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Abstract: Regulation of non-structural carbohydrates (NSCs) are important for plants in response
to submergence. In this study, the difference in non-structural carbohydrates in relation with shoot
elongation between Subl1A and non-SublA rice genotypes was investigated. Two rice genotypes,
namely Inpari30 (Subl1A genotype) and IR72442 (non-SublA genotype), were submerged completely
for 6 days and re-aerated by lowering water level up to stem base for 6 days of post submergence. In
addition, non-submerged plants (control) was treated with water level up to stem base during the
experiment. Photosynthesis rate decreased in both submerged Inpari30 and IR72442 genotypes 71%
and 96% lower than their control, respectively. Submerged IR72442 declined Fv/Fm 15.6% lowest
than its control and both control and submerged Inpari30. Investigation of the distribution of starch
and soluble sugar content in plant organs suggested that shoot elongation of non-Subl1A genotype
led to starch and sugar consumption that distributed faster to the new developed organ during
submergence. In contrast, Sub1A genotype of Inpari30, which did not exhibit shoot elongation and
showed slower NSCs distribution during submergence, performed better on post submergence by
maintaining NSCs and distributing to the new developed organ faster than IR72442. These results
suggest that SublA genotype managed elongation and NSCs during submergence more efficiently
than non-SublA genotype.
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1. Introduction

Non-structural carbohydrates (NSCs) are photosynthetic products that provide growth
and metabolism substrates, which can be stored in a plant. During vegetative growth, the
plant increases geometrically as plants invest more of the assimilated carbohydrate into
new leaves [1]. However, plants also respond to environmental changes by regulating the
translocation and partitioning of assimilated carbon, which will determine photosynthetic
capacity [2]. When plants are completely submerged in water, O, diffusion is restricted,
photosynthesis decreases due to reduced light intensity, lowering the internal O, content,
and anaerobic respiration increases at the expense of the aerobic process [3]. Consequently,
the carbohydrate levels and energy status in the shoot will drop to levels harmful to the
plant [4,5].

Previously, we observed that photosynthetic rates decreased during submergence in
rice cultivars tolerant and intolerant to submergence stress [6]. However, some rice plant
elongates during submergence, which requires initial energy. High initial carbohydrate
levels in the stem are essential to provide energy for rapid elongation [7] required for
plant survival during submergence [3]. Later, it was demonstrated that survival under
submergence is dependent on the ability to store non-structural carbohydrates (NSCs) and
conserve energy through reduced underwater elongation [8]. Compared with sensitive
parent lines, Sub1 introgression lines reduced less sugar and starch concentration after
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submergence [9,10]. Thus, tolerance genotype is not necessarily associated with the car-
bohydrate status before submergence, but rather with the ability to sustain energy levels
throughout submergence [3]. The cultivars that maintain high NSC after submergence
develop new leaves faster and accumulate greater biomass during recovery [9].

SublA, a major quantitative trait locus (QTL) responsible for submergence tolerance,
has been widely studied in FR13A rice (Oryza sativa L.) and is considered to confer sub-
mergence tolerance in rice breeding [11-13]. It has been introgressed into the high-yielding
rice variety Inpari30 that did not result in any significant trait differences compared to the
parental variety (Ciherang) under normal conditions [14-16]. Other studies reported the ef-
fect of submergence on shoot elongation in 15 genotypes of Oryza sativa under 80 cm water
depth for 7 days. Among the 15 cultivars, the non-SublA rice type, IR72442, exhibited the
highest ratio of plant length on submersion compared to the control plant, indicating that
this cultivar exploits the elongation mechanism on submergence [17]. Both Inpari30 and
IR72442 are used in this experiment to demonstrate starch and sugar accumulation during
submergence by representing Subl1A and non-SublA rice genotype, respectively.

Non-structural carbohydrates (NSCs) in rice subjected to submergence have been
investigated in association with growth parameters [7], elongation ability [8], different
ages of rice seedlings [18], impeded metabolism [19], catabolism processes [13,20], and
application time of nitrogen and phosphorus fertilizers [10]. However, the most critical
period for the plant to consume starch and soluble sugar, the distribution of starch and
soluble sugar throughout the plant, and their relation to elongation on submergence has
not been clearly described between SublA and non-SublA genotype. In this study, we
analyze the starch and soluble sugar behavior during submergence using Inpari30, which is
characterized by the Sub1A gene, and IR72442, which is characterized by non-SublA gene.
This study could help develop an effective agronomical approach that can improve plant
tolerance to submergence in relation with the efficient use of non-structural carbohydrates.

2. Materials and Methods

The research was conducted from August to November 2019 at the Tropical Crop
Science Laboratory, Kagoshima University, Japan. The experiment was arranged in two
factors. The environmental condition factor consisted of a control and submergence
treatment. The rice variety factor was randomized completely within the environmental
factor. Two Oryza sativa L. genotypes, Inpari30 with Sub1A and IR72442 without Sub1A,
were compared during six days of complete submergence followed by six days of re-
aeration.

Comprehensive research flow is presented in Figure 1. The experiment was started
by soaking rice seeds of Inpari30 and IR72442 in an incubator at 30 °C for three days.
The germinated rice seeds were then sown in commercial soil (N/P/K = 0.9:2.3:1.1;
pH 4.5-5.2) in a greenhouse. Ten-day-old seedlings were transplanted into hydroponic
sponge (30 mm), which were then inserted into seedling trays inside experiment glasses
(45 cm x 45 cm x 60 cm). Water was maintained at 4.5 cm from the container base, the
same height as the seedling tray surface. Seedlings were grown at 27 °C and exposed to
12 h of light per day with an intensity of 300-350 umol m~2 s~! measured 20 cm above the
tray surface.

On 14 days after seeding (DAS), the plant has, in total, four leaves with the third
leaf as the most fully expanded. The submergence treatment was applied at 14 DAS
by increasing the water level of the transparent container box to 35 cm above the plant
shoot base. The water level of the control was maintained at 1 cm from the glass base
throughout the experiment. The submergence treatment ended after six days (20 DAS,
observed as desubmergence); the water level was then maintained at 1 cm from the glass
base for the six-day recovery period. After the recovery period (26 DAS), all plants were
removed from the containers for post submergence observation. Observations of variables
explained below were conducted before water level was increased (referred to as ‘before
submergence’), upon 6 days of submergence the plants were directly observed after the
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water was just removed from the experiment glasses (referred to as ‘desubmergence’), and
6 days after desubmergence (referred to as ‘post submergence’).

Research Flow
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Figure 1. Schematic research flow of rice under complete submergence. The experiment was started
by seed soaking in an incubator at 30 °C for three days, then germinated for 10 days in commercial
soil. Then, 10 days after seeding (DAS) plants were transplanted into hydroponic sponge (30 mm),
which were then inserted into seedling trays inside experiment glasses (45 cm x 45 cm X 60 cm).
Submergence started at 14 DAS by increasing water 35 cm above stem base for submerged plant after
taking observations and samplings. After six days of complete submergence, water was removed
from the glass containers up to the height of stem base. Observations and samplings were conducted
directly after water was removed. Six days after removing the water, observations and sampling
were conducted to evaluate plant performance at post submergence. * DAS: Days After Seeding.
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2.1. Photosystem II (PS II) Quantum Yield

Fv/Fm was measured following the method used by [6]. After 2 h in the dark, the
third fully developed leaf of the rice plant was clipped with chlorophyll fluorescence equip-
ment (AquaPen-P AP-P 100, PSI, Czech Republic). The maximal quantum yield of PS II
photochemistry, calculated as variable fluorescence (Fv) divided by maximum fluorescence
(Fm), was obtained by emitting an actinic light through the quantum yield menu.

2.2. Net Photosynthesis Rate

Net photosynthesis (Pn,) was measured using a portable photosynthesis analysis
system (LI-6400; LI-COR, Lincoln, NE, USA) as mentioned by [6]. Before the measurement,
plant samples were adapted to light exposure 100-200 pmol m~2 s~ 1. The third leaf from
each plant was collected and kept inside the chamber until a stable reading was recorded.
The leaf was measured to the calculate gas exchange rate per observed area. During
measurement, relative humidity was ~50%, leaf temperature was 27 °C with an ambient
CO;, concentration ~400 pmol mol~!, airflow through the chamber was maintained at
500 umol s~ !, and photosynthetic photon flux density was 1100 pumol m~2 s~ 1.

2.3. Shoot Elongation (cm)

The length of each plant was measured from the base of the stem to the highest
shoot tip using a ruler. Elongation was calculated as the difference of plant length on
desubmergence with before submergence, and the difference of plant length on post
submergence with desubmergence. Data are presented as the average from 12 plant
samples in 3 replications.

2.4. Starch and Sugar Analysis

Forty plant samples was harvested from each time of observations to be separated
into each leaf number and root. The samples were then dried at 80 °C using drying oven
for 72 h. After that, the samples were milled using mortar and pestle to pass a 0.5 mm
screen, then 100 mg was transferred to a glass test tube.

Next, 0.2 mL of aqueous ethanol (80% v v~!) was added to the tube to wet the sample
and aid dispersion. A vortex mixer was used to stir the tube contents, then 3 mL of distilled
water was added. The tube was then incubated in a boiling water bath for six minutes and
vigorously stirred after two, four, and six minutes. The solvent was then separated into
another tube and the process was repeated. The accumulated solvent was used for soluble
sugar analysis and the remaining dissolved sample was used for starch analysis using
total starch assays kit (K-TSTA) from Megazyme (AOAC Method 996.11, AACC Method
76-13.01) [21,22].

2.5. Statistical Analysis

Data were analyzed using a two-way analysis of variance. If significant differences
were found, Tukey’s test was performed at a probability of 0.05. T-test was performed a
probability of 0.05 to compare between submerged Inpari30 and IR72442.

3. Results
3.1. Photosynthesis Rate and Fv/Fm of Chlorophyll Fluorescence Affected by Submergence

The photosynthesis rate was 20.1 and 14.5 umol CO; m~2 s~ ! in Inpari30 and IR72442,
respectively, and was the same between control and submerged plant at before submer-
gence. Then, the submerged plant gradually decreased to 5.3 and 0.5 pmol CO, m~2 57!
in Inpari30 and IR72442, respectively, at desubmergence, significantly lower by 71% and
96% than its control plant, respectively. At post submergence, photosynthesis rate was
18.0 and 16.8 pmol CO, m~2 s~ ! in control and submerged Inpari30, respectively, 14.5 and
12.5 pumol CO, m~2 s~! in control and submerged IR72442, respectively. No significant
difference was found between submerged compared to control plants of the same genotype
at post submergence (Figure 2A).
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Figure 2. Photosynthetic rate (A) and Fv/Fm (B) of two rice genotypes (Blue color: Inpari30, a Sub1A
genotype; Red color: IR72442, a non-Sub1 genotype) in two treatments (Line: C, Control; Dashes: S,
Submerged) at before submergence, desubmergence, and post submergence. Different lowercase
letters in the same column indicate a significant difference at p < 0.05 with Tukey test.

Fv/Fm value was 0.79 in Inpari30 and IR72442 regardless of control and submerged
plant at before submergence. In desubmergence, Fv/Fm was 0.75 and 0.66 in submerged
Inpari30 and IR72442, respectively, significantly 3.2% and 15.6% lower compared to the
controls that were not submerged. In post submergence, Fv/Fm was 0.74 and 0.69 in
submerged Inpari30 and IR72442, respectively, significantly 4.7% and 12.2% lower than the
controls. The lowest Fv/Fm value was observed in submerged IR72442, which was four
times lower than that of submerged Inpari30 (Figure 2B).

3.2. Changes in Starch and Soluble Sugar Content in Relation to Elongation

Environmental change occurred two times, from before submergence to desubmer-
gence, which refers to ‘submergence condition’, and from desubmergence to post sub-
mergence, which refers to ‘recovery condition’. Here we compare the shoot elongation,
change of shoot starch and sugar content to calculate the needs of starch and non-soluble
sugar resulted from shoot elongation. The calculation revealed greater differences from
the first period of before submergence to desubmergence than in the second period from
desubmergence to post submergence (Figure 3). At submergence condition, submerged
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IR72442 exhibited a rate of shoot elongation 1.7 times higher than control IR72442 and
more than 5.2 times higher than both control and submerged Inpari30 (Figure 3A). Sig-
nificant differences in shoot elongation rate were not observed between treatments at
recovery condition (Figure 3B). Comparison of the shoot starch content revealed that
submerged IR72442 exhibited the smallest changes in these parameters, compared to
control IR72442 and both control and submerged Inpari30 (Figure 3C). No significant dif-
ferences were observed between control and submerged Inpari30 (Figure 3D). Submerged
IR72442 exhibited the smallest changes in shoot sugar content among all treatments from
before submergence to desubmergence (Figure 3E,F).
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Figure 3. Elongation between (A) desubmergence and before submergence, (B) post submergence and desubmergence;

changes of shoot starch content between (C) desubmergence and before submergence, (D) post submergence and desubmer-

gence; and changes of shoot sugar content between (E) desubmergence and before submergence, (F) post submergence and

desubmergence. Different lowercase letters in a single graph indicate a significant difference at p < 0.05 with Tukey test.

Error bar represent standard deviation from three replications. C, Control; S, Submerged.



Sustainability 2021, 13, 670

7of 11

3.3. Distribution of Starch and Soluble Sugar to the Plant Organs

The third leaf was the most expanded leaf when the experiment started, comprised of
high distribution of starch and sugar both on submerged Inpari30 and IR72442 (Figure 4A,B).
Inpari30 distributed lower starch and sugar to the new, fifth, leaf than IR72442 on desub-
mergence. However, Inpari30 distributed higher starch and sugar to the 5th leaf than
IR72442 on post submergence. The distribution of sugar tends to be higher than starch
in the 5th leaf. The distribution of starch and sugar to the 5th leaf leads to decreasing
distribution from root, 2nd, 3rd, and 4th leaves.
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Figure 4. Distribution of (A) starch and (B) sugar of submerged Inpari30 (Subl1A genotype) and
IR72442 (non-SublA genotype) in plant parts observed at before submergence, desubmergence, and

post-submergence.
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Before submergence was applied to the plants, the proportion of starch and sugar con-
tent in both genotypes were the same. However, at desubmergence and post submergence,
Inpari30 had a higher proportion of starch content than IR72442, and IR72442 had a higher
proportion of sugar contents than Inpari30 (Figure 5).
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Figure 5. Proportion of starch and sugar in shoot of submerged Inpari30 (Subl genotype) and IR72442
(non-Subl1A genotype) before submergence, on desubmergence, and post submergence (re-aeration).
Different lowercase letters in the same parameter indicate a significant difference at p < 0.05 with T-test.

4. Discussion

Submergence changes the environmental conditions that a plant is exposed to, leading
to several adjustments. In this experiment, the photosynthetic rate decreased on desub-
mergence in both the SublA genotype of Inpari30 and non-SublA genotype of IR72442
(Figure 2A). Observation of underwater photosynthesis on FR13A (a Subl1A donor geno-
type) was not proven in Swarna-Sub1l (Swarna that carries Sub1) and the rate was declined
equal to Swarna and IR42. This result suggested that the ability to maintain underwa-
ter photosynthesis from the tolerant donor of SublA (FR13A) is not inherited to other
genotype with SublA [23]. Fv/Fm, a measurement of the efficiency of PSII, observed at
desubmergence was lowest in submerged IR72442 (Figure 2B). Chlorophyll fluorescence
(Fv/Fm) is an effective indicator of submergence tolerance of rice [17]. The decline in
Fv/Fm observed at desubmergence likely reflects a reduced ability of PSII to reduce the
primary acceptor [13], which provides evidence for disorganization of the photosynthetic
apparatus and is attributed to a decrease in light intensity and oxygen level in floodwa-
ter [13,24]. This reduction is also indicative of photoinhibition damage in response to
environmental stress, resulting in a decline in the efficiency of solar energy conversion
during photosynthesis [25,26].

Photosynthetic activity is a major determining factor of sucrose availability for translo-
cation [27]. Plant carbohydrates are comprised of NSC, such as starch and soluble sugars
that play important roles in the metabolic process of plants. As photosynthesis rates de-
creased on desubmergence, we examined the changes of starch and sugar in relation with
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elongation (Figure 3). Environmental change occurred two times, from before submergence
to desubmergence, which refers to ‘submergence condition,” and from desubmergence to
post submergence, which refers to ‘recovery condition.” Both changes resulted in changes
of starch and sugar in response to elongation, mentioned by [28] as internal triggers that
affects plant growth. Submerged IR72442 exhibited highest shoot elongation on submer-
gence condition followed by smallest changes of starch and sugar content. Changes of
starch and sugar on submerged IR72442 continues to occur in recovery period even if
shoot elongation does not occur. However, submerged Inpari30 did not exhibit shoot
elongation on submergence condition with no significant changes of starch and sugar
content compared to the control plant. Change of starch and sugar content of submerged
Inpari30 also was not significantly observed on recovery condition. This result suggests
that the consumption of starch and soluble sugar in submerged IR72442 was a consequence
of the rapid shoot elongation upon submergence. Shoot elongation is a vegetative response
to escape from complete submergence [29]. Complete submergence reduces the rate of
growth and carbohydrate concentration in shoot tissues [30]. Shoot elongation processes
compete with maintenance processes for energy during submergence, resulting in low
survival [7,13,31]. Additionally, decreases in the proportion of starch content during sub-
mergence might be due to low light intensity and lower chlorophyll content, resulting in
reduced photosynthetic rates and subsequent depletion of starch [18]. However, shoot
elongation during submergence may result in weak and droopy blades that are easily
damaged by wind and water [4].

Distribution of starch and soluble sugar in specific plant organs reflects the translo-
cation between organs before submergence, on desubmergence, and post submergence.
Submerged IR72442 distributed starch and sugar content on the 5th leaf higher than
submerged Inpari30 on desubmergence. However, the distribution changes on post sub-
mergence, whereas submerged Inpari30 distributed starch and sugar content on 5th leaf
higher than submerged IR72442 (Figure 4). A proportion of sugar was higher than starch
on desubmergence and post submergence of submerged IR72442 (Figure 5). This result
suggested that in order to elongate, submerged IR72442 transported a proportion of starch
and sugar into the 5th leaf as the newly developed leaf. Transport of photo-assimilates
depends on source supply and sink demand; roots and young leaves are major sinks
during early developmental stages. Balanced development could be achieved if prioritized
photo-assimilate translocation was established between sinks. When photosynthetic rates
decline during submergence, older leaves provide the only source of photo-assimilates to
the younger leaves [27].

5. Conclusions

Generally, decreasing photosynthesis during submergence was observed in Sub1A and
non-SublA genotype. Fv/Fm and NSC content decreased more in submerged IR72442 than
in submerged Inpari30. Rapid shoot elongation was apparent during submergence follow-
ing the consumption of starch and soluble sugar. Investigation of the distribution of starch
and soluble sugar content in plant organs suggested that elongation of non-SublA genotype
led to starch and sugar consumption that distributed faster to the new developed organ
during submergence. In contrast, Sub1A genotype of Inpari30, which did not exhibit shoot
elongation and showed slower NSCs distribution during submergence, performed better
on post submergence by maintaining NSCs and distributing to the new developed organ
faster. This study suggested that Sub1A genotype managed elongation and NSCs during
submergence more efficiently than non-SublA genotype. Through this understanding,
we can apply agronomical cultivation approaches for improving rice resistance tolerance
to submergence in relation with the efficient use of non-structural carbohydrates. How-
ever, further research examining enzymatic schemes and gene expression would clearly
distinguish the roles of starch and NSC behavior in plants subjected to submergence.
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