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ABSTRACT

This study aimed to characterize the physiological and morphological traits that are associated with
adaptation to unflooded soil conditions in rice. Four indica rice cultivars (Puluik Arang, Badari Dhan,
Shwe Nang Gyi, and Ratul), which were previously identified as highly or less adaptable to unflooded
soil conditions, were grown under flooded and unflooded (soil water potential; - 0.10 MPa)
soil conditions. Water uptake was measured every day for three weeks, and then the leaf water
potential, the stomatal conductance, the dry matter weight, shoot and root morphological traits
were measured. Puluik Arang and Badari Dhan exhibited greater leaf area expansion and higher
maintenance of root development under the unflooded condition than that by other cultivars. The
leaf water potential and stomatal conductance of fully expanded highest leaf in Puluik Arang and
Badari Dhan were not affected by unflooded soil regime. Leaf area and root morphological traits
were significantly correlated with water uptake regardless of soil moisture regimes. These results
suggested that Puluik Arang and Badari Dhan exhibited great water uptake capacity through
physiological and morphological adaptation of shoot and root traits to unflooded condition,
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resulting in great biomass productivity under the condition.

The global population is increasing rapidly; therefore, sta-
ble production and a reliable food supply are major con-
cerns. The competition for fresh water by agricultural and
urban/industrial applications threatens the sustainability
of food production (Bouman et al., 2006; Peng et al., 2009).
Rice can adapt to a wide range of hydrological conditions;
however, its productivity under water deficit is low com-
pared to that in irrigated lowland ecosystems (Maclean et
al., 2002). To improve yield potential under water deficit,
many studies have investigated water saving technology,
and/or geneticimprovement for drought resistance (Serraj
etal, 2011; Tuong et al,, 2005; Zhang et al., 2009).

The identification of the physiological traits responsi-
ble for greater biomass or yield production may facilitate
geneticimprovements in productivity in rice grown in water
limited conditions. Because water uptake is strongly linked
to biomass production, improved water uptake capacity is
one of the most important targets for yield improvement
under water deficit conditions (Blum, 2009; Kobata et al,,
1996; Nguyen et al., 1997). Water uptake is regulated by
balancing of water uptake through the root system and
transpiration by shoot (Cosgrove & Holbrook, 2010). Leaf

expansion and stomatal behavior strongly regulate the
amount of transpiration and photosynthetic production
through radiation capture and gas exchange (Katsura et al.,
2010; Maruyama & Tajima, 1990). The regulation of transpi-
ration from shoot have been well investigated, but relatively
little is known about the mechanisms of water uptake by
root system although the contribution of root system to
plant water balance has been recognized (Kamoshita, 2011).

We previously examined the genotypic variation in bio-
mass production under different soil moisture conditions
using a rice diversity research set of germplasm (RDRS)
developed by the National Institute of Agrobiological
Science (NIAS) (Matsunami et al., 2012). The RDRS com-
prises 69 cultivars and harbors records of 91% of the alleles
identified in the representative 332 accessions selected
from a global collection of rice cultivars (Kojima et al.,
2005). The RDRS responded in different ways to soil mois-
ture conditions, i.e. half of the cultivars had higher bio-
mass production under flooded condition, whereas others
maintained or increased their biomass production under
unflooded but wet soil moisture conditions. The results
suggested that cultivars were adapted either to flooded or
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unflooded soil moisture conditions, although the details
of the morphological and physiological traits that underlie
the variable adaptability to soil moisture were not eluci-
dated in our previous study.

Water uptake under water limited conditions is thought
to be due to plant morphological development (e.g. leaf
expansion, root elongation) and physiological traits (e.g.
stomatal behavior, hydraulic conductivity). In this study,
therefore, genotypic variation of water uptake under
unflooded condition was investigated in terms of shoot
and root morphological development and physiolog-
ical traits, such as stomatal conductance and leaf water
potential (LWP). It was hypothesized that a combination
of morphological and physiological traits of shoot and
root would explain genotypic difference in water uptake
capacity under unflooded condition.

Materials and Methods
1. Materials

We used four indica rice (Oryza sativa L.) cultivars selected
from the NIAS global rice core collection (Kojima et al.,
2005): Puluik Arang, Badari Dhan, Shwe Nang Gyi, and
Ratul. The four cultivars had comparable biomass produc-
tion under a flooded regime, but different responses to
unflooded condition; Puluik Arang and Badari Dhan had
greater biomass production under unflooded regime than
under flooded condition, whereas biomass production
decreased in Shwe Nang Gyi and Ratul under unflooded
regime (Matsunami et al., 2012).

2. Culture details and soil moisture regimes

Seeds were sown into a seedling tray, and grown in a
growth chamber under a 12 h light/12 h dark photoper-
iod (450 umol s~' m=2 photosynthetic photon flux density
during the light period), with day/night temperatures of
25/20 °C and a relative humidity of 70%. Two-week-old
seedlings were transplanted to 1/10,000-a Wagner pots
(127 emm, 198 mm height; ICM, Japan), with one plant
per pot. After transplanting, the plants were subjected
to flooded condition (43% [w/w], soil water potentials of
-0.02 MPa), and unflooded condition (33%, -0.10 MPa). The
reduction in the weight of each pot was measured every
day, and the soil moisture level was maintained by adding
water. Water uptake was estimated from the daily reduc-
tion in pot weight, minus the amount of evaporation from
the soil surface, which was determined by measuring the
weight change in the pot without a plant. The soil mois-
ture regimes started after transplanting and continued
for three weeks. Further details and soil properties were
described previously (Matsunami et al., 2012).

3. Measurements

At 19 days after treatment, the stomatal conductance
of the fully expanded highest leaf of the main stem was
measured using a leaf porometer (SC-1 Leaf Porometer,
DECAGON., U.S.A.). Measurements were conducted at 3 h
after lights on.The LWP of the fully expanded highest leaf
was determined 3 h after lights on at 20 days after treat-
ment. The leaf disks were sampled and immediately placed
in a C-52-SF sample chamber (WESCOR, U. S. A)), and the
samples were allowed to equilibrate in the chamber. Then
the chambers were connected to the dew point micro-
voltmeter (HR-33T, WESCOR, U.S.A.) to measure the LWP.

Shoot and root biomass production and the morpho-
logical traits were evaluated by harvesting all of the tissues
at three weeks after treatment. The leaf area was meas-
ured with an automatic area meter (AAM-9, Hayashidenko,
Japan), and the shoot samples were then dried at 80 °C
for more than three days and weighed. Root samples
were preserved in FAA solution (50% ethanol: acetic acid:
formalin = 8:1:1) and stained with 0.1% (w/w) Coomassie
Brilliant Blue. The root segments were scanned with an
image scanner (GT-9800, Epson, Japan) at 400 dpi, 8-bit
grayscale. To determine root length, we used the image
analysis system “Root Length 1.8 win” (Kimura et al., 1999).
After investigating the root morphological traits, the root
samples were dried at 80 °C for more than three days and
weighed.

Statistical analyses were conducted to determine the
effects of the cultivar/water regimes on the traits using
JMP 8 Statistical Discovery software (SAS Institute, U.S.A).

Results

1. Shoot and root biomass production and
morphological development

Table 1 shows the shoot dry weight (DW) and morpholog-
ical traits of the four rice cultivars grown under flooded
and unflooded soil conditions. There were no significant
differences in the shoot DW among cultivars under the
flooded condition (2.28 - 2.73 g plant™'). The shoot DW
under the unflooded condition was significantly heav-
ier in Puluik Arang (3.09 g plant™") than Shwe Nang Gyi
(2.32 g plant™") and Ratul (1.89 g plant™). The responses
of shoot DW to flooded and unflooded conditions were
differed by cultivars; Puluik Arang and Badari Dhan had
13%-18% heavier shoot DW under the unflooded condi-
tion than the flooded condition, whereas Shwe Nang Gyi
and Ratul had lighter shoot DW under the unflooded con-
dition. The tiller number in Ratul (9.7 tillers plant=") under
the flooded condition was largest, and Puluik Arang (6.7
tillers plant™') and Badari Dhan (7.3 tillers plant™') showed
significantly fewer number of tillers compared with that of
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Table 1. Shoot dry weight and shoot morphological traits of four rice cultivars subjected to flooded and unflooded conditions.

Shoot DW Tiller number Leaf age Leaf area
Water regime Cultivar (gplant-1) (plant-") (cm? plant-")

Flooded Puluik Arang 2.62 (100) ab 6.7 (100) b 8.4 (100) a 372 (100) bc

Badari Dhan 2.28 (100) bc 73 (100) b 8.4 (100) a 341 (100) bc

Shwe Nang Gyi 2.73 (100) ab 8.8 (100) ab 8.5 (100) a 429 (100) ab

Ratul 246 (100) abc 9.7 (100) a 85 (100) a 373 (100) bc

Unflooded Puluik Arang 3.09 (118) a 8.2 (123) ab 83 (99) a 497 (134) a

Badari Dhan 2.58 (113) ab 8.7 (118) ab 8.3 (99) a 442 (129) ab

Shwe Nang Gyi 232 (85) bc 7.8 (89) ab 77 (90) b 396 (92) bc

Ratul 1.89 (77) C 6.7 (69) b 7.6 (90) b 321 (86) C
Significance Water regime(W) n.s. n.s. HEE *
Cultivar(C) e n.s. wxR **

Dry matter weight and morphological traits of 5-week-old plants were measured (n = 6).Values followed by the different letter in a column are significantly dif-
ferent at p < 0.05 according to Tukey'’s test. Levels of significance: *significant at p < 0.05, ** p < 0.01, ***p < 0.001, n.s. = not significant. Figures in parentheses

indicate percentages to the value in flooded.

Table 2. Root dry weight and root morphological traits of four rice cultivars subjected to flooded and unflooded conditions.

Root DW Crown root number Total root length Root surface area
Water regime Cultivar (g plant-T) (plant-T) (mplant-") (cm? plant-T)
Flooded Puluik Arang 0.44 (100) ab 84 (100) a 302 (100) a 1343 (100) a
Badari Dhan 0.38 (100) ab 68 (100) ab 306 (100) a 1293 (100) ab
Shwe Nang Gyi 0.44 (100) ab 83 (100) a 303 (100) a 1297 (100) ab
Ratul 0.41 (100) ab 80 (100) a 242 (100) ab 1115 (100) ab
Unflooded Puluik Arang 0.49 (112) a 70 (83) ab 186 (62) bc 1076 (80) ab
Badari Dhan 0.42 (110) ab 58 (85) bc 193 (63) bc 1057 (82) abc
Shwe Nang Gyi 0.42 (96) ab 50 (60) C 145 (48) bc 865 (67) bc
Ratul 0.33 (80) b 53 (67) bc 115 (48) C 622 (56) C
Significance Water regime(W) n.s. e el el
Cultivar(C) * ** * *
W xC t * n.s n.s.

Dry matter weight and morphological traits of 5-week-old plants were measured (n = 6).Values followed by the different letter in a column are significantly dif-
ferent at p < 0.05 according to Tukey’s test. Levels of significance: tsignificant at p < 0.10, * p < 0.05, ** p < 0.01, ***p < 0.001, n.s. = not significant. Figures in

parentheses indicate percentages to the value in flooded.

Ratul. On the other hand, unflooded condition enhanced
tiller development in Puluik Arang and Badari Dhan; the
two cultivars had 18%-23% more number of tillers under
the unflooded condition than the flooded condition. The
tiller number under unflooded condition in Ratul (6.7 tillers
plant™") was significantly decreased under the unflooded
condition than the flooded condition, and the number
was smallest among the cultivars. The leaf age was similar
among cultivars under the flooded condition. The leaf age
in Puluik Arang and Badari Dhan was not affected by soil
moisture regime, whereas the leaf age in Shwe Nang Gyi
and Ratul delayed with soil moisture deficit. There were
no significant differences in the leaf area among the cul-
tivars under the flooded condition (341-429 cm? plant™).
The leaf area under the unflooded condition was signifi-
cantly larger in Puluik Arang (497 cm? plant™') than Shwe
Nang Gyi (396 cm? plant™") and Ratul (321 cm? plant™").The

responses of leaf area to flooded and unflooded conditions
were differed with cultivars; Puluik Arang and Badari Dhan
had 29%-34% larger leaf area under the unflooded con-
dition than the flooded condition, whereas Shwe Nang
Gyi and Ratul had smaller leaf area under the unflooded
condition.

Response of root DW to soil moisture conditions was
similar to shoot DW (Table 2). There were no significant
differences in the root DW among the cultivars under
the flooded condition (0.38-0.44 g plant™'). Under the
unflooded condition, Puluik Arang exhibited heaviest
root DW (0.49 g plant™), and it was significantly heavier
than the root DW in Ratul (0.33 g plant™'). Puluik Arang
and Badari Dhan had about 10% heavier root DW under
the unflooded condition than the flooded condition. Root
DW of Shwe Nang Gyi was not affected under soil mois-
ture condition. Ratul showed 20% less root DW under the
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Figure 1. Stomatal conductance (A), LWP (B) of the fully expanded highest leaf and water uptake per unit leaf area (C) grown under
different soil moisture regimes. Water uptake / leaf area were calculated dividing the daily amount of water uptake by the leaf area
measured at 3 weeks after treatment (n = 6). The stomatal conductance (n = 5) and the LWP (n = 3) were measured of the fully expanded
highest leaf, using a different plant. Vertical bars indicate the standard error. * indicate significant difference between flooded and

unflooded conditions at p < 0.05 according to t-test.

unflooded condition than that under the flooded. The
crown root number under the flooded condition were
similar among Puluik Arang, Shwe Nang Gy, and Ratul
(80-84 roots plant™'), but Badari Dhan (68 root plant™')
had fewer number of crown root although the differ-
ence was not significant. The crown root number was
restricted in all cultivars with soil moisture deficit, espe-
cially Shwe Nang Gyi and Ratul had significantly fewer
root under the unflooded condition than flooded condi-
tion. There were no significant cultivar difference in the
total root length and root surface area under the flooded
conditions; the root length and root surface area were
242-306 m plant~'and 1,115-1,343 cm? plant™', respec-
tively. The root length was significantly shorter under the
unflooded condition than the flooded condition, regard-
less of the cultivar (116-193 m plant~'). The root surface
area were also restricted with unflooded regime although
the degree of reduction were varied among the cultivars;
Puluik Arang and Badari Dhan had 18-20%, Shwe Nang
Gyi had 33% and Ratul had 44% less surface area com-
pared with that under the flooded condition. Puluik Arang
(1,076 cm? plant™') exhibited significantly larger root sur-
face area than that in Ratul (622 cm? plant™') under the
unflooded condition.

2. Leaf water potential and stomatal conductance

The stomatal conductance of fully expanded highest leaf
were varied among cultivars; the stomatal conductance
was highest in Badari Dhan, lowest in Shwe Nang Gyi and
Puluik Arang and Ratul were intermediate (Figure 1A). The
stomatal conductance in Shwe Nang Gyi was significantly
decreased by unflooded regime. Similar to stomatal con-
ductance, the LWP of Shwe Nang Gyi was significantly low-
ered under the unflooded condition (Figure 1B). The daily
amount of water uptake per unit leaf area was significantly
decreased by unflooded regime in Shwe Nang Gyi and
Ratul, whereas the amount of water uptake per leaf area
were not affected by soil moisture regime in Puluik Arang
and Badari Dhan (Figure 1C).

3. Water uptake and its relationship with
morphological traits

The cumulative amount of water uptake during treatment
was comparable between the cultivars under the flooded
regime (Figure 2). The interactions between water regime
and cultivar (W x C) were significant for the amount of
water uptake; under unflooded condition, Puluik Arang
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standard error of six replicates of the amount of water-uptake from different plants. Bars followed by different letters are significantly
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Figure3. Relationships between the cumulative amount of water uptake and total DW among four rice cultivars. Diagonal lines indicate
regressions for all values of each soil water regimes. Levels of significance: *** significant at p < 0.001.

and Badari Dhan absorbed more water than did under
the flooded condition, whereas Shwe Nang Gyi and Ratul
absorbed less water compared with that under the flooded
condition. The cumulative amount of water uptake was
strongly correlated with the biomass production under
both soil moisture regime; the correlation coefficients were
0.966 under the flooded and 0.926 under the unflooded
condition (Figure 3).

Leaf area, root length, and root surface area were signif-
icantly correlated with the daily amount of water uptake
at 3 weeks after treatment (Table 3). The correlation coef-
ficient between water uptake and leaf area were higher
than that between root morphological traits regardless of
water regime. The correlation coefficient between water

uptake and root morphological traits was higher under
the unflooded condition than that under the flooded
condition.

4. Discussion

We assessed the effects of soil moisture on water uptake
and the physiological and morphological traits of rice cul-
tivars adapted to flooded or unflooded conditions. Water
uptake reflected cultivar biomass production under differ-
ent soil moisture regimes; e.g. Puluik Arang, which exhib-
ited the greatest water uptake capacity under unflooded
condition showed greater biomass production under the
unflooded condition (Table 1, Figures 2 and 3). Therefore,
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Table 3. Correlation coefficients between the daily amount of wa-
ter uptake and shoot and root morphological traits.

Water Leaf Root Root surface
regime area length area
Flooded 0.910 0.642 *** 0.548%*
*%¥%
Unflood- 0.843 0.716 *** 0.707 ***
ed *%¥%

Data of the four cultivars were combined for calculation of the coefficients.
Levels of significance: **significant at p < 0.01, *** p < 0.001.

the cultivars that had a greater water uptake capacity also
exhibited higher biomass production, and there existed
genotypic variation in the adaptation to soil moisture
conditions.

Water uptake consists of two components, passive
water uptake and active water uptake; the former, which
consist mostly amount of water uptake, is regulated by
transpiration from leaf (Cosgrove and Holbrook, 2010).
Therefore, leaf expansion and physiological traits are
important to discuss about water uptake ability. In regard
to the leaf expansion, Puluik Arang and Badari Dhan,
which increased or maintained tiller emergence and leaf
age under unflooded condition, had about 30% larger
leaf area under the unflooded condition than under the
flooded (Table 1). The LWP and stomatal conductance of
Puluik Arang and Badari Dhan were not affected under
soil moisture conditions (Figure 1). The LWP and stoma-
tal conductance of Ratul were also comparable between
the two soil moisture regimes. The maintenance of LWP
and stomatal conductance in Ratul was probably due
to the reduction in aboveground plant size under the
unflooded condition. The reduction of LWP and stomatal
conductance in Shwe Nang Gyi were largest compared
with the other cultivars, suggesting that Shwe Nang Gyi
could not uptake adequate amount of water to maintain
the leaf water status. Although we did not measure the
transpiration flux at steady state, it is estimated that Puluik
Arang and Badari Dhan had smaller whole plant hydrau-
lic resistance (R) under unflooded condition than that
under the flooded according to the following equation:
R = (Wsoil — Wleaf)/T, where T is the transpiration (Swater
uptake) per unit leaf area, Wsoil, the soil water potential
and WYleaf, the LWP (Hirasawa & Ishihara, 1991). The main-
tenance of LWP and water uptake per leaf area in Puluik
Arang and Badari Dhan under unflooded condition might
be due to the adjustment of hydraulic conductivity.

The positive and strong correlation between water
uptake and leaf area were observed regardless of soil
moisture regime (Table 3), thus, the leaf area expansion
is linked to the genotypic variation in water uptake under
the unflooded condition in this study. Stable and rapid

leaf expansion is also reported as an important trait for
rice grown under water limited conditions in terms of
radiation capturing, weed competitiveness, and nitrogen
uptake ability (Dingkuhn et al., 1999; Katsura et al., 2010,
Okami et al., 2011).

On the other hand, under environmentally stressed
condition around rhizosphere, water uptake decreases if
the water uptake by root cannot keep up with the tran-
spiration demand. Genotypic difference in water uptake
is due in part to root architecture and root hydraulic
conductivity. In terms of root architecture, deep root-
ing, root angle, and plasticity in root development are
well recognized as important traits for enhancing rice
productivity under water limited conditions (Araki &
lijima, 1998; Kano-Nakata et al., 2011; Uga et al., 2013).
Recent studies have revealed that aquaporin influences
root hydraulic conductivity; ex. when roots are sub-
jected to low temperature or treated with respiratory
inhibitor, root hydraulic conductivity is decreased due
to reduction of aquaporin activity (Murai-Hatano et al.,
2008; Tournaire-Roux et al., 2003). These investigations
showed the importance of geneticimprovement in root
function for better water uptake under stressed condi-
tions. In this study, root morphological traits, such as
crown root number, root length, and root surface area,
were restricted under the unflooded condition com-
pared with that under the flooded condition, regardless
of the cultivar. Similar results were reported in other
studies, where the elongation of total root length was
strongly regulated under the soil moisture condition
and was generally restricted, even under mild water
deficit or saturated soil conditions (Kano-Nakata et al.,
2011; Kato & Okami, 2010). When compared among cul-
tivars, Puluik Arang and Badari Dhan, which exhibited
great water uptake under the unflooded, maintained
the number of crown root, root length, and root surface
area at levels higher than that by Shwe Nang Gyi and
Ratul under the unflooded condition. Although the cor-
relation coefficients were higher in the relation between
leaf area and water uptake, there were also significant
relationship between root morphological traits and
water uptake (Table 3). Especially under the unflooded
condition, the correlation between root morphological
traits and water uptake were stronger than those under
the flooded condition. Therefore, the root development
contributed to biomass productivity through enhanced
water uptake under unflooded condition. It is needed
to investigate whether the cultivars with adaptation to
unflooded condition possessed greater root function
such as water uptake capacity per unit root length and/
or root hydraulic conductivity.

In conclusion, the two cultivars Puluik Arang and
Badari Dhan, which increased biomass productivity under



unflooded condition, had larger number of tillers under
the unflooded condition compared with that under the
flooded regime, resulted in a wider leaf area expansion. In
terms of root traits, Puluik Arang and Badari Dhan main-
tained root length and surface area at higher levels com-
pared with Shwe Nang Gyi and Ratul. Therefore, genotypic
difference in water uptake capacity was due in part to vigor
leaf expansion and root development under unflooded
condition. In addition, the great water uptake capacity in
Puluik Arang and Badari Dhan under unflooded condition
would contribute to the maintenance of leaf water states,
such as stomatal conductance and LWP. These results sug-
gested that the cultivars with adaptation to unflooded
condition possessed favorable physiological and morpho-
logical traits of shoot and root which were associated with
water uptake ability and thus contributed great biomass
productivity under unflooded condition.

In this study, we found that Puluik Arang exhibited
greatest water uptake under unflooded condition, and
possessed great physiological and morphological traits
that associated with water uptake. Thus, Puluik Arang has
the possibility to be a good material for the investigation
to understand the rice adaptability to mild soil moisture
deficit. Further investigations such as identification of
physiological and morphological plasticity responding
to soil moisture conditions and the balance of shoot and
root development for better water uptake and water use
efficiency are necessary.
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