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Introduction

ABSTRACT

All the modern high yielding rice varieties precariously respond to flooding, although a number of
landraces are tolerant to wide range of flooding with penalty of low vyield. Stage-specific flood
tolerance experiment was performed at three different conditions for three different growth stages
from germination to vegetative stage for five such selected landraces, along with a flood-resistant
quiescent variety (FR13A), a sensitive line (IR42), an improved cultivar (Swarna) and one Sub1 loci
introgressed improved line (Swarna-Sub1). Different morpho-physiological traits at each stage were
observed and genotypes were evaluated by these quantifiable traits to understand their underwater
performance. All the studied landraces represented strong seed germination and faster coleoptile
elongation than FR13A, Swarna and Swarna-Sub1 under water. At early seedling stage var. Kumrogarh
embraced with highest number of seedlings with leaves and extended greater leaf portion above the
water. Shoot elongation associated with internodal and petiole/blade elongation and well developed
aerenchyma tissue facilitated vegetative tissues to survive. In this stage, Kumrogarh had highest plant
height but Bakui had highest internodal length which indicated that kumrogarh might have the greater
leaf sheath or blade elongation up to day 21 and also smaller increase (%) in air cavity formation at day
21 which made the stem to be upright devoid of lodging. All these results indicated that the studied
landraces are the potential resources for submergence avoiding response for all the stages and should
be elaborately investigated for future breeding programme. The rice line kumrogarh may be one of the
potent traditional rice which can withstand all sorts of submergence by virtue of all the stage-specific
attributes under submergence stress.

conditions (5-8) depending on rice growing
agroecosystems (1). Mechanisms of tolerance to

Rice is one of the most amenable food crops for
billions of people of the world. It covers a wide range
of enormous diversity and plasticity in hydrological
habitats, ranging from aerobic uplands to anaerobic
flooded and low land areas to even deeply flooded
agro-ecosystems. In South and South-East Asia about
15 Mha of low land areas is largely affected by
flooding (1).

Rainfed lowland and deep water rice are actually
accounting for 50 Mha of total rice area (2, 3) and
providing only 25% of global rice production because
of abrupt changes of environmental conditions (4).
Thus, flood imparts huge losses in rice production
during rainy season in tropical Asian countries (5).

Although rice 1is semi-aquatic species, its
sensitivity to various types of flooding stress varies
with the genotype, growth and developmental stage,
duration and depth of flooding and floodwater

submergence in one stage may not match to other
stage, potent seed germination (9) and coleoptiles
growth (6, 10) are required for early seedling growth,
whereas rapid shoot elongation with wuse of
carbohydrate or inactivation of shoot elongation
contrastingly occur during vegetative growth stage
1.

Flooded and water-logged soils create hypoxic or
anoxic condition but rice landraces and wild types
germinate and elongate coleoptiles faster under
submergence- the unique phenomenon is termed as
anaerobic germination (AG) and ability to have such
property is termed as anaerobic germination potential
(12). In the flood prone areas crop establishment
remains a major constraint after seed sowing due to
heavy rainfall or uneven fields (1, 9). Farmers shift
crop establishment from transplanting to direct
seeding for a large scale benefits like, cost
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effectiveness as it reduces labour wages for manual
or mechanical weeding and prevent use of hazardous
chemical for controlling weeds (13), reduce excessive
use of water needed for land preparation before
transplanting, shorten harvest time (14) which
further enhance productivity and resource usage
(11). Seeds with ability for anaerobic germination are
now opted for direct seeding as they have vigorous
germination capacity and endure early flooding in
comparison with weeds. This will permit the rice
seedling to be established in the soil before the weed
suppress the growth (15) and made it best cultural
practise for weed control without creating any
hazards to the environment (11).

Not withstanding occurrence of flooding at
germination stage, it may encounter during early
growth stage after establishment to the soil, even
after that, at vegetative stage and tolerance achieved
either of mechanisms by faster coleoptile elongation
or internodal elongation or by inactivation of
internodal elongation. Flood tolerance at each stage
is associated with several quantifiable ftraits
apparently visible to the naked eye. Vegetative stage
flooding incurs two different strategies, first one is
deep water flooding and second one is flash flooding.
Deep water flooding lasts for longer duration (1-
several months) with rising water level from 0.5-1
meter promotes rapid internodal elongation to keep
its leaf tip beyond the water surface to continue
photosynthesis (16). In contrast to that, complete
submergence persists for 10-14 days with growth
remains quiescent and renew after flood water

recedes (17). Apart from that, some anatomical
adaptation also co-exists at vegetative stage to
continue respiration under water. Well developed
interconnected aerenchyma tissue facilitates O,
diffusion from root to the leaf tip as the plants
experienced anoxic or hypoxic stress under water
(13) and makes the plant floating at this stage. But at
the germinating and early seedling stages
aerenchyma tissues neither well-developed nor
underwater photosynthesis occurs to serve O, (11).
Thus coleoptile elongation and seedling emergence
above the water surface occurs during germination
and early growth stages respectively (18) as extended
coleoptile enables the seedlings to make contact with
the atmosphere to achieve O, (19) and as soon as
seedling reaches to more aerated zones, aerenchyma
tissue forms to supply oxygen for the submerged
plant parts, especially to roots — as stem starts
snorkeling (20, 21). The aim of this study was to
assess the differential responses of nine rice
genotypes at three different growth stages under
water. Evaluation of genotypes at germination and
post germination early seedling stage (at different
depth and durations) demonstrates their capability to
adapt direct-seeding system. Similarly, tolerance at
vegetative stage reflects their underwater behavior
during submergence and post submergence recovery.
We herein gather adequate knowledge about the key
traits associated with the flood tolerance behavior at
each stage and compared. This will reflect holistic
performance in terms of morpho-physiology of the
used genotypes and identify tolerant varieties for

Table 1. Experimental details include stage, location, water depth, duration and measurements

Experiment Stage Location Water depth Duration Measurements
- : T -
Anaeyohllc .. Germination Laboratory, plastic 5 cm 7 days Germination%, coleoptile length,
germination potential glass root length
Plant growth Plant height, emergence%, total no.
0, ] il
gmerge.nce./o Early seedling chamber, plastic 6 cm and 30 7,14 days Of leaves, no. Of leaves above water,
etermination cm :
glass, tray leaf portion above water
Shoot elongation Vegetative Natural condition, 90 cm 7.14.21days Plant height, internode length
water tank

Table 2. Detailed agro-morphological characteristics of the studied genotypes

Name of variety Accession No.

Morphological characteristics

Grain medium long and bold with distinct awn, Kernel reddish brown in color, reported from lowland

Grain slender, decorticated grain color white, presently grown in irrigated, rainfed upland or lowland

Grain is medium-slender, high yielding improved line susceptible to flash flood, presently grown in

Grain slender small, white kernel, hybrid rice genotype in which flood tolerant allele of Sub1A of a
typical submergence tolerant genotype FR13A has been incorporated through conventional breeding.

Aromatic, long bold grain with yellowish brown awn, kernel white, basal Leaf sheath color purple
lines, ligule is acute and white colored, anthocyanin present in leaf sheath and node, stigma color
purple, panicle drooping, brown colored awn is present, grown as lowland rice cultivar.

Long slender grain, color of the lemma and palea black furrow on straw, anthocyanin pigmentation on
internode leaf tip, basal leaf sheath color green, awn present partly and colored straw, caryopsis color
light red, stigma white, aroma absent,grown as lowland rice cultivar.

Long slender grain, kernel is red in appearance, anthocyanin pigmentation found in stigma basal leaf
sheath color light purple, coleoptile color purple line, anthocyanin present on leaf margin, leaf sheath,
stigma purple, no anthocyanin in stem node, panicle deflexed, awn absent, in red color caryopsis
chalky belly present, aroma absent,grown as lowland rice cultivar.

Grain long slender, light purple coloration on auricle, basal leaf sheath color green, acute white colored
ligule, anthocyanin absent in node and leaf sheath, stigma color white, awn color straw, caryopsis color

Grain is long bold, color of lemma palea white, color of endosperm white, stigma white in color, basal

FR13A VB69 rice fields of Odisha.
IR42 VB451 rice fields.
Swarna VB38 high rainfed land.
Swarna-Sub1 VB449
Presently grown in low land rice fields.
Bhimshal VB490
Kaliray VB484
Kumrogarh VB492
Bakui VB506
light red, panicle drooping,grown as lowland rice cultivar.
Megi VB512

leaf sheath color green, anthocyanin is absent in leaf and stem, ligule acute and white,awn
absent,aroma absent,grown as lowland rice cultivar.




designing effective breeding strategies for the
molecular breeders.

Materials and Methods
Plant Materials and Experimental Design

Nine different rice genotypes, namely FR13A, IR42,
Swarna, Swarna-Subl and five landraces Kaliray,
Bhimshal, Kumrogarh, Bakui, Megi with variable
response to submergence were selected from
preliminary screening and evaluated at three
different stages with different experimental set up
demonstrated in Table 1. Agro-morphological
features of these lines were elaborately described in
Table 2. The two lines, FR13A and IR42 were included
as positive and negative check lines. Swarna, an
improved line commonly grown in high rainfed land
and its Subl loci introgressed lines (Swarna-Subl)
which is grown as Shallow low land line in South
Bengal were included for comparative study. Four
separate experiments were conducted to study the
physiological performance at different growth stages
of the studied lines.

In experiment-I, determination of germination
potential at anaerobic condition was performed
under laboratory condition at room temperature (Fig.
1). 20 seeds of each variety were surface sterilized
and after vigorous washing these were allowed to
germinate in tissue paper soaked with water in 10 cm
small plastic glass. Another replica set was filled with
8 cm water (mixture of equal quantity of water and
Hoagland solution) to make the environment
anaerobic. Two sets of each variety was monitored
for 7 days and water level was maintained at the
same height for test sets and water was also applied
to the control set as well to keep the cotton wet till 7
days. After 7 days total number of seeds, number of
seeds germinated, coleoptiles and root length were
measured in both cases. Germination percentage was
calculated by the total number of seeds germinated
by the total number of seeds used (n=20). Length of
emerging roots and coleoptiles of anaerobic
germinated seeds were measured on a glass plate
with mounted graph paper and control seeds were
measured by scale.

In experiment II (Fig. 2), 10 healthy seeds of all
nine rice genotypes were sown in small plastic jars (5
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cmx4 cm) at about 1 cm deeper into the soil and
allowed to germinate by keeping in plastic tray of 32
cmx25 ¢cmx10 cm in plant growth chamber at about
34 °C. After 4 days, number of germinated seeds was
calculated and tray was flooded with water up to the
edge (6 cm soil+ 4 cm water). Number of seedlings,
emerging above the water was monitored on the very
next day and 3 out of 7 germinated seedlings of IR42
and 6 out of 10 germinated seedlings of Kumrogarh
were escaped out of the water. For this, screening
some features were observed i.e. seedling height,
number of seedlings above water, number of leaves
above water, total number of leaves, length of the
seedling portion above water (13) was measured for
each of the 9 varieties on day 7. After the
measurement, plastic tray containing seedlings was
re-submerged with 30 cm water depth in concrete
tank on the same day (7%). After 14 days tray was
removed from the tank and all the plants were found
to be lodged. The only parameter to be measured was
the seedling height and no seedlings found to be
emerged beyond the water surface except
kumrogarh, 6 seedlings were above the water
surface. Another replica set was watered normally
until the end of experiment, treated as, control set —
the relevant features recorded for control sets were-
measurement for seedling height, total number of
seedlings and total number of leaves.

In experiment III, after pretreatment of 20
healthy matured seeds of each genotype, allowed to
germinate on cotton soaked with water. On 10™ day,
the pre-germinated seedlings were transplanted in 11
volume small plastic pots having finely grounded
field soil followed by normal watering. Seedlings
were allowed to grow under natural conditions in
triplicates. 28 days old seedling triplicates with
uniform growth was submerged completely in 90 cm
water tank filled with tap water (Fig. 3). Control set
was maintained in open air and watered regularly.
After 7, 14 and 21 days of submergence treatment,
the dedicated replica pots were taken out from tank
and measurement of plant height and internode
length was done as well. Plant height was measured
from base of the stem to the longest leaf tip and the
length between the first and second node was treated
as internode length.

Fig. 1. Determination of germination percentage and anaerobic germination potential (AGP).
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Fig. 2. Response of rice at early seedling stage at different depth
and duration of flooding in comparison to control set. A)
Germination occurred after 4 days of sowing. B) After flooding
for 6 cm water depth on next day, first appearance of seedling
emergence occur on the 6™ day for var. Kumrogarh and IR 42. C)
All varieties showed seedling emergence. D) On day 7 plastic tray
was submerged at 30 cm water depth in the water tank for 7
days,at 14™ day seedlings found to be lodged on desubmergence.
E) Control plants for 7 days. F) Control plants for 14 days.

| - Y i 4 - ! S

Fig. 3. Vegetative stage screening. A) Control sets maintained in air. B) Test sets transfer to the water tank.

Anatomical Study

To visualize the interconnected air-cavities required
for proper aeration under submergence stress in the
inter-nodal portion of seedlings, thin cross sections
were prepared from treated and non-treated plants
of three phases (7, 14 and 21 days) and viewed under
compound microscope (Model OLYMPUS CX21i) in
40x magnification and full section was photographed
in 4x magnification. Transverse sections of 1st
internode were taken on a slide and stained with 1%
safranin for 20 seconds. Excess strain from the
samples was removed by 50% ethanol treatment.

Sections of stressed samples were compared with
their control set and the data was recorded as
average length and breadth of air spaces (five
readings). Number of air spaces was calculated and
total area was determined accordingly in five
landraces selected from their physiological
performance with additional to two checks FR13A
and IR42.

Statistical Analysis

Data from each stage-specific experiment were
recorded in three replications for each parameter
both for control and stress conditions and subjected
to t-Test for Two-samples assuming unequal
variances using Microsoft Excel 2007 at 5%
significance level to test the data for significance.
Values in asterisks (*) are considered as significant at
5% (p>=0.05) for different parameters for each stage.

Results

To assess the differential response of anaerobic
germination of nine diverse rice genotypes two
important screening features were used to identify
the tolerant genotype- anaerobic germination
potential (AGP) and coleoptile length determination
as fast germination and coleoptile elongation help to
emerge above the water for survival (9, 22). If we
view (Fig. 4) the percent germination it was found
used landraces had more or less similar anaerobic
germination potential as in control except Kaliray.
But germination rate varied in case of FR13A, IR42,
Swarna and Swarna-Sub1 in con vs test. It was found
coleoptile length strikingly varied among all the
genotypes but commonly anaerobic condition
restrainted the coleoptile growth (Fig. 5a).

. T

Kumrogarh had the highest coleoptile growth under
control and kaliray had the highest under water.
Whereas root length drastically reduced under water
for all the genotypes, but landraces showed slightly
higher length in respect of negligible growth in
FR13A, IR42, Swarna and Swarna-Subl (Fig. 5b).
Bhimshal has the highest increment in root length.

Experiment II dealt with some salient features at
different water depth for different durations are
graphically presented in Fig. 6 (a, b, ¢, d, e)
respectively. Kumrogarh had the highest plant height
both in control and test conditions at two different



depths and durations of water (Fig. 7a). Number of
seedlings above the 6 cm water level was equal for
Kaliray and Kumrogarh that was the highest one, but
at day 14 with 30 cm water depth Kumrogarh was the
only candidate to overcome the stress outstandingly.
For the parameters like number of leaves and leaf
portion above the water surface at varied durations
and depths Kumrogarh performed the best amongst
all (Fig. 6d, 6e).
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Fig. 4. Percentage of seeds germinated under water in
comparison to control for all the genotypes.
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Fig. 5. Coleoptile length (A) and root length (B) of germinated
seeds of nine genotypes under water for 7 days at 8 cm depth and
at control conditions.

Screening at vegetative stage revealed that there
was a progressive increase in plant height under
stress for all the accessions except FR13A (Fig. 7a).
Not only plant height internode length also increased
with time for all the genotypes but Bakui had this
continuity at the highest level (Fig. 7b).

All different parameters specific to each stage
were elaborately described in Supplementary Table
1.
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Anatomical Study

Anatomical study in the form of aerenchyma tissue
development in the internodal region under stress
was carried out in seven selected varieties (var.
FR13A, IR42, Kaliray, Bhimshal, Kumrogarh, Bakui
and Megi) and compared. The differential air cavity
formation (Fig. 8) under submerged condition
revealed that on 7th day of submergence percent
increase of area of air cavity formation was found in
Var. IR42, Kaliray, Kumrogarh, Bakui, Megi of which
Megi is being the highest and IR42 is the lowest one
amongst all. Tolerant genotype FR13A and sensitive
check IR42 show increase in aerenchyma tissue
formation in 14 days along with Var. Kumrogarh and
Bhimshal. Kumrogarh is being the highest to be
ranked. Further, 21st day pictures show that Var.
Kaliray, Kumrogarh and Megi developed more
aerenchyma tissue in comparison to others. Among
these three, Kumrogarh was found to develop least
amount of air vacuoles and Megi to be the highest
one. Rice lines showing differential response in terms
of elongation growth under complete submergence
were selected to dissect anatomically and their
percentage (%) of increase in air cavity formation in
comparison to control in three phases (7th day, 14th
day and 21st day) is presented in Fig. 9.

By analyzing all the data on morpho-physio
performance Kumrogarh is considered as most
suitable genotype amongst all the studied genotypes
under deep flooded condition.

Statistical Analysis

Result of statistical
Supplementary Table 2.

analysis is presented in

Discussion

To cope with the adversities of submerged or
waterlogged conditions rice plants develop some
adaptive  strategies and the  mechanisms
underpinning the tolerance response varies from
stage to stage. We herein observe the morphological
features that influence the survival ranging from
germination to vegetative stage under deep water
submergence.

In this study, all the landraces well performed
under water by prompt germination which is a
prerequisite for direct-seeded rice ecosystem to
combat the weed species germinating with rice (15).
Thus, controlled flooding can be used to suppress
weeds instead of hazardous herbicide to the
environment. Vigorous growth of root and coleoptile
demarcated the tolerant genotypes (9), here the
landraces.

Flooding tolerance to early growth stages
necessitates the survival under early flooding
immediately after direct seeding. Emergence
percentage i.e. the number of seedlings above the
water surface reflects the survival rate (23). Our
study deals with determination of emergence
percentage at two different flood regimes revealed
that Kumrogarh had the highest seedlings to come
out of the water. In terms of number of leaves and
leaf portion above the water (two selectable traits at
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Fig. 7. Effect of flooding on plant height (A) and internode length
(B) of the studied genotypes at vegetative stage.

early stage) at varied flooding depth and duration
Kumrogarh showed the satisfactory performance.

At last stage of screening i.e. at vegetative stage
kumrogarh procure the highest plant height which
was not necessarily because of internode elongation
as Bakui had the highest internode length. Thus, it
may be hypothesize that leaf petiole or blade
elongation was greater in Kumrogarh than Bakui as

6. Effect of flooding on different depths) 6 cm and 30 cm) and duration (7 and 14 days) of water at early seedling stage.

Phase | (7Day) Phase I (14 Day) Phase Il (21Day)
Variety c T c T c T
FR13A
IRa2
Kaliroy
Bhimshal
Kumrogarh
Bakui
Megi

Fig. 8. Transverse section of 1% internode of all genotypes for
showing air cavity formation under water for 7, 14 and 21 days at
90 cm water depth with control.

we measured the plant height from base to the
longest leaf tip. But, leaf petiole or blade length was
not measured. This increases the high lodging
resistance, after flood water recedes, as increase in
internode length is proportionately related to higher
chance of lodging.

Anatomical variation unveiled development of
air spaces in terms of % of increased airspaces, at a
greatest extent was in Kumrogarh after 14 day of
submergence but was lowest after 21 days of
submergence. Increase in total area of air spaces
facilitates aerial respiration in Kumrogarh upto 14"
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Fig. 9. Percent increase in air cavity formation in the studied
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day under water which also lowers lodging capacity
after 21 days of submergence. As increase in air
cavity formation reduces the mechanical strength of
culm thus, prone to lodging after flood water recedes
(24-26) and lodging subsequently causes pathogenic
attack thus yield loss, so searching for a genotype
with elongation growth behavior with lower
development of aerenchyma tissue would facilitate
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may benefitted by reduced usage of nonhazardous
chemicals and adapt flooding as weed control
practice which will be environment friendly.
Tolerance at early seedling stage increase the rate
of survival and lastly, least air space formation and
leaf blade elongation create little chances for
lodging after desubmergece for Kumrogarh. As our
main aim was to develop a robust cultivar having
flood tolerance ability starting from germination to
vegetative stage as flood may occur at any growth
stages or may occur repeatedly at the same
growing season in flood-prone areas. Kumrogarh
performed outstandingly under deep water
submergence from germination to mature stages.
Only is need to identify the genetic factors or
regulators and the probable pathways in which
they intercept, critically for each stage
submergence response, will pave the path for
better understanding deep water stress property
for Kumrogarh and for other varieties in future.
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prolonged survival without compromising yield loss.

Conclusion

By considering all the physiological and
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