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Soil moisture fluctuations (SMF) from wet to dry and vice-versa are common under field conditions, which
influence root growth and functions and thus dry matter production and yield. In such condition, phenotypic
plasticity in L-type lateral root (LLR) development is an adaptive mechanism of rice and the associated
quantitative trait locus (QTL) was previously detected in chromosome 12, mainly contributed by the
‘Kasalath’ allele in Nipponbare x Kasalath chromosome segment substitution lines (CSSLs). In this study,
we used +qLLRN-12 genotype of Nipponbare background to validate the functions for LR plasticity under
SMF and progressive drought. Plants were subjected to well-watered, fluctuating soil moisture and
progressive drought conditions for 38 d. There were no significant genotypic differences in shoot growth
and root development under well-watered condition. On the other hand, +qLLRN-12 genotype showed
greater shoot dry weight by 31% than Nipponbare, which was associated with larger root system of the
former than the latter genotype under fluctuating soil moistures. The greater root system development of
+gLLRN-12 genotype was attributed to the greater L-type LR development by 95% relative to Nipponbare.
However, under progressive drought condition, +qLLRN-12 genotype had reduced shoot dry weight (SDW)
due to its smaller root system relative to its fluctuating soil moisture and well-watered counterparts. These
results indicate that the introgressed segment of Kasalath on the chromosome 12 region of Nipponbare was
responsible for the plasticity in L-type LR, which contributed to greater root system development, increased
water uptake and consequently increased dry matter production under fluctuating soil moisture conditions.
The findings also suggest that the expression of this allele is unique and triggered only under fluctuating
moisture stress conditions.

Key Words: chromosome segment substitution lines (CSSLs), lateral root plasticity, phenotypic plasticity, quantitative
trait locus, root system development, soil moisture fluctuation stress

Abbreviations: C-D — continuous drought, CSSLs — chromosome segment substitution lines, D-W — transient drought-to
-waterlogged, LR — lateral root, NR — nodal root, QTL — quantitative trait loci, RDW - root dry weight, RSR - root-to-
shoot ratio, SDW — shoot dry weight, SMF — small moisture fluctuation, TRL - total root length, W-D - transient
waterlogged-to-drought, WW — well-watered

water negatively affects productivity. Thus, the inability
of plants to acclimate to the above conditions would lead

INTRODUCTION

In rainfed lowland rice ecosystem, rainfall is erratic and
unpredictable, and standing water disappears at any time
in the growing season, resulting in various intensities of
soil moisture stress which significantly limit shoot growth
and root development and, eventually, reduce grain
yield. In rice, deficit (drought) or excess (submergence) of

to reductions in dry matter and grain yield. Roots are the
forefront and key in adaptation to any water stresses.
Because roots serve as interfaces between plant and the
soil, they are primarily and more highly affected by
drought stress compared with the aerial parts of the plant
(Franco et al. 2011).
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Root systems play a key role in enhancing crop yield
and adaptation in response to various environments
(Wang and Yamauchi 2006; Yamauchi et al. 1996). Active
and responsive root systems for greater adaptation to
water stresses have a significant role in maintaining
greater water and nutrient uptake from the soil, and
consequently, crop growth and yield.

Several studies have shown that variability in soil
moisture conditions adversely affects shoot and root
growth and functions of various crops (Yamauchi et al.
1996; Azhiri-Sigari et al. 2000; Bafioc et al. 2000; Wade et
al. 2000; Pardales and Yamauchi 2003; Wang and
Yamauchi 2006; Siopongco et al. 2006, 2008, 2009; Subere
et al. 2009; Suralta and Yamauchi 2008; Suralta et al.
2008a, 2008b, 2010) as well as soil nutrient availability
(Kondo et al. 2005; lijma et al. 2007; Suralta 2010).

We have demonstrated that root plasticity has a
significant functional role in plant adaptation under
progressive drought and soil moisture fluctuation (SMF)
stresses (Yamauchi et al 1996; Wang and Yamauchi 2006;
Kano-Nakata et al. 2011; Suralta et al. 2010; Niones et al.
2012). Root plasticity is defined as the ability of a plant to
developmentally alter (promote) its root phenotype and
to function in response to changing environmental
conditions as has been suggested (O'Toole and Bland
1987) and validated quantitatively (Wang and Yamauchi
2006).

In rice, genotypic variations in the plasticity of root
traits such as lateral roots have been reported under
different intensities of drought stress (Yamauchi et al.
1987; Kano et al. 2011; Kano-Nakata et al. 2011),
rewatering after drought (Banoc et al. 2000; Siopongco et
al. 2005), transient drought after waterlogging and vice-
versa (Suralta et al. 2008a, 2008b, 2010), and continuous
cycles of alternate waterlogging and drought (Niones et
al. 2012). The lateral root (LR) generally comprises the
greater proportion of the whole root system and thus, its
response reflects the
performance of the entire root system (Yamauchi et al.
1987; Wang et al. 2009; Niones et al. 2012). Lateral roots
are classified into the L-type and S-type lateral roots
(Yamauchi et al. 1996). Moreover, the L-type LR is a long
and branching type lateral root while the S-type LR is a
short and non-branching type of lateral root.

This LR plasticity, especially the L-type LR,
significantly contributes to maintaining root system
development for better adaptation to drought conditions
(Kano et al. 2011; Kano-Nakata et al. 2011) and
fluctuating soil moisture (Bafioc et al. 2000; Suralta et al.
2010; Niones et al. 2012). Enhanced LR development
increases root surface area and soil water extraction

to moisture stress directly
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(Kamoshita et al. 2000, 2004; Siopongco et al. 2005, 2006;
Kato et al. 2011; Henry et al. 2011), and water use (Kobata
et al. 1996; Suralta et al. 2010).

Using the selected chromosome segment substitution
line (CSSL) from Nipponbare x Kasalath crosses such as
CSSL47, we have quantified precisely the functional roles
of root plasticity (i.e., lateral root plasticity under SMF) in
the maintenance of dry matter production and grain yield
(Suralta et al. 2010; Niones et al. 2012). We assumed that
genetically, one or more substituted segments from the
Kasalath allele introgressed into the Nipponbare genetic
background in CSSL47 regulate LR plasticity. We have
identified quantitative trait loci (QTL), designated as
+qLLRN-12, associated with the plasticity in LR on the short-
arm of chromosome 12, with increased effect from Kasalath
alleles particularly expressed under SMF during the
seedling and vegetative stages (Niones et al. 2015). The
plasticity in LR is essential for the development and
establishment of root system structure during SMF
occurrence both at the seedling and vegetative stages,
which would increase root surface area, and thus, increase
water and nutrient absorption (Niones et al. 2012).
Furthermore, development of more LRs in the root system
at the early stages of growth significantly contributed to
the increase in total dry matter production under SMF
(Niones et al. 2012). Several studies have shown that the
plasticity in LR production to higher
photosynthesis, stomatal conductance and transpiration,
thus resulting in increased shoot dry matter production in
rice (Kano et al. 2011; Kano-Nakata et al. 2011; Bafoc et al.
2000; Suralta et al. 2010; Siopongco et al. 2006). Under SMF,
function and expression of this specific substituted
segment from Kasalath allele on chromosome 12 needs
further confirmation. Hence, this study aimed to (1)
validate the functions of the QTL associated with L-type
LR plasticity using CSSL52 under SMF and (2) examine if
this Kasalath allele on chromosome 12 regions has

contributed

functional contribution under progressive drought
condition stress.

MATERIALS AND METHODS

Plant Materials

Three rice genotypes, lowland adapted japonica

Nipponbare and two CSSL lines (CSSL47 and CSSL52),
were used in the study. Nipponbare is a recurrent parent
used for the development of the 54 CSSL (Nipponbare/
Kasalath crosses) population by the Rice Genome Research
Center of the National Institute of Agrobiological Sciences,
Tsukuba, Ibaraki, Japan. Among CSSLs, one line (CSSL47)
was selected due to its unique characteristics of root
system development, particularly the promoted LR
development under SMF conditions (Suralta et al. 2010;
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Niones et al. 2012). However, this CSSL47 carries
substituted segments from the Kasalath allele in ten
chromosomes of Nipponbare genetic background (RGP
2000; RGP 2010). On the other hand, CSSL52 (referred to
as +qLLRN-12 genotype) was selected because it carries only
two substituted segments from the Kasalath allele in the
Nipponbare genetic background. These substituted
segments are found at chromosome 2 (R1843 loci), and
chromosome 12 (between G24B and C443 locus). The
substituted segment from the Kasalath allele at the
chromosome 12 region is the same as that found in
CSSL47 and is the major point of interest in this study.
CSSL52 has fewer introgressed segment of the Kasalath
allele in other chromosomes than CSSL47 (RGP 2000;
RGP 2010), making it ideal to use in the validation of,
and is therefore more ideal in validating precisely the
QTL associated with LR plasticity.

Phenotyping and Soil Moisture Treatments

A greenhouse study was conducted at the experimental
field of Nagoya University, Nagoya, Aichi Prefecture,
Japan (136°56'6”E, 35°9'5”N). Seeds of each genotype
were soaked in water containing benomyl fungicide
(0.15% w/v) for 30 min, washed thoroughly and then
incubated in a seed germinator at 28°C for 36 h. Two pre-
germinated seeds from each genotype were grown in
PVC boxes (25 cm x 2 em x 40 cm, L x W x H) filled with
2.5 kg of air-dried sandy loam soil following the method
of Suralta et al. (2008a). The soil in each box was pre-
mixed with complete fertilizer containing 60 mg nitrogen
(N), 80 mg phosphorus (P), and 70 mg potassium (K).
The seedlings were thinned to one seedling per box at 3 d
after sowing (DAS). All genotypes were exposed to three
soil moisture contents (SMC): well-watered (WW)
control, soil moisture fluctuation (SMF) and continuous
drought (C-D) conditions. SMF was applied by transient
waterlogged-to-drought (W-D) and transient drought-to-
waterlogged (D-W). Furthermore, in addition to the
above soil moisture treatments, +qLLRN-12 was also
subjected to C-D condition. The Nipponbare and CSSL47
were excluded and not exposed to C-D conditions
because in our previous studies, CSSL47 reduction of
shoot dry matter production and root growth were
comparable with Nipponbare in response to progressive
drought stress (Niones et al. 2015; Kano et al. 2011), thus
we assumed the response of the said genotypes would be
the same under this condition.

In WW which served as the control, the water level
was maintained at the soil surface of the root box. In the
SMF treatment, application and exposure were as
follows: In the W-D treatment, plants were subjected to
waterlogging for 17 d and then to drought for 21 d while
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in the D-W treatments, plants were subjected to drought
stress for 17 d, and then to waterlogging conditions for
another 21 d. Under C-D conditions, the +qLLRN-12
plants were exposed to continuous drought stress from
sowing to 38 d after sowing (DAS). Target soil moisture
content (SMC) under C-D condition was maintained at
20% (w/w) by replacing the amount of water lost every
day. Plant sampling was done at 38 DAS with four boxes
(1 box =1 replication) for each treatment.

Shoot and Root Growth Measurements

Shoots were cut and placed in a paper bag and oven
dried at 70°C for 48 h and weighed.

Root sampling was carried out following the
methods of Kono et al. (1987) and Suralta et al. (2010).
Briefly, root samples were placed between two
perforated plastic sheets, washed with running water,
and stained with 0.25% Coomassie Brilliant Blue R
aqueous solution for 72 h. The stained root samples were
then rinsed with tap water and placed in a light box for
digitization using a Nikon D3000 digital SLR camera
(Nikon Corporation, Japan; 2,592 x 3872 resolution).
Cleaned root samples were then stored in FAA
(formalin: acetic acid: 70% ethanol in 1:1:18 ratio by
volume) solution for other measurements.

The total number of nodal root and LR was manually
counted. Each coleoptile nodal root was cut into 5-cm
segments, keeping the LRs intact. The number of each
type of LR in each of the 5-cm coleoptile nodal root
segment was manually counted. The number of LRs was
then expressed as linear frequency along NR (number of
LRs per unit length of nodal root axis, Ito et al. 2006).
The length of each nodal root was manually measured
using a ruler. For total root length (TRL) measurements,
the FAA stored root samples were rinsed with tap water
and spread on a transparent sheet without overlaps.
Digital images were then taken using an Epson scanner
(ES2200) at 300 dpi resolution. TRL was analyzed using
WinRhizo software version 2009 (Regent Instruments
Canada, Inc.).

Statistical Analysis

The experiments were laid out in a randomized
complete block design with four replications (1 box =1
replication). Treatment means were compared using the
least significant difference (LSD) test at P<0.05 level of
significance.

RESULTS

Shoot Growth
The SDW of +gLLRN-12 (2.50 g/plant) and CSSL47 (2.45 g/
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plant) genotypes were not significantly different from that
of Nipponbare (2.40 g/plant) under WW conditions (Fig.
1). Under both W-D and D-W of SMF conditions, SDW
was significantly reduced in CSSL47 and Nipponbare but
not in +gLLRN-12 relative to WW conditions (Fig. 1). The
SDW of +q LLRN-12 (2.50 g/plant) genotype was significantly
greater than that of Nipponbare (1.91 g/plant) under SMF
conditions. Furthermore, +gLLRN-12 genotype had
significantly reduced SDW by 32% relative to WW
condition but was not significantly affected under D-W
and W-D conditions (Table 1).

Root System Development

The root system profiles of the three genotypes under
different soil moisture treatments are shown in Fig. 2.
Evidently, the +gLLRN-12 and CSSLA7 genotypes developed
larger root system than Nipponbare in response to SMF
conditions (Fig. 2e, f, h and i). Under WW condition, TRL,
number of LR, and NR were not significantly different
among genotypes (Table 1). On the other hand, significant
genotypic differences in TRL, LR and NR were observed
in response to SMF conditions. The +gLLRN-12 and
CSSL47 genotypes had longer total root length than
Nipponbare by 10% or more under both D-W and W-D.
The number of L-type LRs was also significantly higher in
+qLLRN-12 and CSSL47 by 30-38% under D-W and by 54
-169% under W-D, than in Nipponbare (Table 1). Between
the two SMF conditions, L-type LRs were generally more
promoted across genotypes under W-D (150%) than D-W
(78%) conditions relative to their WW counterparts (Table
1).
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Fig. 1. Shoot dry weight of a 38-d-old Nipponbare (o),
+qLLRN-12 @) and CSSL47 (m) under well-watered (WW),
transient waterlogging-to-drought (W-D) and transient
drought-to-waterlogging (D-W) conditions for 38 d. Bars
followed by the same letter within each water treatment
are not significantly different at P<0.05. Data are means of
3 replicates * standard error.

The number of S-type LRs was generally similar
among genotypes under SMF conditions except in W-D
where +gLLRN-12 had significantly lower S-type LRs than
Nipponbare by 35%. Accordingly, the total number of
LRs was significantly higher in both +gLLRN-12 and
CSSL47 than in Nipponbare by 14-20% under D-W and 6
-12% under W-D conditions. The total length of lateral
roots was also significantly higher in both +gLLRN-12 and
CSSL47 than in Nipponbare by 9-19% under D-W and 7-
20% under W-D conditions.

The number of NR of +7LLRN-12 and CSSI47

Table 1. Root system development of a 38-d-old Nipponbare, CSSL47 and +qLLRN-12 genotypes grown under well-
watered (WW), transient drought-to-waterlogging (D-W) and transient waterlogging-to-drought (W-D) conditions.

Lateral Roots (LR)

Nodal Roots (NR)

Soil Total P
Troriman OO o LRM)_ Length | Number | Length 00
L-type S-type Total (m/ plant) (no./ plant) (cm/ plant) (miplant)

Nipponbare 9.9 0.92 4.5 5.4a 5.92 93.0 4322 4.02
WW +QLLRN-12 10.22 0.92 462 542 5.8 106.32 41.7a 442
CssL47 10.0 0.9 5.1a 6.0 5.9 110.32 36.82 4.1a
Nipponbare 10.20 1.3b 450 5.4b 6.8 69.3 48.32 3.4b
D-W +QLLRN-12 1142 1.7a 462 6.2 742 102.0a 39.00 4.0
CSssL47 12.08 1.8a 472 6.5 8.12 84.72 45.7a 3.9
Nipponbare 7.1b 1.3¢ 5.2 6.5¢ 4.4 69.30 39.2v 2.7
W-D +qLLRN-12 7.9 3.5 340 6.9 5.3 67.3> 38.8> 260
CSSL47 7.8a 2.00 5.2 7.3 4.7° 80.72 49.6a 3.1a

In a column within each water treatment, means followed by the same superscripts are not significantly different at P<0.05.
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Fig. 2. Root systems of 38-d-old Nipponbare (a-c), +qLLRN-
12 (d-f), and CSSL47 (g-i) genotypes grown under well-
watered, WW (a, d, g), transient drought to waterlogging, D-
W (b, e, h), and transient waterlogging to drought, W-D (c, f,
i) conditions. The root system was extracted using a root
box pinboard method as described by Kono et al. (1987).
Prior to taking of digitized images in a scanner, the root
systems were stained with 0.25% of Coomassie Brilliant
Blue R solution for at least 24 h. White bars =5 cm.

genotypes was significantly higher by 47% and 22%,
respectively, than that of Nipponbare under D-W (Table
1). On the other hand, only CSSL47 showed a significantly
higher NR than Nipponbare by 16% under W-D. For
mean length of NR, only CSSL47 showed a significantly
higher value by 27% than Nipponbare under W-D.
Furthermore, the total length of NR was significantly
higher by 18% and 15% in +qLLRN-12 and CSSLA47,
respectively, than in Nipponbare under D-W while only
CSSL47 showed a significantly higher total length of NR
by 15% than Nipponbare under W-D conditions.

Jonathan M. Niones et al.

The root system based on TRL showed a significant
and positive correlation with linear frequency of LRs per
unit of NRs under both D-W and W-D conditions, but not
under WW control (Fig. 3). The root system based on TRL
was also significantly and positively correlated with total
length of LRs (0.97, P<0.001) and NRs (0.88, P<0.01) under
D-W conditions (data not shown). Furthermore, the TRL
was significantly and positively correlated with the total
length of lateral roots (0.83, P<0.05) but not the total
length of NR under W-D conditions (data not shown).

Root Response of +g LLRN-12 Genotype under
Continuous Drought Stress

The root growth and development of +gLLRN-12 genotype
was examined after 38 d of continuous drought (C-D)
condition (Table 2; Fig. 4). Relative to its WW
counterparts, root system development (RSD) and shoot
dry matter production of +gLLRN-I2 genotype was
significantly reduced by 62.4% and 32.1% under C-D
conditions (Table 2). On the other hand, the SDW and
TRL of +gLLRN-12 genotype were not significantly affected
under SMF conditions (Table 2).

Nodal root production of +gLLRN-12 genotype was
generally lower in all soil moisture stress treatments
relative to the WW control (Table 2). Reduction in NR
production was greatest (60%) under C-D conditions. The
mean length of NR +gLLRN-12 genotype was not
significantly affected by any of the soil moisture stress
treatments (Table 2). On the other hand, LR development,
particularly the L-type LR, was significantly greater in
soil moisture stress treatments than in the WW control
(Table 2). Overall, the RSD of +gLLRN-12 genotype was
more inhibited under C-D than under SMF treatments,
relative to the WW control (Fig. 4).

DISCUSSION

Several studies emphasized the importance of root
plasticity and its associated physiological responses
under the transient cycle of soil moisture stresses such as

Table 2. Shoot dry weight and root system development of a 38-d-old +qLLRN-12 genotype grown under well-watered
(WW), transient drought-to-waterlogging (D-W) and transient waterlogging-to-drought (W-D) conditions.

Lateral Roots (LR)

Moisture Shoot Dry Total Root (number LR cm") Nodal Roots (NR)
Treatment Weight Length
(g/plant) (m/plant) L-type S-type Total Number Length (cm)
Ww 2.09 10.22b 0.9¢ 462 5.4p 106.32 41.7a
D-W 242a 1142 1.7b 462 6.2 101.32 39.00
W-D 1.992 7.9 3.5 462 6.9 67.3> 38.8
C-D 1.420 3.9¢ 1.8 5.0 6.7 43.0¢ 40.4ab

In a column within each water treatment, means followed by the same superscripts are not significantly different at P<0.05.
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Fig. 3. Relationship between the number of lateral roots per unit length of nodal root axis and total root length under well-
watered, WW (a), transient drought to waterlogging, D-W (b), and transient waterlogging to drought, W-D (c) conditions. ns,
not significant and *, significant at P<0.05.

waterlogging and drought (Suralta et al. 2010; Bafioc et al.
2000; Siopongco et al. 2008; Niones et al. 2012). The
genetic variations in plastic root development as
expressed in total root length and its root components
(e.g., total nodal root length and total lateral root length)
induced by SMF significantly influenced grain yield
(Yamauchi et al. 1996; Banoc et al. 2000; Suralta et al. 2008;
Siopongco et al. 2008; Niones et al. 2012, 2013).

The results obtained from our series of experiments on
SMF, such as in short-duration (14 d) hydroponics
conditions (Suralta et al. 2008), prolonged-duration (38 d)
soil-filled root box conditions (Suralta et al. 2010), and
continuous cycles under field conditions (Niones et al.
2012) were consistent. The results showed that CSSL47
had greater expression of root plasticity than Nipponbare
under SMF (W-D, D-W). CSSL47 was able to maintain
nodal root (NR) production, promote root elongation, and
L-type LR production. These conditions resulted in higher
stomatal conductance and photosynthesis, and ultimately,
higher shoot dry matter and yield (Suralta et al. 2010;
Niones et al. 2012, 2013).

Validation of the ‘Kasalath’ Allele Roles in
Phenotypic Plasticity in Lateral Root Development
under SMF

Fig. 4. Root system profile of 38-d-old +qLLRN-12

Genotype with +gLLRN-12 demonstrates greater L-type LR genotype grown under a: well-watered (WW), b: transient
roduction, which led to development of larger root drought to waterlogging (D-W), c: transient waterlogging
p / p 8 to drought (W-D), and d: continuous drought (C-D)

system under SMF (Fig. 2; Table 1). The results clearly conditions. Soil moisture content during drought (i.e., W-

indicate that the presence of ‘Kasalath’ allele was D, D-W, C-D) condition was maintained at 20% (v/v). The
. X . root system was extracted using a root box pinboard
responsible for the increased production of L-type LRs,  method as described by Kono et al. (1987). Prior to taking

which contributed to the increase in total length of lateral of digitized images in a scanner, the root systems were

: g A : e :
root that enhanced the root system architecture during ?;?I:teli:gttg : 'ﬁ5vch?:ec;a?r::sssfm3"|I'ant Blue R solution
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Table 3. Root traits and their functional characteristics that are commonly characterized in root QTL mapping studies.

Root Traits

Functional Characteristics

Reference

Root branching

Total root length and nutrient uptake from the soil

Root number

Maximum root depth

Root to shoot ratio
Root thickness

Specific root length opment

Root penetration index Ability to penetrate subsurface hardpan layer

Root dry weight Ability to permeate a large volume of soil

Lateral root number :
nutrient uptake

Degree of branching, capacity of exploration; Contributes greater water
and nutrient for the growth and development of the plant especially under

L-type Lateral root number
water stress-prone environments

Capacity to explore available nutrient and moisture in the soil
Determines the size of whole root system; major determinant for water

Influences root system architecture and physical strength

Absorption of soil moisture and nutrients in deeper soil layer
Determines the degree of assimilate allocation into the roots

Determines penetration ability and hydraulic conductivity

Degree of branching of lateral roots, porosity due to aerenchyma devel-

Serves to anchor the plant securely into the soil; Contributes to water and

Horii et al. (2006)

Qu etal. (2008)
Champoux et al. (1995)
Qu etal. (2008)

Zheng et al. (2003)
Ray et al. (1996)

Ali et al. (2000)

Courtois et al. (2009)

Price et al. (2002)
Zheng et al. (2003)

Qu etal. (2008)
Kamoshita et al. (2002)

Zheng et al. (2003)
Ray et al. (1996)

Horii et al. (2006)

Huang et al. (2004);
Zheng et al. (2003);
Niones et al.( 2015
Suralta et al. (2015

)
)
Niones et al. (2015);
Suralta et al. (2015)

SMF at early growth stage (Fig. 1; Table 1). Enhanced
whole root system contributed to increase in shoot
biomass, which concurred with our earlier findings in a
field experiment (Niones et al. 2015).

The Role of +gLLRN-12 is Specific for Adaptation
under SMF Stress

Our previous studies showed that shoot and root system
development of CSSL47 is comparable with Nipponbare
under continuous drought and waterlogged conditions
(Suralta et al. 2008b; Suralta et al. 2010; Niones et al. 2012,
2013). These results indicate that CSSL47 has similar
genetic control with the recurrent parent Nipponbare in
terms of their root responses to drought or waterlogging
or well-watered conditions. The CSSL47 and CSSL52
shared the same substituted segment from Kasalath in
chromosome 12, although the latter had less chromosome
segment substitution than the former CSSL. In this study,
the shoot and root system development of CSSL52 was
inhibited when grown continuously under drought
condition for 38 d compared with the WW and SMF
conditions (Table 2). Under SMF, however, CSSL52
consistently showed significantly greater root system than
under continuous drought conditions especially brought
about by its greater LR production particularly the L-type
under both D-W and W-D conditions. This result
indicates that QTL for the plasticity in LR development is
unique and triggered only under SMF conditions. It was
noted that the promotion of L-type LR was greater under

W-D than under D-W conditions (Tables 1 and 2) similar
to our previous findings (Suralta et al. 2010; Niones et al.
2015). During periods of drought, the plasticity in L-type
LR contributed to the increase in root surface area which
subsequently increased soil water extractions from the
drying soil (Siopongco et al. 2005, 2006; Suralta et al. 2010;
Niones et al. 2015).

The significant and associated markers of +qLLRN-12
were
development in rice from the EURoot project database
(http://euroot.cirad.fr/euroot/]SP/interface.jsp). The
suggestive and nearest possible genes related to root
development, QTL (+gLLRN-12) in
chromosome 12 region was detected, are the OsSCR and
PSTOLI genes. The OsSCR, known as scarecrow gene, is a
transcriptor factor that regulates an asymmetric cell
division of the cortex or endodermis progenitor cell in the
root, which is essential for generating the radial
organization of the root (Kamiya et al. 2003). The
scarecrow mutation results in roots that are missing one
cell layer owing to the disruption of an asymmetric
division that normally generates cortex and endodermis.
On the other hand, overexpression of PSTOL gene acts as
an enhancer of early root growth, thereby enabling plants
to acquire more phosphorus and other nutrients under
low-P soils (Gamuyao et al. 2012). Rice genotypes with
genomic introgression containing the PSTOL gene show
increased biomass, increased root growth, increased tiller

compared with the genes related to root

wherein  the
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number and yield increases of up to 30% when they were
grown in low P conditions whereas no deleterious
consequences were seen when they were grown under
normal soil fertility conditions (Milner et al. 2018).

Comparison of QTLs with Other Rice Mapping
Populations

We further compared the QTLs we identified, with those
reported in other rice mapping populations (Table 3).
Some of the QTLs identified in the substituted segments
of the CSSL47 genotype overlapped with the QTLs
detected from other rice mapping populations such as
those controlling maximum root length, root thickness
below 90-cm soil depth, root penetration index, root dry
weight (RDW), root branching index, and root-to-shoot
ratio (RSR) (Champoux et al. 1995; Zhang et al. 2001; Price
et al. 2002; Babu et al. 2003; MacMillan et al. 2006; Horii et
al. 2006, Kamoshita et al. 2002a, 2002b). These QTLs are
associated with RDW, RSR, and root number located on
chromosome 6 (Price et al. 2002; Zheng et al. 2003, 2006),
and the root number and root thickness located on
chromosome 12 (Price et al. 2002). However, the reported
QTLs associated with LR developments (Zheng et al.
2003; Huang et al. 2004; Horii et al. 2006; Courtois et al.
2009; Gowda et al. 2011) did not correspond with our
newly identified QTLs on chromosome 12. The expression
of the previously reported QTLs was detected under
continuous drought or waterlogged stress. This result
also suggests that the putative QTLs controlling LR
development under SMF may be completely different
from those that are expressed under simple waterlogging
and drought stress.

CONCLUSION

The putative gLLRN of the ‘Kasalath” allele identified on
the short-arm of chromosome 12 region was confirmed to
be responsible in regulating the plasticity in development
of LRs. The +gLLRN-12 genotype validated the significant
roles of this QTL in response to SMF stress. The +gLLRN-
12 demonstrates greater root system development based
on total root length in response to SMF. Longer TRL was
attributed to greater production of L-type LR, which can
effectively maintain water and nutrient uptake in soil
under SMF. Moreover, the expression of +gLLRN-12 is
unique and triggered only when plants are subjected to
SMEF. It can therefore be said that a putative QTL may
potentially be wused in the marker-aided breeding
program of rice varieties to enhance their adaptive ability
under fluctuating soil moisture environments. Fine
mapping of the target QTL is on-going to increase the
precision of the marker for use in molecular-aided
selection breeding for root plasticity.

Jonathan M. Niones et al.

REFERENCES CITED

ALI ML, PATHAN MS, ZHANG ], BAI G, SARKARUNG
S, NGUYEN HT. 2000. Mapping QTLs for root traits in
a recombinant inbred population from two indica
ecotypes in rice. Theor Appl Genet 101: 756-766.

AZHIRI-SIGARI T, YAMAUCHI A, KAMOSHITA A,
WADE LJ. 2000. Genotypic variation in response of
rainfed lowland rice to drought and rewatering. II.
Root growth. Plant Prod Sci 3: 180-188.

BABU RC, NGUYEN BD, CHAMARERK 'V,
SHANMUGASUNDARAM P, CHEZHIAN P,
JEYAPRAKASH P, GANESH SK, PALCHAMY A,
SADASIVAM S, SARKARUNG S, WADE L],
NGUYEN HT. 2003. Genetic analysis of drought
resistance in rice by molecular markers: association
between secondary traits and field performance. Crop
Sci 43: 1457-1469.

BANOC DM, YAMAUCHI A, KAMOSHITA A, WADE
L], PARDALES ]JR Jr. 2000. Genotypic variations in
response of lateral root development to fluctuating
soil moisture in rice. Plant Prod Sci 3: 335-343.

CHAMPOUX MC, WANG G, SARKARUNG S,
MACKILL DJ, O'TOOLE JC, HUANG N, McCOUCH
SR. 1995. Locating genes associated with root
morphology and drought avoidance via linkage to
molecular markers. Theor Appl Genet 90: 969-981.

COURTOIS B, AHMADI N, KHOWAJA F, PRICE AH,
RAMI JF, FROUIN J, HAMELIN C, RUIZ M. 2009.
Rice root genetic architecture: Meta-analysis from a
drought QTL database. Rice 2: 115-128.

EURoot. 2011. EURoot project “Enhancing resource
uptake from roots
crops” [online]. Available at http://euroot.cirad.fr/
euroot/JSP/interface.jsp.

FRANCO JA, BANON S, VICENTE M]J, MIRALLES ]J,
MARTINEZ-SANCHEZ JJ. 2011. Root development in
horticultural plants grown under abiotic stress
conditions — a review. ] Hort Sci Biotech 86: 543-556.

GAMUYAO R, CHIN JH, TANAKA JP, PESARESI P,
CATAUSAN S, DALID C, SLAMET-LOEDIN I,
TECSON-MENDOZA EM, WISSUWA M, HEUE S.
2012. The protein kinase Pstoll from traditional rice
confers tolerance of phosphorus deficiency. Nature
488(7412): 535-9. doi: 10.1038.

GOWDA  VRP, HENRY A, YAMAUCHI A,
SHASHIDHAR HE, SERRA]J R. 2011. Root biology and
genetic improvement for drought avoidance in rice.

under stress in  cereal

195 The Philippine Agricultural Scientist Vol. 102 No. 3 (September 2019)



Kasalath” Allele Controls Lateral Root Plasticity in Rice

Field Crops Res 122: 1-13.

HENRY A, GOWDA VRP, TORRES R, McNALLY K,
SERRA]J R. 2011. Variation in root architecture and
drought response in rice (Oryza sativa): Phenotyping
of the Oryza SNP panel in rainfed lowland fields.
Field Crops Res 120: 205-214.

HORII H, NEMOTO K, MIYAMOTO N, HARADA 1J.
2006. Quantitative trait loci for adventitious and
lateral roots in rice. Plant Breed 125: 198-200.

HUANG G, YI KK, WU YR, ZHU L, MAO CZ, WU P.
2004. QTLs for nitrate induced elongation and
initiation of lateral roots in rice (Oryza sativa). Plant
Soil 263: 229-327.

IJIMA M, MORITA S, ZEGADA-LIZARAZU W, 1ZUMI
Y. 2007. No-tillage enhanced the dependence on
surface irrigation water in wheat and soybean. Plant
Prod Sci 10: 182-188.

ITO K, TANAKAMARU K, MORITA S, ABE ],
INANAGA S. 2006. Lateral root development,
including responses to soil drying, of maize (Zea
mays) and wheat (Triticum aestivum) seminal roots.
Physiol Plant 127: 260-267.

KAMIYA N, ITOH JI, MORIKAMI A, NAGATO Y,
MATSUOKA M. 2003. The SCARECROW gene's role
in asymmetric cell divisions in rice plants. Plant J 36:
45-54.

KAMOSHITA A, WADE L], ALI ML, PATHAN MS,
ZHANG ], SARKARUNG S, NGUYEN HT. 2002.
Mapping QTLs for root morphology of a rice
population adapted to rainfed lowland conditions.
Theor Appl Genet 104: 880-893.

KAMOSHITA A, ZHANG ], SIOPONGCO ],
SARKARUNG S, NGUYEN HT, WADE 1]. 2002a.
Effects of phenotyping environment on identification
of QTL for rice root morphology under anaerobic
conditions. Crop Sci 42: 255-265.

KAMOSHITA A, WADE L], ALI ML, PATHAN MS,
ZHANG ], SARKARUNG S, NGUYEN HT. 2002b.
Mapping QTLs for root morphology of a rice
population adapted to rainfed lowland conditions.
Theor Appl Genet 104: 880-893.

KAMOSHITA A, WADE L], YAMAUCHI A. 2000.
Genotypic variation in response of rainfed lowland
rice to drought and rewatering. III. Water extraction
during the drought period. Plant Prod Sci 3: 189-196.

KAMOSHITA A, RODRIQUEZ R, YAMAUCHI A,
WADE LJ. 2004. Genotypic variation in response of

rainfed lowland rice to prolong drought and

Jonathan M. Niones et al.

rewatering. Plant Prod Sci 7: 406—420.

KANO M, INUKAI Y, KITANO H, YAMAUCHTI A. 2011.
Root plasticity as the key root trait for adaptation to
various intensities of drought stress in rice. Plant Soil
342:117-128.

KANO-NAKATA M, [INUKAI Y, WADE 1],
SIOPONGCO JDLC, YAMAUCHI A. 2011. Root
development and water uptake, and shoot dry matter
production under water deficit conditions in two
CSSLs of rice: Functional roles of root plasticity. Plant
Prod Sci 14: 307-317.

KATO Y, HENRY A, FUJITA D, KATSURA K,
KOBAYASHI N, SERRAJ R. 2011. Physiological
characterization of introgression lines derived from an
indica rice cultivar, IR64, adapted to drought and
water-saving irrigation. Field Crops Res 123: 130-138.

KOBATA T, OKUNO T, YAMAMOTO T. 1996.
Contribution of capacity for soil water extraction and
water use efficiency to maintenance of dry matter
production in rice subjected to drought. Jpn J Crop Sci
65: 652-662.

KONDO M, SING CV, AGBISIT R, MURTY MVR. 2005.
Yield response to urea and controlled-release urea as
affected by water supply in tropical upland rice. |
Plant Nutr 28: 201-219.

KONO Y, TOMIDA K, TATSUMI ], NONOYAMA T,
YAMAUCHI A, KITANO ]J. 1987. Effects of soil
moisture conditions on the development of root
systems of soybean plants (Glycine max Merr.). Jpn |
Crop Sci 56: 597-607.

MACMILLAN K, EMRICH K, PIEPHO HP, MULLINS
CE, PRICE AH. 2006. Assessing the importance of
genotype environment interaction for root traits in
rice using a mapping population. II. Conventional
QTL analysis. Theor Appl Genet 113: 953-964.

MILNER M], HOWELLS RH, CRAZE M, BOWDEN S,
GRAHAM N, WALLINGTON EJ. 2018. A PSTOL-like
gene, TaPSTOL, controls a number of agronomically
important traits in wheat. BMC Plant Biol 18: 115.

NIONES JM, SURALTA RR, INUKAI'Y, YAMAUCHTI A.
2012. Field evaluation on functional roles of root
plastic responses on dry matter production and grain
yield of rice under cycles of transient soil moisture

stresses using chromosome segment substitution lines.
Plant Soil 359: 107-120.

NIONES JM, SURALTA RR, INUKAI'Y, YAMAUCHI A.
2013. Roles of root aerenchyma development and its
associated QTL in dry matter production under
transient moisture stress in rice. Plant Prod Sci 16: 205

The Philippine Agricultural Scientist Vol. 102 No. 3 (September 2019) 196



Kasalath” Allele Controls Lateral Root Plasticity in Rice

-216.

NIONES JM, INUKAI Y, SURALTA RR, YAMAUCHI A.
2015. QTL associated with lateral root plasticity in
response to soil moisture fluctuation stress in rice.
Plant Soil 391: 63-75.

O”TOOLE ]JC, BLAND WL. 1987. Genotypic variation in
crop plant root systems. Adv Agron 41: 91-145.

PARDALES JR Jr, YAMAUCHI A. 2003. Regulation of
root development in sweet potato and cassava by soil
moisture during their establishment period. Plant Soil
255: 201-208.

PRICE AH, STEELE KA, MOORE BJ, JONES RGW. 2002.
Upland rice grown in soil filled chambers and exposed
to contrasting water-deficit regimes II. Mapping
quantitative trait loci for root morphology and
distribution. Field Crops Res 76: 25-43.

QU Y, MU P, ZHANG H, CHEN CY, GAO Y, TIAN Y,
WEN F, LI Z. 2008. Mapping QTLs of root
morphological traits at different growth stages in rice.
Genetica 133: 187-200.

RAY JD, YU L, McCOUCH SR, CHAMPOUX MC,
WANG G, NGUYEN HT. 1996. Mapping quantitative
trait loci associated with root penetration ability in
rice. Theor Appl Genet 92: 627-636.

RGP. 2000. Rice genome research program 2000. [online].
Available at http://rgp.dna.affrc.go.jp/E/publicdata/
geneticmap2000/.

RGP. 2010. Rice genome research program 2010. [online].
Available at http://rgp.dna.affrc.go.jp.

SIOPONGCO JDLC, YAMAUCHI A, SALEKDEH H,
BENNETT J, WADE LJ. 2005. Root growth and water
extraction responses of double haploid rice lines to
drought and rewatering during the vegetative stage.
Plant Prod Sci 8: 497-508.

SIOPONGCO JDLC, YAMAUCHI A, SALEKDEH H,
BENNETT J, WADE LJ. 2006. Growth and water use
response of doubled haploid rice lines to drought and
rewatering during the vegetative stage. Plant Prod Sci
9: 141-151.

SIOPONGCO JDLC, SEKIYA K, YAMAUCHI A,
EGDANE J, ISMAIL AM, WADE L]J. 2008. Stomatal
responses in rainfed lowland rice to partial soil
drying; Evidence of root signals. Plant Prod Sci 11: 28—
41.

SIOPONGCO JDLC, SEKIYA K, YAMAUCHI A,
EGDANE ], ISMAIL AM, WADE LJ. 2009. Stomatal
responses in rainfed lowland rice to partial soil

Jonathan M. Niones et al.

drying; Comparison of two lines. Plant Prod Sci 12: 17
-28.

SUBERE JOQ, BOLATETE D, BERGANTIN R,
PARDALES A, BELMONTE ], MARISCAL A,
SEBIDOS R, YAMAUCHI A. 2009. Genotypic
variation in responses of cassava (Manihot esculenta
Crantz) to drought and rewatering. I. Root system
development. Plant Prod Sci 12: 462-474.

SURALTA RR. 2010. Plastic root system development
responses
during progressive soil drying conditions in rice.
Philipp Agric Sci 93: 458-462.

SURALTA RR, YAMAUCHI A. 2008. Root growth,
aerenchyma development, and oxygen transport in
rice genotypes subjected to drought and waterlogging.
Environ Exp Bot 64: 75-82.

SURALTA RR, INUKAI Y, YAMAUCHI A. 2008a.
Genotypic variations in responses of lateral root
development to transient moisture stresses in rice
cultivars. Plant Prod Sci 11: 324-335.

SURALTA RR, INUKAI Y, YAMAUCHI A. 2008b.
Utilizing chromosome segment substitution lines
(CSSLs) for evaluation of root responses under

to drought-enhanced nitrogen uptake

transient moisture stresses in rice. Plant Prod Sci 11:
457-465.

SURALTA RR, INUKAI Y, YAMAUCHI A. 2010. Dry
matter production in plastic
development oxygen transport, and water uptake of
rice under transient soil moisture stresses. Plant Soil
332: 87-104.

SURALTA RR, LUCOB NB, NIONES JM, PEREZ LM,
NGUYEN H. 2015. Development and quantitative trait
loci analyses of root plasticity in response to soil
moisture fluctuation in rice. Philipp J Crop Sci 40: 12—
24.

WADE L], KAMOSHITA A, YAMAUCHI A, AZHIRI-
SIGARI T. 2000. Genotypic variation in response of
rainfed lowland rice to drought and rewatering 1.
Growth and water use. Plant Prod Sci 3: 173-179.

relation to root

WANG H, YAMAUCHI A. 2006. Growth and function of
roots under abiotic stress soils. In: Huang B, editor.
Plant-Environment Interactions. 3 ed. New York:
CRC Press, Taylor and Francis Group, LLC. p. 271-
320.

WANG H, SIOPONGCO JDLC, WADE L], YAMAUCHI
A. 2009. Fractal analysis on root systems of rice plants
in response to drought stress. Environ Exp Bot 65: 338
-344.

197 The Philippine Agricultural Scientist Vol. 102 No. 3 (September 2019)



Kasalath” Allele Controls Lateral Root Plasticity in Rice

YAMAUCHI A, KONO Y, TATSUMI J. 1987. Quantitative
analysis on root system structure of upland rice and
maize. Jpn J Crop Sci 56: 608-617.

YAMAUCHI A, PARDALES Jr JR, KONO Y. 1996. Root
system structure and its relation to stress tolerance. In:
Ito O, Katayama K, Johansen C, Kumar Rao JVDK,
Adu-Gyamfi JJ, Rego TJ, editors. Roots and Nitrogen
in Cropping Systems of the Semi-Arid Tropics.
Tsukuba, Japan: JIRCAS Publication. p. 211-234.

ZHANG WP, SHEN XY, WU P, HU B, LIAO CY. 2001.
QTLs and epistasis for seminal root length under
different water supply in rice (Oryza sativa L.). Theor
Appl Genet 103: 118-123.

Jonathan M. Niones et al.

ZHENG BS, YANG L, ZHANG WP, MAO CZ, WU YR, YI
KK, LIU FY, WU P. 2003. Mapping QTLs and
candidate genes for rice root traits under different
water-supply conditions and comparative analysis
across three populations. Theor Appl Genet 107: 1505—
1515.

ZHENG BS, YANG L, MAO CZ, ZHANG WP, WU P.
2006. QTLs and candidate genes for rice root growth
under flooding and upland conditions. Acta Genetica
Sinica 33: 141-151.

The Philippine Agricultural Scientist Vol. 102 No. 3 (September 2019) 198



