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ABSTRACT:
The plasticity in root system development (RSD) is a key trait for the adaptation of rice to mild drought. 
However, the enhanced RSD due to the plasticity may not be always a sole function of promoted 
lateral root (LR) production, but also of the integrated responses of nodal root (NR) development. 
In this study, we aimed to evaluate the effects of mild drought intensities on the development of 
the NR and LR, and their contribution to the entire RSD. We used six genotypes including KDML105 
(indica, lowland adapted), a high lateral rooting ability genotype. The plants were grown up to 
heading or maturity stage for two years under soil with limited soil depth (20 cm) assuming the 
presence of the hardpan and at different moisture gradients generated by the line source sprinkler 
system. The effects of drought intensities generally differed between the development of NR and LR. 
In both years, all genotypes showed highest LR development under mild drought stress intensities. 
However, in some genotypes including KDML105, NR development was maintained in a limited soil 
moisture range only, which was narrower and wetter than that in which LR plasticity was expressed. 
Furthermore, the entire RSD was maintained only when both the NR and LR were simultaneously 
promoted or maintained. These results suggest that the NR have less plasticity than the LR in 
response to drought and the contribution of the plasticity in LR development to the entire RSD is 
dependent on both the soil moisture and nodal rooting ability.

It is estimated that about one third of world rice area is 
rainfed lowlands and mostly prone to drought (Maclean, 
Dawe, Hardy, & Hettel, 2002). Water deficit is one of the 
major constraints to rice production in rainfed lowlands.

Several studies have demonstrated that increased root 
length density at depth is associated with greater water 
extraction from deeper soil layers (Bernier et al., 2009; Henry, 
Gowda, Torres, McNally, & Serraj, 2011; Lilley & Fukai, 1994; 
Wade, Fukai, Samson, Ali, & Mazid, 1999). However, roots are 
commonly distributed in shallow soil layers in rainfed lowland 
rice fields, presumably brought about by the presence of a 
hardpan that impedes deep rooting (Clark, Cope, Whalley, 
Barraclough, & Wade, 2002; Samson, Hasan, & Wade, 2002). 
Peake, Huth, Kelly, and Bell (2013) showed that the extraction 
of soil water is limited to soil layers into which roots pene-
trated. So, in rainfed lowlands with the presence of hardpan, 
root system development (RSD) above the hardpan is impor-
tant for the water absorption by the plants (Kano-Nakata et al., 
2013). We have conducted a series of studies on phenotypic 
plasticity in RSD expressed in response to heterogeneous 
soil environment. The plasticity is defined as an ability of a 

genotype to alter its phenotypic expression in response to 
the environment (O’Toole & Bland, 1987). The phenotypic 
plasticity in RSD can be expressed in the enhanced aeren-
chyma formation associated with lateral root (LR) develop-
ment under fluctuating soil moisture conditions (Suralta, 
Inukai, & Yamauchi, 2008; Suralta, Inukai, & Yamauchi, 2010; 
Niones, Suralta, Inukai, & Yamauchi, 2012), and the QTLs 
which control such phenotypic plasticity were detected 
on chromosome 12 (Niones, Inukai, Suralta, & Yamauchi, 
2015). Moreover, the expression of phenotypic plasticity 
in RSD triggered by mild drought stress can be enhanced 
with higher nitrogen application, which contributed to the 
maintenance of dry matter production (Tran et al., 2014; 
Tran et al., 2015). We specifically showed that the pheno-
typic plasticity in LR development under heterogeneous 
soil environment with limited soil depth is a key trait that 
effectively contributed to plant dry matter production 
through increased total root length (TRL) and thus water 
uptake, especially under mild drought stress (Kano, Inukai, 
Kitano, & Yamauchi, 2011; Kano-Nakata, Inukai, Wade, 
Siopongco, & Yamauchi, 2011).
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genotypes were KDML105 (lowland-adapted indica), IRAT109 
(upland-adapted japonica), FR13A (submergence tolerant 
aus), Nipponbare (lowland-adapted japonica), Rexmont 
(lowland-adapted japonica), and Swarna (lowland-adapted 
indica). In our previous studies, KDML105 showed greater 
ability for root plasticity, especially at the shallow soil depths 
(Bañoc, Yamauchi, Kamoshita, Wade, & Pardales, 2000; 
Kameoka et  al., 2015) while IRAT109 showed faster root 
elongation rate (Bañoc et al., 2000) and greater deep root 
ratio (deep root length below 30 cm depth to TRL) (Kato, Abe, 
Kamoshita, & Yamagishi, 2006; Kato, Kamoshita, & Yamagishi, 
2007) under drought soil conditions. FR13A is one of the most 
outstanding cultivars for submergence tolerance identified 
by International Rice Research Institute (Mackill, Coffman, & 
Garrity, 1996). Nipponbare is often used as a drought suscep-
tible genotype and has poor root plasticity under drought 
(Kano et al., 2011). Rexmont (lowland rice japonica) is one 
of the rice diversity research sets of germplasm (Kojima, 
Ebana, Fukuoka, Nagamine, & Kawase, 2005), which showed 
drought resistance associated with root plasticity under mild 
drought stress (Inoue, 2009). Swarna is an important rainfed 
lowland rice cultivar grown in millions of hectares in Asia, but 
is highly susceptible to drought and aerobic soil conditions 
(Venuprasad et al., 2009).

Field experiment

The field experiments were conducted at the experimental 
farm of Nagoya University, Nagoya, Japan (lat. 35°6′ 42″N, 
long. 137°4′57″E) during the summer season of 2010 and 
2011. The experiments were conducted in the watertight 
experimental bed with LSS system under a rain-out shelter 
following the protocol as described by Kano et al. (2011) 
and Tran et al. (2014). The field was kept watertight with 
an underlying polyvinyl chloride (PVC) sheet laid at the 
soil depth of 20 cm below the soil surface assuming the 
presence of hardpan and a manually operated drainage 
system. Water mists were supplied from the nozzles on the 
PVC pipe installed in the center of the soil bed. Therefore, 
it is possible to create gradients of soil moisture or in other 
words, different intensities of drought stress (Figure 1). The 
soil type used was sandy loam (72.3% sand, 20.9% silt, 6.8% 
clay; pH 5.5) with field capacity at 27.0% w/w (gravimetric).

The seeds from each genotype were soaked in water 
and incubated in a seed germinator at 28 °C for 48 h prior 
to sowing. Pre-germinated seeds from each genotype 
were sown in nursery boxes at three seeds per hole. The 
seedlings were later thinned to one per hole at three days 
after sowing. The seedlings were raised under well-wa-
tered conditions for 25 days prior to transplanting. Each 
genotype was transplanted in a row with a length of 1.6 m. 
One healthy seedling with intact root system was trans-
planted per hill on the experimental field on 3 June 2010 

Our previous study also showed that there were mainly 
two types of root plasticity expression in rice grown under 
various drought intensities and soil depths but without hard-
pan so allow expression of deep rooting ability (Kameoka, 
Suralta, Mitsuya, & Yamauchi, 2015). Specifically, KDML105 
(lowland-adapted indica) expressed its root plasticity in the 
form of maintained RSD in the upper soil layer due to the 
maintenance of LR development, while in IRAT109 (upland 
type, indica), the plasticity was expressed in the form of allo-
cation of more dry matter to the deeper soil layer, which pro-
moted root system development. Therefore, it is of particular 
interest to examine how the root plasticity of each genotype 
would be expressed under the lowland soil conditions and 
with the presence of hardpan.

Among various root traits, the functional significance of 
root length is often recognized as important trait for plant 
productivity under stress because it determines the size of 
contact of root system with the soil. Rice root system con-
sists of different component roots; mainly one seminal root, 
nodal roots, and their LRs, which differed in origin, age, and 
morphological and anatomical features (Yamauchi, Fukai, 
Samson, Ali, & Mazid, 1996). Thus, root system develop-
ment, which is often expressed in TRL, is determined by the 
integrated development of different component roots. For 
instance, Kano-Nakata et al. (2013) showed that the promoted 
development of entire root system of rice due to plasticity 
triggered by drought was a result of integrated responses of 
promoted production of nodal roots from the tillers and its 
elongation, and promoted LR elongation. Although plasticity 
in LR development is expressed under mild stress condition 
(Kano et al., 2011; Kano-Nakata et al., 2011), the response of 
nodal root to different drought intensities maybe different 
from that of the LRs.

In this study, we therefore aimed to compare the 
effects of mild drought intensities on the developmental 
responses between the nodal and LRs, which may differ-
ently contribute to the entire RSD, specifically under low-
land rice fields where the hardpan normally exists at about 
20 cm deep (Kato et al., 2013). Thus, the soil depth used in 
this study was set at 20 cm to eliminate the advantageous 
effects of deep rooting, which may be inhibited by hard-
pan under lowland soil conditions. For the precise control 
of drought intensity, we used line source sprinkler (LSS) 
system (Lanceras, Pantuwan, Jongdee, & Toojinda, 2004; 
Kano et al., 2011) that can create the smooth gradient from 
wet to dry soil conditions.

Materials and methods

Plants materials

Six contrasting rice genotypes based on their rooting pat-
tern or drought tolerance were selected and used. These 
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and 8 June 2011. Plant spacing was 40 cm between rows and 
20 cm between hills such that each row contained 7 plants 
in 2010 and 8 plants in 2011 of a certain genotype that were 
exposed to different soil moisture contents (SMCs) as their 
distance from the LSS increased. Thus, the plants of each gen-
otype in each row were grown at 20, 40, 60, 80, 100, 120, and 
140 cm (in 2010) and up to 160 cm (in 2011) from LSS. The 
experiment was laid out following the randomized complete 
block design with three replications (1 row = 1 replication) for 
each genotype. Chemical fertilizer (14.0% N, 1.0% P2O5 and 
14% K2O) was applied up to 3.0 cm soil depth for each plant 
at a rate of 50 g m−2 right after transplanting. The soil was 
kept well-watered using sprinkler irrigation for 14 days after 
transplanting (DAT) for optimum establishment. Thereafter, 
the drought stress was imposed by adjusting the irrigation 
pressure of the sprinkler.

Soil moisture measurements

The SMC at five points from the PVC pipe were constantly 
monitored with soil moisture sensors (EC-5 Decagon, Utah, 

USA), so as to adjust the amount of irrigation to maintain 
the moisture gradient whenever necessary. In 2011, the 
water pressure from the LSS was adjusted intentionally 
to higher setting than that in 2010. As a result, the soil 
moisture condition was wetter in 2011 than that in 2010 as 
intended. For monitoring the effect of soil moisture inten-
sities on plant growth, the number of tillers of KDML105 
at different distances from LSS (0, 20, 40, 60, 80, 100, 120, 
and 140 cm) was measured at 21, 39, and 104 DAT in 2010 
and at 9, 33, and 81 DAT in 2011.

The SMC at the soil depth of 0–12 cm were also meas-
ured using the time domain reflectometry probe (TDR; 
Tektronix Inc., Wilsonville, OR, USA) at 61 DAT in 2010 
and at 55 DAT in 2011. Two stainless steel rods (15 cm in 
length) were inserted into the soil depth of 0–12 cm leav-
ing a 3-cm length protruding above the soil surface, where 
TDR probes were attached to obtain SMC readings (Fujita, 
Nakamura, & Kameoka, 2011). The two parallel steel rods, 
which were 3 cm apart from each other, were inserted in 
the middle of two plants within each row.

The values provided by TDR (x) were converted into soil 
water contents (% w/w) (y) from an equation calibrated 
according to the gravimetric methods.

Shoot sampling and measurement

The shoots were cut at the base on 110 DAT (at maturity for 
IRAT109, Rexmont and Nipponbare) in 2010 and on 64 DAT 
for IRAT109, 70 DAT for Rexmont, 76 DAT for Nipponbare 
and 81 DAT for KDML105, FR13A and Swarna (at heading 
stage for IRAT109, Rexmont and Nipponbare) in 2011, and 
then oven-dried at 70  °C for three days prior to record-
ing of the shoot dry weight (SDW). KDML105, FR13A and 
Swarna did not flower in both 2010 and 2011 due to their 
photosensitivity.

Root sampling and measurements

Root samplings were done immediately after taking the 
shoot samples. Soil samples with roots were extracted 
by using stainless cylinder of 15 cm in diameter (Kang & 
Morita, 1994) inserted to the soil down to 20 cm depth. 
The extracted roots were carefully washed with water in a 
1.5 mm mesh screen and fixed in a solution (acetic acid, 50% 
ethanol; 5: 95 parts by volume) for further measurements. 
The nodal root number (NRN) was manually counted and 
nodal root length (NRL) was measured manually with ruler. 
We have been able to quantitatively evaluate the effects 
of water deficit, soil moisture fluctuation and nitrogen 
application on the expression of phenotypic plasticity of 
RSD and detect the genotypic difference with the same 
monolith method (Kano et al., 2011; Niones et al., 2012; 

(1)y = .6593x − 1.7033(n = 23, r = .99, p < .001)

Figure 1. Line source sprinkler system in field experiment. (a) The 
soil moisture gradient along the distance perpendicular to the 
sprinkler system was created by the water comes out form the 
nozzles of the PVC pipe which is set at the center of the field. (b) 
Seven plants of KDML105 which are planted at 20, 40, 60, 80, 100, 
120, and 140 cm from the PVC pipe at 113 DAT in 2010.
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of more than 40 cm was lower than those closer to LSS at 
81 DAT but not at 33 DAT (Figure 4).

Shoot dry matter production and root system 
development

The BI at 40, 60, and 80 cm from the LSS were significantly 
higher than that at 20 cm from the LSS in 2010, while that 
at 60 and 80 cm from the LSS were significantly higher than 
that at 20 cm from the LSS in 2011 (Table 1). Tables 2 and 3 
show the SDW, the number of tillers and the different root 
traits at different distances from the LSS in 2010 or both 

Tran et al., 2014), and so we conclude that the variance in 
the root number cut by monolith among genotypes would 
be negligible for the evaluation of the root response to 
the soil moisture conditions among genotypes. For TRL 
measurements, each root sample was rinsed with water 
and spread on a transparent sheet with minimal overlap. 
The digitized images were taken using a scanner with a res-
olution of 300 dpi and an output format of 256 gray scales. 
The TRL was determined using a macro program devel-
oped by Kimura, Kikuchi, and Yamasaki (1999), and Kimura 
and Yamasaki (2001) on the NIH image software version 
1.60 (public domain released by the National Institute of 
Health, USA). The lateral root length (LRL) for each plant 
was calculated as the difference between TRL and total 
NRL. Branching index (BI) for each plant was calculated as 
LRL divided by NRL (Morita & Collins, 1990).

Statistical analysis

The analysis of variance (ANOVA) was performed in R ver. 
3.1.2 (R Foundation for Statistical Computing, Vienna, 
Austria). Mean comparisons were determined using 
Tukey’s honestly significant difference at 5% level of sig-
nificance. A Pearson correlation was used to generate and 
analyze the association among component root traits.

Results

Trends in moisture gradients at shallow soil depth at 
different distances from the LSS

The SMC at the soil depth of 0–12 cm gradually decreased 
with time and increase with distance from the LSS in both 
years (Figure 2). The SMC at all distances from the LSS on 
61 DAT in 2010 were significantly lower than those at 55 
DAT in 2011 except at the distances of 20 and 40 cm from 
the LSS (Figure 3).

Effects of soil moisture gradient on tiller production 
with strength of water pressure and transmission of 
time

Figure 4 shows the effects of soil moisture gradients on 
the number of tillers during different stages of growth. At 
the onset of drought treatment, the number of tillers was 
similar among plants regardless of distance from LSS. As 
the different intensities of drought progressed with time, 
the number of tillers significantly differed among plants 
with different distances from LSS and years of experiment. 
In 2010, the number of tillers of KDML105 at the distances 
of more than 40 cm from the LSS was lower than those 
closer to the LSS at 39 and 104 DAT. In 2011, on the other 
hand, the number of tillers of KDML105 at the distances 
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Figure 2. SMC at surface soil layer (0–12 cm) at different distances 
from line source sprinkler (0, 30, 90, 120, and 150 cm) measured 
using soil moisture sensors (EC-5 Decagon, Utah, USA). The SMC 
was measured every hour and then averaged for each month.

Figure 3. SMC at surface soil layer (0–12 cm) at different distances 
from line source sprinkler (0, 20, 40, 60, 80, 100, 120, and 140 cm) 
measured using a time-domain reflectometry probe (TDR; 
Tektronix Inc., Wilsonville, OR, USA) on 61 DAT, 2010 and on 55 
DAT, 2011. * and *** indicate significant difference at p < .05 and 
p < .001 between SMC in each year by student’s t-test, respectively.
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Discussion

Soil moisture control with LSS system

The soil moisture gradient along the distance perpendic-
ular to the sprinkler system was successfully generated by 
the LSS throughout the experimental period in both years 
(Figure 2). The drought intensity generated by the LSS was 
significantly higher in 2010 than in 2011 (Figure 3) due to 
their differences in the strength of sprinkler water pressure, 
which also explained why the response in plant growth 
appeared in earlier in 2010 than in 2011 (Figure 4). These 
results show that the intensities of moisture gradients 
in the soil above hardpan can be precisely manipulated 
with careful adjustment of the irrigation pressure in the 
LSS system.

Expression in the plasticity of LRs in response to soil 
moisture availability

All genotypes showed similar trends in the expression 
of increased branching (LR development) based on BI in 
response to decreasing soil moisture gradients in both 
years (Table 1) suggesting that the expression of increased 
branching in response to the drought may be common 
regardless of rice genotypes. The expression of increased 
branching was more evident in the middle distance from 
LSS than either the closest (wettest soil) or farthest (dri-
est soil) from the sprinkler (Table 1). Using chromosome 
segment substitution lines derived from Nipponbare and 
Kasalath crosses, Kano et al. (2011) and Kano-Nakata et al. 
(2011) showed that the increase in branching was great-
est under mild drought as a result of expression of root 
plasticity. These findings suggest that soil conditions at 
the distances from the LSS where the greatest increase in 
branching was observed in this study are defined as mild 
drought conditions under which root plasticity in branch-
ing (LR development) was expressed. Thus, the distances 
of 40, 60, and 80  cm from the LSS in 2010 (14.6~20.4% 
w/w SMC on 61 DAT) and the distances of 60 and 80 cm 
from the LSS in 2011 (19.9~20.7% w/w SMC on 61 DAT) 
were considered as mild drought conditions in this study.

Effect of drought intensity on nodal root 
development and its contribution to the entire root 
system development

The increase in NRN and NRL were less than in BI under 
mild drought condition relative to those at 20 cm from the 
LSS in both years (Tables 2 and 3). Especially, NRN under 
mild drought condition tended to be lower than that at 
20 cm from the LSS in both years. Furthermore, the sig-
nificant genotypic differences in the expression of nodal 

years and the ANOVA on the effects of distances from the 
LSS and genotype, and their interactions on these traits. 
There were significant interactions between distances 
from the LSS and genotype on SDW in both 2010 (Table 
2) and 2011 (Table 3). On the other hand, there was sig-
nificant interaction between the distances from the LSS 
and genotype on TRL, NRN per tillers, NRL per NRN in 2010 
only. There were no significant interactions between dis-
tances from the LSS and genotypes on BI in both 2010 and 
2011 (Table 2). All the genotypes showed higher BI at the 
distances of 40, 60, and 80 cm from the LSS compared to 
that of 20 cm from the LSS in both years (Tables 2 and 3).

It is interesting to note that IRAT109 and Rexmont 
showed maintained RSD in both years, which was asso-
ciated with maintained nodal root development and less 
promoted branching due to less expressed plasticity com-
pared to KDML105 in 2010.
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Figure 4. Number of tillers of KDMl105 at different distances (0, 
20, 40, 60, 80, 100, 120, and 140 cm) from line source sprinkler at 
21, 39, 62, and 104 DAT in 2010 and at 9, 55, 81 DAT in 2011.

Table 1. BI at the different distances from LSS.

Note. Values followed by the same letter within each year are not significantly 
different at P < .05 by Tukey’s HSD test.

Distance from LSS (cm) 2010 2011
20 10.7 b 7.9 bc
40 14.5 a 10.3 ab
60 15.5 a 11.8 a
80 16.3 a 11.3 a
100 11.2 b 9.9 ab
120 9.6 b 10.1 ab
140 9.3 b 6.6 c
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Furthermore, the results above also show that nodal 
root and LR have differing developmental responses 
to drought conditions. The nodal root development in 
response to drought is genotype dependent, while that of 
the LRs is consistent regardless of genotypes as shown in 
the current study. Furthermore, it is also worth noting that 
the nodal root development is an important factor that 
determined the entire RSD, especially when the drought 
stress was more intensified (Tables 2 and 3).

As stated earlier, we previously reported that IRAT 
109 expressed its deep rooting trait by allocating greater 
amount of dry matter to deeper soil layer under the con-
dition of no hardpan (Kameoka et al., 2015). On the other 
hand, it showed relative stable growth responses of nodal 
roots and less plasticity in branching (LR development) 
under various drought intensities in this study in which 
roots were confined in the shallow soil layer. In contrast, 
KDML105 showed very sharp plasticity in LR development 
regardless of drought intensities, while its nodal root devel-
opment tended to be inhibited shown in this study. These 

root development under mild drought conditions were 
evident in 2010 only, the year in which the moisture gradi-
ents were drier than in 2011 (Tables 2 and 3). These results 
suggest that nodal root development was more suscep-
tible to drought than the LR development, with some 
evidence of genotypic differences in their magnitude of 
nodal developmental responses to drought. On the other 
hand, LR development consistently showed plasticity 
under mild drought conditions, which contributed in the 
promoted root system development. These observations 
can be typically exhibited by KDML105, which drastically 
reduced its TRL under mild drought stress in 2010 in spite 
of its greater promotion in LR development (branching). 
Such reduction in the entire RSD in KDML105 under mild 
drought was attributed to the greater reduction in its abil-
ity to maintain nodal root production from individual tiller. 
Thus, under mild drought in 2010, the ability to maintain 
greater RSD under mild drought was a function of the abil-
ity to maintain nodal root production and elongation but 
not LR development (Tables 2 and 3).

Table 2. Shoot dry weight (SDW, g plant−1), Number of tillers (TN plant−1), TRL (TRL, m plant−1), NRN per tiller number (NRN TN−1), NRL 
per NRN (NRL NRN−1, m), and branching index (BI) among six genotypes at different distances from LSS (20, 40, 60, and 80 cm) on 110 
DAT in 2010.

Note. D – distance from LSS; G – genotype.
*P < .05; **P < .01; ***P < .001, respectively.

SDW (g plant−1) 
(relative value; %)

TN (plant–1)  
(relative value; %)

TRL (m plant–1) 
(relative value; %)

NRN (TN–1)  
(relative value; %)

NRL(m NRN–1)  
(relative value; %)

BI(LRL NRL–1)  
(relative value; %)

2010

20 cm from LSS

KDML105 142.7 –100 26 –100 492.8 –100 42 –100 .049 –100 8.2 –100
IRAT109 41.9 –100 11 –100 248.9 –100 18 –100 .109 –100 10.5 –100
FR13A 109.7 –100 28 –100 497.7 –100 28 –100 .06 –100 9.7 –100
Nipponbare 49.1 –100 13 –100 283.9 –100 45 –100 .059 –100 7.2 –100
Rexmont 21.7 –100 7 –100 273.1 –100 31 –100 .078 –100 14.6 –100
Swarna 58.9 –100 22 –100 423.5 –100 22 –100 .06 –100 14.3 –100

40 cm from LSS

KDML105 78.2 –57 13 –52 516.8 –105 46 –110 .056 –115 14.3 –177
IRAT109 26.4 –71 9 –85 285.7 –114 20 –114 .101 –93 13.8 –137
FR13A 103.1 –94 22 –81 496.2 –100 29 –105 .062 –103 11.6 –120
Nipponbare 38.3 –78 14 –110 332 –117 33 –73 .066 –111 9.5 –132
Rexmont 19.3 –88 7 –99 313.2 –112 29 –95 .082 –105 18.4 –123
Swarna 49.1 –84 18 –85 528.9 –126 22 –102 .063 –106 19.4 –142

60 cm from LSS

KDML105 75.2 –55 15 –58 410.5 –82 28 –65 .059 –121 15.6 –196
IRAT109 40.1 –107 10 –91 310.8 –125 22 –123 .094 –87 14.2 –141
FR13A 84.5 –77 19 –67 448.4 –90 26 –94 .057 –95 15.1 –156
Nipponbare 38.3 –78 14 –105 316.3 –111 34 –76 .063 –106 9.6 –134
Rexmont 22.1 –101 8 –113 342.6 –126 25 –83 .081 –103 20.4 –140
Swarna 46.7 –80 17 –81 491.3 –117 22 –102 .068 –113 17.8 –132

80 cm from LSS

KDML105 51.9 –38 13 –50 212 –42 20 –46 .045 –93 16.5 –205
IRAT109 35.6 –93 10 –88 260.3 –105 22 –122 .092 –85 12.2 –124
FR13A 62.6 –57 14 –51 357.1 –72 24 –87 .061 –102 16 –165
Nipponbare 27.9 –57 14 –108 230.6 –81 25 –55 .06 –100 9.5 –132
Rexmont 22.1 –101 7 –100 298.7 –112 24 –80 .075 –96 21.8 –154
Swarna 40.4 –69 19 –89 604.4 –147 18 –84 .076 –127 21.8 –167
Distance *** * *** *** ns ***
Genotype *** *** *** *** *** ***

D × G *** ** *** *** * ns
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conductance in rice under drought condition (Matsuo, 
Ozawa, & Mochizuki, 2009), which may be associated with 
some morphological changes in RSD (Henry, Cal, Banato, 
Torres, & Serraj, 2012). To understand the function and 
mechanism in water uptake of roots under drought, it 
may be more meaningful if other indicators such as root 
hydraulic conductivity in addition to TRL will be used for 
the studying root water uptake ability.

Conclusion

In this study, the LSS system successfully created the 
soil moisture gradients along the distance perpendicu-
lar to water sprinkler in the two-year study conducted. 
With the higher intensity of drought in 2010, nodal root 

results suggest that regardless of soil depth and presence 
of hardpan, the development of both nodal and LRs of 
IRAT 109 are less affected by drought conditions, while 
KDML105 consistently expresses its plasticity in branch-
ing and substantially reduced its nodal root development 
under drought condition.

Furthermore, Swarna was not as drought tolerant as 
IRAT109 and Rexmont despite its ability to increase TRL 
under mild drought (Tables 2 and 3). These findings sug-
gest that the root water uptake ability in Swarna may have 
severely decreased under drought compared with other 
genotypes such as IRAT109 and Rexmont. Some studies 
showed no relationship between TRL and water uptake 
ability (e.g. Gowda, Henry, Vadez, Shashidhar, & Serraj, 
2012; Lilley & Fukai, 1994) and a reduced root hydraulic 

Table 3. Shoot dry weight (SDW, g plant−1), Number of tillers (TN plant−1), TRL (TRL, m plant−1), nodal root number per tiller number (NRN 
TN−1), NRL per NRN (NRL NRN−1, m), and branching index (BI) among six genotypes at different distances from LSS (20, 40, 60, and 80 cm) 
on 64 DAT for IRAT109, 70 DAT for Rexmont, 76 DAT for Nipponbare and 81 DAT for KDML105, FR13A and Swarna in 2011.

Note. D – distance from LSS; G – genotype.
*P < .05; **P < .01; ***P < .001.

SDW (g 
plant−1) 
(relative 

value; 
%)

TN 
(plant–1) 
(relative 

value; 
%)

TRL (m 
plant–1) 
(relative 

value; 
%)

NRN 
(TN–1) 

(relative 
value; 

%)

NRL(m 
NRN–1) 

(relative 
value; 

%)

BI(LRL 
NRL–1) 

(relative 
value; 

%)

SDW (g 
plant−1) 
(relative 

value; 
%)

TN 
(plant–1) 
(relative 

value; 
%)

TRL (m 
plant–1) 
(relative 

value; 
%)

NRN 
(TN–1) 

(relative 
value; 

%)

NRL(m 
NRN–1) 

(relative 
value; 

%)

BI(LRL 
NRL–1) 

(relative 
value; 

%)

2011

20 cm from LSS

KDML105 124 –100 28 –100 473.6 –100 29 –100 .06 –100 9.3 –100
IRAT109 47.1 –100 14 –100 349.8 –100 26 –100 .1 –100 9.2 –100
FR13A 134.5 –100 27 –100 476.7 –100 36 –100 .07 –100 7.5 –100
Nippon-

bare
50.2 –100 16 –100 356.5 –100 49 –100 .06 –100 6.7 –100

Rexmont 35.9 –100 11 –100 222.2 –100 28 –100 .1 –100 6.9 –100
Swarna 80 –100 38 –100 390.5 –100 18 –100 .07 –100 7.7 –100

40 cm from LSS

KDML105 93.5 –77 16 –57 502 –107 39 –134 .06 –112 12 –127
IRAT109 28.8 –67 11 –80 337.8 –101 26 –101 .11 –112 10.4 –113
FR13A 91.6 –72 17 –82 516.4 –108 34 –100 .07 –107 11.3 –159
Nippon-

bare
39.4 –79 14 –88 348.9 –100 45 –92 .06 –104 8.1 –123

Rexmont 24.1 –69 9 –85 226.6 –103 28 –100 .1 –100 8.6 –126
Swarna 59.2 –75 25 –65 462.6 –118 21 –120 .07 –105 11.6 –150

60 cm from LSS

KDML105 82.9 –68 15 –55 512.1 –109 30 –104 .07 –119 15.8 –169
IRAT109 32.5 –75 11 –79 365 –106 24 –95 .11 –116 12 –131
FR13A 91.5 –71 17 –80 469.9 –98 29 –86 .07 –105 12.1 –168
Nippon-

bare
43 –86 16 –99 346.1 –99 36 –75 .07 –114 8.2 –124

Rexmont 32.4 –94 12 –115 271.3 –127 24 –89 .1 –99 9 –132
Swarna 56.7 –71 26 –69 461.6 –118 17 –99 .07 –107 13.6 –177

80 cm from LSS

KDML105 70.3 –57 16 –58 399.1 –86 25 –84 .08 –136 12.5 –134
IRAT109 32.5 –78 11 –82 311.7 –92 24 –94 .1 –105 11.2 –122
FR13A 66.8 –53 15 –74 402.1 –84 25 –75 .07 –107 14.1 –200
Nippon-

bare
43.5 –88 17 –103 330.2 –96 35 –71 .06 –111 8 –122

Rexmont 30.7 –89 10 –99 261.7 –118 24 –88 .09 –97 10.5 –159
Swarna 45.2 –57 24 –64 369.3 –96 17 –95 .07 –109 11.4 –148
Distance *** ns *** *** ** ***
Geno-

type
*** *** *** *** *** ***

D × G * ns ns ns ns ns
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Gowda, V. R. P., Henry, A., Vadez, V., Shashidhar, H. E., & Serraj, 
R. (2012). Water uptake dynamics under progressive drought 
stress in diverse accessions of the OryzaSNP panel of rice 
(Oryza sativa). Functional Plant Biology, 39, 402–411.

Henry, A., Gowda, V. R. P., Torres, R. O., McNally, K. L., & Serraj, 
R. (2011). Variation in root system architecture and drought 
response in rice (Oryza sativa): Phenotyping of the OryzaSNP 
panel in rainfed lowland fields. Field Crops Research, 120, 
205–214.

Henry, A., Cal, A. J., Banato, T. C., Torres, R. O., & Serraj, R. (2012). Root 
attributes affecting water uptake of rice (Oryza sativa) under 
drought. Journal of Experimental Botany, 63, 4751–4763.

Inoue, M. 2009. Evaluation on functional roles of root plasticity 
on dry matter production of rice under drought stress condition 
using Rice Core Collection (MS thesis). Graduate School of 
Bioagricultural Sciences, Nagoya University, Japan.**

Kameoka, E., Suralta, R. R., Mitsuya, S., & Yamauchi, A. (2015). 
Matching the expression of root plasticity with soil moisture 
availability maximizes production of rice plants grown in an 
experimental sloping bed having soil moisture gradients. 
Plant Production Science, 18, 267–276.

Kang, S., & Morita, S. (1994). Root growth and distribution in 
some Japonica-Indica hybrid and Japonica type rice cultivars 
under field conditions. Japanese Journal of Crop Science, 63, 
118–124.

Kano, M., Inukai, Y., Kitano, H., & Yamauchi, A. (2011). Root 
plasticity as the key root trait for adaptation to various 
intensities of drought stress in rice. Plant and Soil, 342, 117–
128.

Kano-Nakata, M., Inukai, Y., Wade, L. J., Siopongco, J. D. L. C., & 
Yamauchi, A. (2011). Root development, water uptake, and 
shoot dry matter production under water deficit conditions 
in two CSSLs of rice: Functional roles of root plasticity. Plant 
Production Science, 14, 307–317.

Kano-Nakata, M., Gowda, V. R. P., Henry, A., Serraj, R., Inukai, 
Y., Fujita, D., … Yamauchi, A. (2013). Functional roles of the 
plasticity of root system development in biomass production 
and water uptake under rainfed lowland conditions. Field 
Crops Research, 144, 288–296.

Kato, Y., Abe, J., Kamoshita, A., & Yamagishi, J. (2006). Genotypic 
variation in root growth angle in rice (Oryza sativa L.) and its 
association with deep root development in upland fields 
with different water regimes. Plant and Soil, 287, 117–129.

Kato, Y., Kamoshita, A., & Yamagishi, J. (2007). Evaluating the 
resistance of six rice cultivars to drought, restriction of 
deep rooting and the use of raised beds. Plant and Soil, 300,  
149–161.

Kato, Y., Tajima, R., Homma, K., Toriumi, A., Yamagishi, J., 
Shirakawa, T., … Jongdee, B. (2013). Root growth response 
of rainfed lowland rice to aerobic conditions in northeastern 
Thailand. Plant and Soil, 368, 557–567.

Kimura, K., Kikuchi, S., & Yamasaki, S. (1999). Accurate root length 
measurement by image analysis. Plant and Soil, 216, 117–127.

Kimura, K., & Yamasaki, S. (2001). Root length and diameter 
measurement using NIH Image: Application of the line- 
principal for diameter estimation. Plant and Soil, 234, 37–46.

Kojima, Y., Ebana, K., Fukuoka, S., Nagamine, T., & Kawase, M. 
(2005). Development of an RFLP-based rice diversity research 
set of germplasm. Breeding Science, 55, 431–440.

Lanceras, J. C., Pantuwan, G., Jongdee, B., & Toojinda, T. (2004). 
Quantitative trait loci associated with drought tolerance at 
reproductive stage in rice. Plant Physiology, 135, 384–399.

development was greatly inhibited in some genotypes 
including KDML105, which resulted in the reduction 
of entire RSD in spite of the expression of promoted LR 
branching. In contrast, with the lower intensity of drought 
in 2011, nodal root development was generally main-
tained in all six genotypes and thus RSD was enhanced or 
maintained by the expression of increased LR branching. 
Furthermore, the nodal root development mainly deter-
mined the entire RSD, especially under drier conditions 
even within mild drought conditions. These results indicate 
that the nodal root development generally expresses less 
plastic response to drought than LR and that nodal root 
development is important to enhance the contribution of 
LR branching to the entire root system development. This 
study also suggests that the effects of soil moisture on 
root development may be differed depending on the kind 
of component root trait. The precise assessments of soil 
environments such as soil moisture condition in the rice 
fields are quite important for the better understanding of 
the mechanism of root system responses to drought stress.
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