohydrate
metabolism and adventitious root formation (Fukao & Bailey-Serres, 2008). The ethylene production rate in
completely submerged rice coleoptiles has coincided with the coleoptile elongation rate under submergence stress
(Kato-Noguchi, 2001). Some rice varieties reported elongating of shoots up to 25 cm/day under submergence
stress (Vergara et al., 2014). Two genes, SK/ and SK2, assist rice plants in elongating their internodes during
submergence (Nishiuchi et al., 2012). The aerenchyma develops in the leaves, stems, and roots, facilitating
internal aeration from shoot to root (Winkel ef al., 2013). The aerenchyma consists of air-filled space and helps
to survive under submergence conditions. The aerenchyma is present in plants even under well-drained conditions
and improves further when the soil becomes waterlogged (Zhang et al., 2015).

The wetland rice type follows the quiescence strategy that limits plant elongation under submergence stress,
to survive by conserving carbohydrate reservoirs. The submergence-tolerant QTL located on chromosome number
9 in rice is named SUB! (Bailey-Serres et al 2010; dos Santos et al., 2017; Kuanar et al., 2019). The SUBI locus
is responsible for submergence tolerance and for post submergence adaptability by regaining photosynthesis
(Nurrahma et al., 2022), and it is a polygenic locus that encodes a few ethylene-responsive factor (ERF) DNA-
binding proteins (Afrin et al., 2018). The SUB! locus has been introgressed into high-yielding varieties through
marker assisted selection (Ray er al., 2022). The Sri Lankan traditional rice accessions, Goda Heenati,
Kurkaruppan, and Thavalu, also possess SUBI (Panda et al., 2021).

The SUBI QTL contains three ERF genes; SUBIA, SUBIB, and SUBIC. SUBIA has two alleles, namely
SUBI1A-1 and SUBIA-2, that differ due to a single nucleotide polymorphism (Xu et al., 2006). The ERF66 and
ERF67 genes that are targeted by SUB14-1 downstream are directly responsible for submergence tolerance in rice
(Lin et al., 2019). SUBI regains photosynthesis (Nurrahma e al., 2022) and reduces shoot elongation under
flooding (Sarkar et al., 2014). Contrary to this, the rice variety FRI34 exhibited slower shoot elongation and
additional biomass accumulation to recover better than a rice variety with the SUBI gene under submergence
stress (Singh et al., 2014). FR13A carries both SUBIA and SK genes (Oe et al., 2022) and a similar result has been
reported by Samanta et al. (2022). In principle, this proves the coexistence of escape strategy and quiescence
strategy in some of the rice genotypes. Coexistence of both mechanisms in rice cultivars have also been reported
in Amazon wild rice species O. grandiglumis, by exhibiting quiescence strategy at the seedling stage and escape
strategy at the vegetative stage (Okishio et al, 2014). Hence, individual rice genotypes must be studied for
submergence tolerance and its mechanism.

Screening rice cultivars by imposing submergence stress at different growth stages has been practised in many
studies; post-germination (Ranawake et al., 2010), seedling emergence stage (Su et al., 2022), seedling stage
(Hussain, 2018), vegetative stage (Yi et al., 2014), and reproductive stage (Ray et al., 2017). The intensity of the
submergence stress has been changed by applying submergence stress for different durations; six days (Devender
Reddy & Mittra, 1985), seven days and 14 days (Saika et al., 2021) 9 and 12 days (Saidur Rahman, 2018), five
days, ten days, and 14 days (Ranawake et al., 2014), over two weeks (Das et al., 2009) and 14 days and 20 days
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(Sarkar & Bhattacharjee, 2011) However, these studies have focused on evaluating rice genotypes under
submergence stress while providing less attention to distinguishing the underlying mechanisms of shoot growth
in different rice genotypes under submergence stress.

Submergence tolerance in rice cultivars can be evaluated by using biochemical markers after imposing
submergence stress. Two identified biochemical markers for submergence tolerance (Sayani et al., 2017) are Adhl
(Rahman et al., 2001) and pdc! (Quimio ef al., 2000). Screening by imposing submergence stress on farmer fields
(Mishra et al., 1996; Das et al., 2009; Sarkar et al., 2009), artificial tanks (Hansen et al., 1986; Das et al., 2009;
Goswami et al., 2017), and laboratory conditions (Kumar et al., 2017; Sayani et al., 2017) has been reported
with promising results.

In the present study, thirty improved rice varieties, including four submergence tolerant check varieties, and
sixty-two traditional rice accessions were screened for complete submergence tolerance at the two-week-old
seedling stage to explore submergence tolerant levels and the mode of the tolerance mechanism under
submergence stress.

MATERIALS AND METHODS

The study was carried out at the Faculty of Agriculture, University of Ruhuna, Mapalana, Kamburupitiya, Sri
Lanka (Latitude 6.06105° or 6° 3' 40" North, Longitude 80.56586° or 80° 33' 57" East). Twenty-six (26) improved
rice varieties and sixty-two (62) traditional rice accessions, along with four submergence tolerant check varieties,
IRRISubl, IRRI64, Swarnasubl, and Sambamasuri, were included in the study. Traditional rice accessions and
improved rice varieties (referred to as rice genotype hereafter) were collected from Plant Genetic Resources
Centre, Gannoruwa, Sri Lanka.

Method of screening traditional rice accessions and improved rice varieties for submergence tolerance at
the seedling stage

Dormancy broken and surface sterilized seeds were kept in an incubator at 35 °C under dark conditions with
enough water for 7 ds for germination. The experiment was carried out following a randomized complete block
design (RCBD) with 4 replicates, and 10 seedlings were used for each replicate. Uniformly germinated seedlings
were planted in trays filled with homogenized soil. Two-week-old seedlings were subjected to 9-day, and 14-day
complete submergence stresses separately. The control experiment was maintained without submergence stress.
After the complete submergence period, plants were kept for recovery under de-submerged conditions for 2 wks.
Green plant height was measured in submerged and control seedlings just before the submergence stress, and after
the submergence stress (Supplementary Figure 1). The survival rate was scored after a 2-week recovery period.

Number of surviving plants after recovery X 100

Survival rate =
Number of plants before submergence

Submergence tolerance was calculated as survival rate. Survival rates were categorized into four groups based on
the IRRI standard evaluation system (Table 1).

Table 1: Standard submergence scoring criteria (IRRI 1996).

Submergence scale  Survival rate Category
1 100% survival (check variety) Tolerant
3 95-99% survival Tolerant
5 75-94% survival Moderately tolerant
7 50-74% survival Moderately susceptible
9 0-49% survival Highly susceptible
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The effect of submergence stress on seedling elongation was measured as height reduction or height gain during
the submergence stress, as shown in the equation below.

(Average seedling height
before the submergence)

(Average seedling height
after the submergence)

Height gain or reduction =
of the submerged seedlings (cm)

The height gain of the control plants was calculated by considering the same time duration of the submerged
plants.

Height gain of the height =
control seedlings (cm)

(Average seedling height
on the date of de-submergence
of submerged seedlings)

(Average seedling at two
weeks)

Data analysis

Eighty seedlings of four replicates were evaluated in the submergence experiment. Genotypes were categorized
into submergence tolerant levels according to survival percentage: Tolerant (95% - 100%), moderately tolerant
(75% - 94%), moderately susceptible (50% - 74%), and highly susceptible (0% - 49%). The height gain of the
submerged seedlings and control seedlings were calculated, and Duncan's multiple range test was performed to
test for significant differences among height gain values of genotypes. In addition, correlation analysis was
performed to see the relationship between the evaluated parameters. Data were analyzed using SAS statistical
software (SAS Institute Inc., 2000).

RESULTS AND DISCUSSION
Submergence tolerance level in tested rice genotypes at 9-day and 14-day submergence stress

Traditional rice accessions: Heenati3707, Kaluheenati4991, Mawee4145, Ratawee365, and Rathuheenati4992,
three improved rice varieties, namely A4t306, At354, Ld371, and check varieties, IRRIsubl, IRRI64, and
Swarnasubl scored 100% survival rate at the 9-day submergence stress. Another check variety, Sambamasuri,
and improved rice varieties Bg251, At402, Bw372, Bw400, and Bw453 were moderately tolerant together with
some traditional accessions, namely, four Heenati accessions (6402, 4935, 4618, 3936), two Pokkali accessions
(3573, 3562), Dikwee2203, Kaluwee3876, Kaluheenati7802, Kuruwee3465, Mawee5531, and Murungakyan3489.
Eight (8) improved varieties and 15 traditional accessions were moderately susceptible to submergence under 9-
day submergence stress with a 50 - 74 % survival rate (Table 2).

Table 2: Submergence tolerance levels of rice genotypes at 9-day complete submergence stress at the seedling stage
Type Tolerant Moderately tolerant Moderately susceptible Highly susceptible
Improved At354, At306 Bg251, At402 Bg250, Bg352, Bg369 Bg300, Bg35 Bg300, Bg350, Bg94-1,

rice varieties

Ld371, IRRIsubl
IRRI64

Bw372, Bw400
Bw453, Sambamasuri

Bg359, Ld368, At401,
Bg455, At308

At307A4t353, At362, At353, At362, At405,
Bw367

Swarnasubl Ld408, At358 Ld408, At358
Traditional Heenati3707 Dikwee2203 Dahanala3304 Dikwee3741, Dikwee3504
rice Kaluheenati4991 Heenati6402 Kalubalawee5479 Kaluwee3728, Kalubalawee3976
accessions Maweed145 Heenati4935 Kaluheenati5191 Kuruwee3982, Mawee3683
Mawee5384 Heenati4618 Kaluheenati4621 Mawee8551, Polayal3661
Ratawee3655 Heenati3936 Kuruwee3898 Pokkali3881, Ratawee3466
Rathuheenati4992 Kaluwee3876 Mawee8552 Ratawee3525, Heenati3998
Mawee3704 Kaluheenati7802 Murungakayan3809 Dahanala3917, Kaluheenati3471
Mawee3618 Kuruwee3465 Murungakayan3490 Kalubalawee5480, Mawee8497
Mawee5531 Pokkali3922 Kuruwee3552, Murungakayan6263
Murungakayan3489 Pokkali3567 Murungakayan6285, Sudurusamba2202
Pokkali3573 Ratawee4580 Murungakayan3921, Murungakayan3492
Pokkali3562 Rathuwee3905 Murungakayan3495, Rathuheenati5486
Rathuwee3473 Rathuheenati6249, Sudurusamba3671
Suduheenati7799 Suduheenati3932
Sudurusamba4362

Tolerant: Survival rate 95-100%, Moderately tolerant: Survival rate 75-94%, Moderately susceptible: Survival rate 50-74%, Highly
susceptible: Survival rate 0-49%
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All improved submergence tolerant rice varieties (41354, At306, Ld371), which showed submergence tolerance
at 9-day submergence stress, became moderately susceptible at 14-day submergence stress. Three improved rice
varieties (Bg251, At402, Bw372), moderately tolerant at 9-day submergence stress, were recorded to be
moderately susceptible at 14-day submergence stress. Only Bw400 was stable at the same level of moderate
tolerance at both 9-day and 14-day submergence stress (Table 3).

Table 3: Submergence tolerance levels of rice genotypes at 14-day complete submergence stress at the seedling stage
Tolerant Moderately Moderately Highly susceptible
tolerant susceptible
IRRI64 Bw400 Bg251 Bg300 Ld368 At308
Swarnasub 1 IRRIsubl At306 Bg352 Bg250 At362
At354 Bg369 Bg350 Bw367
At402 Bg455 Bg359 Bw453
At405 At353 Bg94-1 Ld408
Bw372 At358 At307 Sambamasuri
Ld371 At401
Mawee3704 Heenati4935 Kaluheenati4991 Kaluwee3876 Kalubalawee3976 Rathuheenati6249
Mawee3618 Mawee8552 Kaluheenati4621 Mawee5531 Kalubalawee5480 Rathueenati5486
Mawee4145 Ratawee3655 Mawee3683 Kaluheenati7802 Rathuheenati4992
Ratawee3466 Murungakayan6285 Kaluheenati5 191 Suduheenati7799
Murungakayan6263 Kaluhheenati3471 Suduheenati3932
Sudurusamba4362 Kuruwee3982 Sudurusamba3671
Dahanala3917 Kuruwee3898 Sudurusamba2202
Dahanala3304 Kuruwee3552 Pokkali3922
Dikwee3741 Kuruwee3465 Pokkali3881
Dikwee3504 Mawee8497 Pokkali3573
Dikwee2203 Mawee8551 Pokkali3567
Heenati6402 Mawee5384 Pokkali3562
Heenati4618 Murungakayan3921 Polayal3661
Heenati3998 Murungakayan3809 Ratawee4580
Heenati3936 Murungakayan3495 Ratawee3525
Heenati3707 Murungakayan3492 Rathuwee3905
Kaluwee3728 Murungakayan3490 Rathuwee3473
Kalubalawee5479 Murungakayan3489

Tolerant: Survival rate 95-100%, Moderately tolerant: Survival rate 75-94%, Moderately susceptible: Survival rate 50-74%, Highly
susceptible: Survival rate 0-49%

Rice genotypes in different submergence tolerant groups varied from 9-day to 14-day submergence stress. Out of
six submergence tolerant improved rice varieties at 9-day submergence stress, only two were submergence
tolerant at 14 days. Further, out of eight submergence tolerant traditional rice accessions at 9-day submergence
stress, two were submergence tolerant at 14 days (Tables 2 and 3). Nineteen improved rice varieties and 53
traditional rice accessions were highly susceptible at 14-day submergence stress.

Only Mawee4145 scored a 100% survival rate at both 9-day and 14-day stress conditions, and one-third of
the traditional rice accessions that scored more than a 60% survival rate at the 9-day submergence stress
(Table 4) achieved more than a 60% survival rate at the 14-day submergence stress (Table 5). The results prove
that traditional rice accessions harbour more submergence-tolerant traits than the improved varieties do.
Kaluheenati4991 and Ratawee3655, which scored a 100% survival rate at 9-day submergence stress, had the
survival rate reduced to 60% and 70%, respectively, at 14-day submergence stress.
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Table 4: The survival rate, shoot elongation, and initial plant height of the best performing rice genotypes at 9-day submergence stress.

Name SR (%) G IPH (cm) Name SR (%) G (cm) IPH (cm)
Traditional

Heenati3707 100 1.3 27.4 Rathuwee4580 67 1.7 25.1
Kaluheenati4991 100 NE 29 Sudurusamba4362 67 3.6 20.5
Mawee4145 100 7.9 23.1 Kuruwee3898 62 6.1 12.5
Mawee5384 100 13 28.7 Kalubalawee5479 60 5.0 26.4
Ratawee3655 100 3.8 33.5 Murungakayan3809 50 53 21.1
Rathuheenati4992 100 10.8 25.9 Murungakayan3490 50 0.7 34.8
Kaluwee3876 95 NE 28.6 Pokkali3922 50 55 30.1
Kuruwee3465 89 10 132 Pokkali3567 50 33 25.7
Murungakayan3489 89 6.0 24.7 Rathuwee3473 50 44 24.8
Pokkali3562 89 NE 40.0 Suduheenati7799 50 13.4 30.0
Heenati3936 87 NE 28.3 Improved

Heenati6402 8 NE 239 At306 100 2.0 21.3
Heenati4618 83 NE 28.5 At354 100 0.5 16.4
Kaluheenati7802 83 7.3 27.0 Ld371 100 6.3 12.1
Dikwee2203 80 1.6 29.5 IRRIsubl 100 6.5 17.0
Heenati4935 80 NE 313 IRRI64 100 0.2 21.0
Mawee5531 80 NE 27.5 Swarnasubl 100 1.6 11.1
Pokkali3573 80 8.7 20.6 Bw400 90 NE 19.5
Kaluheenati4621 71 1.1 233 Sambamasuri 90 4.0 11.6
Mawee8552 70 2.9 32.1 Bw372 80 4.4 14.7
Dahanala3304 67 8.9 21.6 At402 77 5.6 12.8
Kaluheenati5191 67 NE 27.4 Bg251 75 5.0 15.9
Ratawee3466 67 39 21.2 Bw453 75 7.3 16.8

SR:Survival rate, G: Height gain during the submergence stress, NE: Not elongated IPH: Initial plant height before submergence

Two Mawee accessions (3704, 4145) that scored 100% survival rate were better than the tolerant check variety,
IRRISubl (90%), at 14-day submergence stress. Ratawee3466, Mawee8552, Heenati4935, and Mawee3618
scored survival rates of 87%, 86%, 75%, and 75%, respectively, at 14-day submergence stress (Table 5). The Sri
Lankan traditional rice gene pool is comparatively rich in submergence tolerant traits. Compared to that, none of
the rice lines scored a 100% survival rate out of 525 lines in screening for submergence tolerance (Nishanth et al.,
2017) and three lines out of fourteen reported a 99% survival rate at 24-day submergence stress at the seedling
stage (Sultana et al., 2019).

Submergence tolerance mechanism in tested rice genotypes at 9-day and 14-day submergence stress

Among traditional accessions that scored a 100% survival rate at 9-day submergence stress, only Kaluheenati4991
showed reduced height compared to the control plants. Other than Kaluheenati, all traditional rice accessions that
showed 100% survival were elongated compared to the control plants at 9-day submergence stress (Table 4). All
the improved rice varieties that scored more than 75% survival rate at 9-day submergence stress elongated under
the stressed conditions compared to the control plants, other than Bw400, which achieved a 90% survival rate.
Interestingly, among improved rice varieties, only the Bw400 variety remained in the same moderately tolerant
(survival rate 75% - 90%) group at both 9-day and 14-day submergence stress (Table 5 and 6).
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Table 5: Survival rate, shoot elongation, and initial plant height of the best-
performed rice genotypes at 14-day submergence stress.

Name SR (%) G (cm) IPH (cm)

Traditional rice
Maweed145 100 NE 329
Mawee3704 100 NE 37.3
Ratawee3466 87 23 27.2
Mawee8552 88 0.7 34.4
Heenati4935 75 NE 323
Mawee3618 75 NE 334
Kaluheenati4621 71 4.7 23.5
Ratawee3655 70 NE 37.4
Kaluheenati4991 60 4.3 23.4

Improved rice
IRRI64 100 NE 22.7
Swarnasubl 100 1.8 12.5
IRRIsubl 90 NE 17.9
Bw400 83 8.0 17.5
At405 71 NE 135
Ld371 67 NE 16.3
At306 62 NE 22.6
Bg251 50 3.8 15.3
At354 50 0.6 14.5
At402 50 NE 17.4
Bw372 50 5.0 14.2

SR:Survival rate, G: Height gain during the submergence stress, NE: Not
elongated IPH: Initial plant height before submergence

Kaluheenati4991, Kaluwee3876, Pokkali3562, Heenati (3936, 6402, 4618, 4935), and Mawee5531 traditional
accessions that showed reduced plant height compared to the control plants at 9-day submergence stress scored
more than an 80% survival rate. Among them, only Kaluheenati4991 scored more than a 60% survival rate at the
14-day submergence stress. Kaluheenati4991 did not elongate at 9-day submergence, but it elongated at 14-day
submergence stress. The only improved rice variety that did not elongate at 9-day submergence stress, Bw400,
was also elongated at 14-day submergence stress. Mawee4145 behaved the other way; it elongated at 9-day
submergence stress and did not elongate at 14-day submergence stress. The elongation of rice genotypes at 9-day
(Table 5) and 14-day (Table 6) submergence stress varied regardless of tolerance level (Table 7).

The improved and traditional rice genotypes were prepared according to the descending order of height gain
at 9-day and 14-day submergence stress. Twenty-five of each rice genotype that followed the escape strategy at
9-day (Table 5) and 14-day (Table 6) submergence stress and the quiescence strategy at 9-day and 14-day
(Table 7) submergence stress were selected to show the submergence tolerance levels.

In the highest height gain group, rice genotypes that followed the escape strategy at 9-day submergence stress,
were in all tolerant (20%), moderately tolerant (28%), moderately susceptible (8%), and highly susceptible (44%)
categories (Table 6). However, by 14-day submergence stress, 92% of rice genotypes with the highest height gain
were highly susceptible (Table 6). This emphasizes that elongation under submergence stress is a successful
strategy for a relatively short (9 days) submergence period to escape the stress. Elongation under prolonged
submergence stress (14 days) is the last option or SOS mechanism for the rice seedlings to escape submergence
stress. All the genotypes selected for this pathway would not survive in the end. Hence, elongation is not a
phenotypic marker for submergence tolerance or susceptibility, at least for the studied materials at 9-day or 14-
day submergence stress. A negative correlation between shoot elongation and the survival rate under submergence
at the seedling stage has been reported (Setter & Laureles, 1996). But deep water rice stimulates shoot
elongation during submergence to reach photosynthetic parts to the water surface. This escape reaction is
controlled by an ethylene synthesis (Fukao & Bailey-Serres, 2008). The survival mechanism of deep-water rice
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genotypes is to elongate under submergence stress, sometimes up to 25 cm/day (Vergara et al., 2014). The
submergence susceptibility under submergence stress in shoot elongation is due to excessive consumption of
carbohydrates which leads to plant death (Mackill ef al., 2012). This is why a strong negative correlation is
observed between survival percentage and plant elongation under submergence stress (Panda & Sarkar, 2013).

Table 6: Tolerance levels of twenty-five rice genotypes that followed escape strategy during 9-day and 14-day submergence stress

9-day 14-day
THG CHG THG- Survival THG cig  HS gunvival
Name (cm) (cm) CHG rate (%) Name (cm) (cm) CHG rate (%)
(cm) ’ (cm) ’
Traditional
Suduheenati7799 134 06Kk g Moderately o, 3922 169 2.1 148 Highly
susceptible susceptible
. N , 16.1 . Highly
Mawee5384 13.¢ 0.8’ 12.2 Tolerant Suduheenati3932 b 5.8 10.3 ;
2 susceptible
Dikwee3504 127% 30k 97 Highly Kaluheenati3471 155° 359 120 Highly
susceptible susceptible
Murungakayan3495 11.9° 46° 7.3 nghl'y Murungakayan3489  11.7°¢ 2.7 b 9.0 nghl'y
susceptible susceptible
Kuruwee3982 11.8° 33w g5 Highly Pokkali3562 107¢ 43¢ 63 Highly
susceptible susceptible
Mawee3704 10.5¢  28%@ 77 Highly Kaluwee3876 93¢ 08k 8.5 Highly
susceptible susceptible
Rathuheenati4992 102 7.8 23 Tolerant  Sudurusamba2202  81%  10.7% 2.6 Highly
susceptible
Kuruwee3465 105 1.4Mik go  Modertely o aiissls 730 3p@ 4 Highly
tolerant susceptible
Mawee3618 92k gk 8.4 Highly Murungakayan6285 7.1 107% 3.6 Highly
susceptible susceptible
Moderatel . Highl
Dahanala3304 89k 5 64 OeRY  Dikwee3741 70"k 38e 32 180y
susceptible susceptible
Pokkali3573 8.7 0.4k g3  Modentely o ees3ss 65 07k 5.8 Highly
tolerant susceptible
Murungakayan3492 8.1 7 43 338 Highly Pokkali3573 62 ax s Highly
susceptible J susceptible
hijk bede 6.0 a Highly
Maweed145 7.9 & 7.8 0.1 Tolerant Polayal3661 Kimno 13.1 -7.6 ;
susceptible
Rathuheenati5486 7.6 22% 52 Highly Kuruwee3898 29 1p9r 69 Highly
susceptible mno susceptible
Pokkali3881 750K 690 0.6 Highly Mawee8497 37 18% 39 Highly
susceptible mne susceptible
Kaluheenati7802 730 ] g4k so  Modertely o eakayan6263 500 08* 42 Highly
tolerant susceptible
Dahanala3917 7.0ikm ] 7eik 53 Highly —p  roved
susceptible
Kuruwee3898 61™  66° .5 Moderately 0y 831 107% 244
susceptible
Murungakayan3489  6.0™ 2w 3o Modertely L, 80% 408 308 Highly
tolerant susceptible
Bg94-1 9.5%f 660 29 Highly Bg350 68 70° g7  Hiehly
susceptible susceptible
Bw453 7okm  gomi g5y Modertely . 64 sk 4g1  Hiehly
tolerant Jiim susceptible
Bg350 655 17Nk 49 Highly Bg455 59 gga gy Hishly
susceptible mne susceptible
Kl jk 5.8 b Highly
IRRIsubl 654 0.6 5.9 Tolerant Bg250 110 -5.27 .
susceptible
Ld371 63™ 4.0 22 Tolerant Bg352 33 12v s Highly
mno susceptible
Bg251 59m 700 g Moderately g 52 41¢ 111 Highly
tolerant susceptible
Bw372 50" 9.6% 457 Highly
susceptible

The means of the same letters are not significantly different. THG: Height gain under submergence stress, CHG: Height gain in control plants,
Tolerant: Survival rate 95-100%, Moderately tolerant: Survival rate 75-94%, Moderately susceptible: Survival rate 50-74%, Highly
susceptible: Survival rate 0-49%
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Setter et al. (1997) concluded that elongation and survival under submergence stress rarely overlap. Contrary to
this theory, Chen et al., (2010) have reported that plant elongation and carbohydrate levels are not significantly
correlated in plants undergoing submergence stress. Supporting this, Barik ez al., (2020) said that the five most
submergence-tolerant rice genotypes performed better than the standard positive control of FR 134 and
significantly elongated under submergence stress.

Table 7: Tolerant levels of rice genotypes followed the quiescence strategy under 9-day and 14-day complete submergence stress

9-day 14-day
Name CHG (cm) Tolerant level Name CHG (cm) Tolerant level
Heenati4935 33¢% Moderately tolerant Rathuheenati6249 1.0m™ Highly susceptible
Polayal3661 6.0° Highly susceptible Murungakayan3492 0.6" Highly susceptible
Mawee3683 3.8 Highly susceptible Mawee4145 5.81% Tolerant
Heenati3936 32% Moderately tolerant Murungakayan3490 8.6 Highly susceptible
Kalubalawee3976 5.5° Highly susceptible Sudurusamba3671 7.5¢% Highly susceptible
Ratawee3466 2.7 Highly susceptible Mawee3618 1.4 tmn Moderately tolerant
Kaluheenati3471 50° Highly susceptible Rathuheenati5486 4.1 0 Highly susceptible
Pokkali3562 2.5 def Moderately tolerant Kaluheenati7802 1.2 tmn Highly susceptible
Kaluwee3876 07" Moderately tolerant Pokkali3881 16.5* Highly susceptible
Sudurusamba3671 4.9 Highly susceptible Mawee3704 3.7 ik Tolerant
Heenati6402 3.1¢% Moderately tolerant Rathuwee3905 2.4 kim Highly susceptible
Kaluheenati4991 1.o" Tolerant Heenati4935 3.3 1k Moderately tolerant
Heenatid618 1.4t Moderately tolerant Rathuheenati4992 9.7 Highly susceptible
Mawee5531 32 Moderately tolerant Rathuwee3473 3.5 1k Highly susceptible
Kaluheenati5191 89* Moderately susceptible Ratawee4580 0.8™ Highly susceptible
Murungakayan3490 8.6 ° Moderately susceptible ~ Murungakayan3921 4.8 & Highly susceptible
Heenati3998 3.0% Highly susceptible Heenati3998 1.1 tmn Highly susceptible
Kaluheenati4621 2.4 °fe Moderately susceptible  Ld368 3.5 1k Highly susceptible
Bg250 4.9t Moderately susceptible ~ At405 6.4°F Moderately susceptible
Bg369 1.4 Moderately susceptible ~ At362 3.1 Highly susceptible
At353 1.1 Highly susceptible At401 2,7 kimn Highly susceptible
At354 12 Tolerant Ld371 2.7 Moderately susceptible
Bw400 32 Moderately tolerant At306 10.7° Moderately susceptible
At402 2.7 Moderately susceptible
IRRI64 5.7t Tolerant

The means of the same letters are not significantly different. CHG: Height gain of the control plants, susceptible: Tolerant: Survival rate 95-
100%, Moderately tolerant: Survival rate 75-94%, Moderately susceptible: Survival rate 50-74%, Highly susceptible: Survival rate 0-49%

In the genotypes, there was no height gain during the submergence stress; rice genotypes that followed the
quiescence strategy belonged to all tolerant (12%), moderately tolerant (32%), moderately susceptible (24%), and
highly susceptible (32%) categories at the 9-day submergence stress. Altogether, 44% of rice genotypes that
followed the quiescence strategy were moderately tolerant or tolerant.

The highly susceptible rice genotypes that followed the quiescence strategy (18.9%) were less than that of
rice genotypes that followed the escape strategy (81.08%) at 9-day submergence stress. Similarly, 23.61%
followed the quiescence strategy, and 76.38% followed the escape strategy at 14-day submergence stress. These
findings emphasize that the quiescence strategy is much more stable than the escape strategy for survival under
submergence stress when the submergence condition continues (increased from 18.9% to 23.61%). The
quiescence strategy is said to be led by the SUBI gene in rice that limits ethylene production for reduce shoot
elongation under submergence stress (Sarkar ef al., 2014). In a previous study where fourteen rice lines were
tested for submergence tolerance, only three lines scored a 99% survival rate under 24-day submergence stress at
the seedling stage. They had shown lower elongation rates (Sultana et al., 2019) that derives from SUBIA. The
Sri Lankan submergence-tolerant traditional rice accession Godaheenati and another accession Vaidehi have been
reported to practise another submergence-tolerant mechanism unrelated to SUBI (Jackson & Ram, 2003).
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However, Godaheenati possesses SUBI (Panda et al, 2021). SUBI carrying genotypes that exclude the
quiescence strategy reveals that SUBI alone does not decide the quiescence strategy in rice, or other gene
expressions override the SUBI activity. The present study's findings propose that limited growth under
submergence stress alone is insufficient to develop submergence tolerance in rice seedlings.

Pearson’s correlation coefficients were calculated to find possible correlations among initial plant height,
survival rate, height gain or reduction under submergence stress at 9-day and 14-day submergence stress. There
was no significant correlation between any of the two parameters at 9-day or 14-day submergence stress other
than a weak correlation between initial plant height and survival rate in traditional rice accessions at 14-day
submergence stress (Table 8). This finding emphasizes that the submergence tolerance mechanism is genotype
specific. Further, the correlation analysis reveals that submergence tolerance is not directly governed by
elongation or reduction of plant height during submergence stress. Quiescence strategy or escape strategy alone
is not capable of tolerating submergence stress. At the same time, correlation analysis indicates that the initial
plant height is not a factor in deciding rice seedlings' submergence tolerance level. Submergence tolerance is a
complex mechanism that many factors involved in different scales other than quiescence or escape strategy.
Submergence tolerance has been identified as a complex mechanism involving balancing carbohydrate utilization
for shoot elongation and maintenance and gibberellic acid function that restricts shoot elongation (Setter et al.,
1997). Hence, there would not be distinct groups of genotypes in rice that undergo quiescence or escape strategy
at all submergence stress conditions at all growth stages.

Table 8: The correlation coefficient of initial plant height, survival rate, height gain and survival rate at 9-day and 14-day complete
submergence stress

9-day 14-day
Genotype Correlation r o r o
Improved varieties Initial plant height x survival rate 0.127 0.505 0.145 0.445
Height gain x survival rate 0.133 0.488 0.301 0.106
Traditional accessions Initial plant height x survival rate 0.142 0.271 0.328** 0.009
Height gain x survival rate -0.060 0.644 -0.183 0.156
Improved tolerant Initial plant height x survival rate 0.173 0.590 0.003 0.997
Height gain x survival rate -0.515 0.015 -0.729 0.271
Traditional tolerant Initial plant height x survival rate 0.061 0.811 0.293 9.573
Height gain x survival rate 0.370 0.136 -0.271 0.604
Improved moderately Initial plant height x survival rate Height -0186 0.659 0.123 0.794
susceptible gain X survival rate 0.577 0.134 -0.713 0.072
Traditional moderately Initial plant height x survival rate -0.305 0.269 0.401 0.737
susceptible Height gain x survival rate -0.333 0.226 -0.334 0.783
Traditional highly susceptible Initial plant height x survival rate 0.119 0.538 0.071 0.615
Height gain x survival rate -0.600 0.756 0.071 0.611
Improved highly susceptible Initial plant height x survival rate 0.386 0.274 0.071 9.772
Height gain x survival rate 0.589 0.373 -0.169 0.488

r: Pearson’s correlations, o: significant level, Tolerant: Survival rate 75-100%, Moderately susceptible: Survival rate 50-74%,
Highly susceptible: Survival rate 0-49%

CONCLUSION

Mawee accessions 3704 and 3618 were submergence tolerant, and Ratawee3466, Mawee (8552, 4145) and
Heenati4935 were moderately submergence tolerant. The improved Bw400 rice variety can be recommended as
a moderately tolerant rice variety according to the IRRI-adapted screening technique. Submergence-tolerant rice
genotypes in the present study must be evaluated at other growth stages. Promising rice genotypes can be
incorporated into future breeding programs to develop submergence-tolerant rice varieties.

The submergence tolerance mechanism in rice is genotype-specific. Further, the same rice genotype adapted
different strategies to survive under different periods of submergence stress. Hence, the same submergence-
tolerant approach cannot be expected at any submergence stress at any growth stage.
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The quiescence strategy is much more stable for prolonged submergence stress. The escape strategy is very
common as an SOS strategy under prolonged submergence stress.

Initial plant height, shoot elongation, or reduction of shoot height gain under submergence stress compared
to control plants may not be phenotypic markers for selecting rice genotypes for submergence tolerance. However,
the survival rate of the rice seedlings after the recovery period followed by the submergence stress is a successful
direct method to evaluate the submergence tolerance in rice genotypes. Future studies must examine reliable
submergence-tolerant physiological markers for screening rice genotypes.
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