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ABSTRACT

In rainfed lowland rice ecosystem, rice plants are often exposed to alternating recurrences of
waterlogging and drought due to erratic rainfall. Such soil moisture fluctuation (SMF) which is
completely different from simple or progressive drought could be stressful for plant growth, thereby
causing reduction in yield. Root plasticity is one of the key traits that play important roles for plant
adaptation under such conditions. This study aimed to evaluate root plasticity expression and its
functional roles in dry matter production and yield under SMF using Nipponbare, KDML 105 and
three backcross inbred lines (BILs) and to identify QTL(s) associated with root traits in response to
SMF at two growth stages using Nipponbare/KDML105 F, plants. A BIL, G3-3 showed higher shoot
dry matter production and yield than Nipponbare due to its greater ability to maintain stomatal
conductance concomitant with greater root system development caused by promoted production
of nodal and lateral roots under SMF. QTLs were identified for total nodal root length, total lateral
root length, total root length, number of nodal roots, and branching index under SMF at vegetative
and reproductive stages. The QTLs detected at vegetative and reproductive stages were different.
We discuss here that relationship between root system of G3-3 and the detected QTLs. Therefore,
G3-3 and the identified QTLs could be useful genetic materials in breeding program for improving
the adaptation of rice plants in target rainfed lowland areas.
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Introduction often exposed to alternating recurrences of waterlogging
and water deficit to various extents in rainfed lowlands,
and Suralta et al. (2010) and Niones et al. (2012) showed
such soil moisture fluctuation (SMF) had negative effects
on dry matter production and yield. On the other hand, in

irrigated rice fields, establishment of water-saving technol-

In rainfed lowland rice ecosystems, it is believed that the
main constraint to production is water deficit mainly due
to either erratic rainfall (Ding et al.,, 2011; Gomez et al.,
2006; Serraj etal,, 2011; Wade et al., 1999) or limited access
of water in deep soil layer where water is available because

of the presence of hardpan (Bengough et al., 2011; Clark
et al,, 2008; Samson et al., 2002). Many researchers have
pointed out the importance of roots under such condi-
tions, and consequently the main desirable traits proposed
include deep, thick (Gomez et al., 2010; Henry, 2013; Li
etal., 2011; Liu et al.,, 2008), and strong roots in penetration
into hardpan (Cairns et al., 2011; Clark et al., 2008; Wade
et al., 2015). In addition, Boling et al. (2004), Wade et al.
(1999) and Yadav et al. (2011) indicated that rice plants are

ogy such as alternative wet and dry (AWD), aerobic culture
is one of the most urgent needs (Bouman et al., 2005; Kato
et al,, 2009). However, the current technology still often
suffer from yield penalty as compared with continuously
flooded conditions while it has greatly improved water
use efficiency (Patel et al., 2010; Peng et al., 2006; Tao et al.,
2006; Zhao et al., 2009, 2010, 2011). The cause of such yield
reduction has not yet been specifically identified although
a number of studies have been conducted and found out
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that possible causes for such yield reduction include high
soil pH resulting in reduction of nitrogen uptake, decline
of soil organic matter which affects soil physical properties
such as high bulk density, low porosity and poor structure
(Bouman et al., 2007; Carrijo et al., 2017; Tuong & Bouman,
2003). In this aspect, Suralta et al. (2008, 2010) suggested
that the AWD and aerobic culture may inherently involve
SMF, which could be stressful for rice plants and thus cause
yield reduction.

These facts strongly suggest that the SMF of various
extents can happen under both rainfed lowland, and
irrigated lowland with the practice of water-saving tech-
nology, and can be stressful for plant growth, which,
however, is totally different from the stress due to simple/
progressive drought. We have reported that root plasticity
that is expressed in response to changing environmental
conditions (O'Toole & Bland, 1987) is a key trait for crop
adaptation and maintenance of productivity (Suralta
etal,, 2016; Wang & Yamauchi, 2006). Several studies in rice
have demonstrated the contribution of root plasticity of
promoted lateral root development in response to vary-
ing water-deficit stress intensities to the plant growth and
yield under drought conditions (Kano et al., 2011; Kameoka
etal., 2015; Kano-Nakata etal., 2011,2013;Tran et al., 2014,
2015; Menge et al.,, 2016). In contrast, for SMF conditions,
Suralta and Yamauchi (2008, Suralta et al. 2008, 2010) and
Niones et al. (2012, 2013) found out that root plasticity
such as the ability of rapidly forming aerenchyma resulting
from cortical parenchyma disintegration when roots were
exposed to waterlogging (oxygen deficiency) after being
exposed to water deficit, and the ability of promoting lat-
eral root development under water deficit conditions after
being exposed to waterlogging is the most desirable root
trait for the rice plant adaptation to stressful conditions
under SMF. They further discussed that the two abilities
may possibly be related with each other in a way that the
materials and energy that are released from the cortical
disintegration may be utilized for the promoted lateral root
development, which enhance water uptake during water
deficit periods under SMF.

Khao Dawk Mali 105 (KDML 105), one the most pop-
ular varieties in Thailand, has been grown mainly in the
Northeastern Thailand since 1959 (Sarkarung et al., 2000;
Sri-Aun, 2005) and shown to be well adapted to the rain-
fed lowlands conditions (Azhiri-Sigari et al., 2000; Fukai &
Cooper, 1995; Kamoshita et al., 2000; Kano-Nakata et al.,
2013;Wade et al., 1999). In addition, a series of our studies
have shown KDML 105 to have very sharp root plasticity in
response to water stress. For example, KDML 105 increased
specific root length or the efficiency for converting dry
matter to root length (promoted lateral root production),
promoted tiller production and leaf expansion under SMF
(Banoc et al., 2000a, 2000b). Kameoka et al. (2015) also
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showed that KDML 105 promoted lateral root production
at the shallow soil layer even under the condition in which
the water was available in deep soil, which indicates high
adaptability of this variety in drought prone areas such as
rainfed upland with limited soil depth or rainfed lowland
with impenetrable hardpan.

Recently, QTL on root plasticity expressed in response
to SMF have been identified in rice such as those in aer-
enchyma development (Niones et al., 2013), lateral root
growth (Niones et al., 2015; Suralta et al., 2015) and yield
stability (Sandhu et al., 2016). In this aspect, KDML 105 is
a potential source of genes for root plasticity expressed
under rainfed lowland conditions, which could be intro-
gressed into elite lines. Thus, we generated a potential set
of backcross inbred lines (BILs) derived from Nipponbare
(japonica, recurrent parent) and KDML 105 (indica, donor
parent) through marker-assisted selection. We considered
that the BIL(s) that show similar shoot and root growth with
the recurrent parent, Nipponbare under non stress con-
ditions but increase shoot and root growth as compared
with Nipponbare under SMF are ideal and thus desirable
materials for the evaluation of root plasticity (Kano-Nakata
etal,, 2017), and then hypothesized that the improved per-
formance of BlLs under SMF would be contributed by one
or combinations of the introgressed segments from KDML
105, which could regulate the expression of root plasticity
under SMF. In addition, to effectively utilize these genetic
information for future breeding, we need to pay careful
attention to the fact that the expression of QTL functions
often depend on growth stages (Niones et al., 2015; Qu et
al., 2008; Xu et al., 2004) and growing conditions like inten-
sity of drought (Zheng et al.,, 2003) in relation to our study.

This study, therefore, aimed (a) to evaluate root plas-
ticity expression of the selected Nipponbare/KDML 105
BILs under SMF condition in field and its functional roles in
dry matter production and grain yield, and (b) to identify
major QTL(s) associated with several root traits in response
to SMF at vegetative and reproductive stages.

Materials and methods
Evaluation of NILs (Experiment 1)

Plant materials and establishment

Three BILs (G3-3,G3-10 and G3-12) (Supplement 1) derived
from a cross between Nipponbare and KDML 105 (BC,F,
generation) developedin 2011 at the Laboratory of Project
Development, Graduate School of Bioagricultural Sciences,
Nagoya University, Japan, and the parents (Nipponbare and
KDML 105) were used in this study. Preliminary screenings
were done under non-stressed condition for two growth
stages suing 93 BlLs. The first one was done at seedling
stage under hydroponics condition and the second one
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at vegetative stage under continuously flooded field con-
dition. Three BILs mentioned above were selected since
they had similar agronomic traits with the recurrent par-
ent, Nipponbare at seedling and vegetative stages. The
selected BILs and Nipponbare were evaluated under field
experiments at Togo Field, Field Science Center, Graduate
School of Bioagricultural Sciences, Nagoya University,
Togo-cho, Aichi, Japan (35°6'42"'N, 137°4'57"'E) in the sum-
mer seasons (May to September) of 2012. Further evalua-
tions were repeated for two more years in 2013 and 2014
using Nipponbare, KDML 105 and only one BIL, G3-3. G3-3
was selected because it showed no significant differences
in agronomic traits with the recurrent parent, Nipponbare
under control (continuous waterlogging) condition but
showed greater growth than Nipponbare under CAW-D
conditions. We attempted to confirm consistency of such
performance of G3-3 relative to Nipponbare under SMF.

Seeds of each genotype were soaked in water contain-
ing benomyl fungicide (0.15% w/v) and then incubated
in a seed germinator at 28 ‘C for 72 h prior to sowing.
The seeds of each genotype were sown in black plastic
trays with soil under well-watered conditions. A water-
proof experimental bed (3.6 x 8.4 m) with 30 cm depth of
sandy loam soil for controlling soil moisture conditions was
established as an experimental field under rain-out shelter.
Twenty-one-day-old healthy seedlings of each genotype
were transplanted in the field at one seedling per hill. The
dates of transplanting were: 10 June 2012; 5 June 2013,
and 11 June 2014 at a spacing of 30 cm between rows
and 25 cm between hills. A compound chemical fertilizer
was applied at a rate of 120 kg N ha=', 120 kg P ha™', and
120 kg K ha™" after transplanting. The transplanted seed-
lings were allowed to recover from transplanting shock for
14 days before water stress treatment was imposed. Plants
were grown until maturity.

In 2012 and 2014, the genotypes except KDML 105
headed at 65 days after transplanting (DAT) and 70 DAT
in 2013. KDML 105 did not head due to its sensitivity to
photoperiod.

Soil moisture treatments and plant sampling

In 2012 and 2013, the plants were exposed to two soil
moisture conditions; continuous waterlogging (CWL; con-
trol) and cycles of alternating waterlogging and drought
condition (CAW-D) as stress treatment. In CWL, the water
level was maintained at 5 cm depth above the soil surface
from transplanting until maturity. In CAW-D, the field was
first waterlogged for 14 days, then the water was drained
until soil water potential dropped down to —30 kPa, which
was considered as mild drought stresses in this study, prior
to rewatering events to bring back the water level at 5 cm
above the soil surface (Niones et al., 2012). In 2014, the
soil moisture treatments were the same with those of

the previous years’ except that in CAW-D, the water was
drained until soil water potential dropped to —50 kPa,
which was considered severe drought stress. The soil beds
were drained at the 8th leaf-stage in 2012 and 2014, and
at the 7th leaf-stage in 2013. The cycle was repeated until
maturity in 2012 and 2014, and two weeks after heading
in 2013 (Supplement 2).

Soil water potential was recorded using a soil tensiom-
eter (Daiki soil and moisture, Daiki Rika Kogyo Co., Japan)
and O, concentration was measured with a soil oxygen
meter (E.M.J., Decagon, Utah, USA). Six soil tensiometers
and one oxygen meter were installed at 20 cm soil depth
in the CAW-D plot only.

Stomatal conductance measurements

The stomatal conductance was measured using a porta-
ble photosynthesis analyzer (Li-6400, Li-COR Inc., USA) in
2012 and a leaf porometer (Decagon, Utah, USA) in 2013
and 2014 between 10:00 h and 14:00 h. All measurements
were made at the end of each drought cycle just prior to
re-watering.

Shoot and root measurements

The shoot and root samples were collected when the
set water potential was reached prior to rewatering until
110 DAT in 2012, 85 DAT in 2013 and 105 DAT in 2014.
Shoots were cut from the base and oven dried at 70 °C
for 72 h before weighing. The root system was extracted
as described by Niones et al. (2012) and Kano et al.
(2011) using a monolith stainless cylinder (15 cm diam-
eter x 20 cm height) (Kang et al., 1994). The collected
root samples were washed free of soil with gentle run-
ning water. The cleaned root samples were stored in FAA
solution (formalin: acetic acid: 70% ethanol = 1:1:18 by
volume) for further measurements. The number of nodal
roots at the base was manually counted. For the total root
length (TRL) measurements, root samples were spread
evenly on a transparent tray without overlapping. Digital
images were then taken using an image scanner (EPSON
Expression 10000XL) at 400 dpi resolution. The TRL was
analyzed using WinRhizo software (Regent Instruments
Inc,, Saint-Foy, Canada) (Kameoka et al., 2015; Menge
etal,, 2016). A pixel threshold value was set at 175 for the
root length analysis (Suralta et al., in press; Nguyen et al.,
2018). The root lengths were grouped according to their
diameter classes to estimate the lateral root length (LRL).
In rice, roots with a diameter of <0.3 mm corresponds to
lateral roots (Yamauchi et al., 1996).

Yield and yield component measurements

Fifteen plants per genotype per water treatment were sam-
pled at maturity to determine yield and yield components.
Yields were determined in 2012 and 2013. Panicles were



separated from the shoots, counted and oven dried at 70 'C
for 72 h and weighed. The spikelets were collected from
the panicles with manual threshing. The spikelets were
classified into filled (with developed grains) and unfilled
(without developed grains) and counted separately. The
1000 grains were collected from each sample to record
the 1000 grain weight. Yield was determined as the weight
of filled grains per plant (adjusted to 14% grain moisture
content).

Statistical analysis

The field experiments were laid out in a randomized
complete block design (RCBD) with three replications.
Differences between mean values were compared using
the least significant difference (LSD) test at p < 0.05 level
to compare genotypes within each water treatment using
CropStat version 7.2 (IRRI, 2009).

Identification of root trait QTLs under SMF
(Experiment 2)

Plant materials and establishment

An F, mapping population from a cross between
Nipponbare and KDML 105 developed at the Laboratory of
Project Development, Graduate School of Bioagricultural
Sciences, Nagoya University, Japan was used in this study.
The F, plants were evaluated at vegetative stage using soil-
filled root boxes and reproductive stage using soil bed field
under SMF condition.

SMF treatment at vegetative stage

The seeds of 287 F, plants and the parents (Nipponbare
and KDML 105) were soaked in water mixed with fungicide
(benomyl (benlate), 0.15% w/v) and incubated in a seed
germinator maintained at 28 °C for 72 h prior to sowing.
The pre-germinated seeds were sown in PVC rootboxes
(25 x 2 x 40 cm, L x W x H) filled with 2.5 kg of air-dried
sandy loam soil following the method as described by
Kano-Nakata et al. (2012). The soil in each box was pre-
mixed with fertilizer containing 60 mg nitrogen, 80 mg
phosphorus and 70 mg potassium. The seedlings were
thinned to one seedling per box at 5 days after sowing
(DAS). The soil moisture treatments were, continuously
waterlogged (CWL) as control and SMF as stress treatment.
The parents were grown under CWL and SMF while the F,
plants were grown under SMF only. In CWL, water level was
maintained at 2 cm above the soil surface from 5 DAS until
the end of the experiment at 38 DAS. In SMF, the plants
were first exposed to CWL from 5 to 14 DAS, then watering
was withheld until the target soil moisture content (SMC, %
w/w) dropped down to 15% and maintained to that level
of SMC until 28 DAS. Thereafter, the plants were rewatered
back to CWL for 10 days. The boxes were weighed daily
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using a digital balance to record the wet mass of the soil.
As described by Suralta et al. (2015), the SMC (% w/w) in
each box was calculated as the proportion of water weight
(difference between the wet weights of the soil excluding
the box on a given day) to the dry weight of soil. The target
SMC during drought period in SMF was maintained at 15%
SMC by watering to replace the amount of water lost.

Shoot and root sampling at vegetative stage

Shoot and root samplings were done at 38 DAS. The shoot
sampling and measurements were followed as described
in Experiment 1. The roots were sampled using a pinboard
and transparent perforated plastic sheet (Kono et al., 1987;
Kano-Nakata et al., 2012). The roots embedded between
the plastic sheets were washed under running water
and then stained with 0.25% Coomassie Brilliant Blue R
aqueous solution for 72 h. The stained roots were then
rinsed with tap water and placed in a light box for digital
imaging using a digital camera (Nikon D3000 DSLR, Nikon
Corporation, Japan; 2592 x 3872 resolution). Root meas-
urements were done as described in Experiment 1. Five
root traits: TRL, total LRL, total nodal root length (NRL), total
nodal root number (NRN), and branching index (BI) were
measured. The total NRL was calculated as the difference
between the TRL and LRL. The branching index (BI) was
computed as the ratio of LRL to NRL.

SMF treatment at reproductive stage

The plant establishment and water treatments were done
in the same manner as described in Experiment 1 using
225F, plants and the parents; Nipponbare and KDML 105.

Shoot and root sampling at reproductive stage

The plants with flag leaf were selected, and their shoot and
roots were sampled at 80 DAT. Shoot and root sampling
and measurements were done as described in Experiment
1 while root measurements were done as described in the
vegetative stage SMF in this experiment.

Genotyping

The DNA was extracted from lyophilized leaf samples using
a modified Dellaporta method. The quality of extracted
DNA was checked with electrophoresis on a 0.6% aga-
rose gel in 1 x Tris/Borate/EDTA (TBE; 40 mmol L~ 'Tris,
20 mmol L 'acetic acid, and 0.5 mmol L' EDTA). The
QuantiFluor dsDNA System and a Quantus fluorometer
instrument (Promega) were used for the quantification of
double-stranded DNA (Dellaporta et al., 1983).

A GBS library was prepared following the protocol of
Poland et al. (2012) with modifications as described by
Furuta et al. (2017). The obtained genotypes were filtered
using TASSELS5 (Bradbury et al., 2007). For filtering individ-
uals, minimum proportion of sites present >0.8, maximum
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heterozygous proportion of 0.25 was applied. For filtering
markers, minimum count >200, and minimum minor allele
frequency >0.05 were applied. The markers that looked
low in quality were visually removed.

QTL analysis was performed using the R package ‘qtl’
(v1.37.11) (Broman et al.,, 2003). The populations of differ-
ent plots were analyzed separately. The additive effect was
estimated at the maximum LOD score. The critical thresh-
old value of LOD at a genome-wide significant level of
p = 0.05 was 2.5. Naming of QTLs with modification fol-
lowed QTL nomenclature system defined by McCouch
et al. (1997). The co-located QTLs were found at the same
position between the flanking markers on the same chro-
mosomal region.

Statistical analysis

The F, plants were grown under SMF only without rep-
lication while the parents were replicated three times
under both CWL and SMF conditions. Differences between
mean genotype within each water treatment were com-
pared using the LSD test at p < 0.05 level, and analyzed
using CropStat version 7.2 (IRRI, 2009). Correlation analysis
between the root traits was performed using SAS program
(SAS version 9.1, SAS Institute, Cary, NC, USA, 2002).

Results
Evaluation of BILs (Experiment 1)

SMF dynamics

The dynamics of SMF and oxygen concentration in the
field for 2013 and 2014 are shown in Supplement 2. One
complete cycle of SMF comprises waterlogged-to-drought
conditions, wherein the water level was raised and main-
tained at 5 cm depth above the soil surface for 5 days and
then drained until the soil water potential dropped down
to either —30 kPa in 2012 (data not shown) and 2013 or
—50kPa in 2014 prior to rewatering. In each cycle, the soil
water potential dropped from 0 at rewatering to either
—30 or —50 kPa at an average duration of 14 (2013) and
22 days (2014), respectively. Soil oxygen concentration
increased up to 13 and 16 ppm when soil water potential
was either —30 (2013) or —50 kPa (2014), respectively. After
rewatering, soil water potential returned to 0 kPa, while
the soil oxygen concentration dropped down near 0 ppm
atan average of 10 daysin 2013 and 11 days in 2014 after
rewatering.

Shoot dry matter production

For the three years, G3-3 consistently showed no significant
differences in shoot dry weight (SDW) with Nipponbare
from early vegetative to maturity under CWL (Figure 1(a),
(), (e)). On the other hand, G3-12 had significantly higher

SDW than Nipponbare under CWL at 85 DAT and G3-10 had
significantly lower SDW than Nipponbare under CWL at
110 DAT in 2012 (Figure 1(a)). Under CAW-D, there were no
significant differences in SDW among BILs and Nipponbare
from 35 to 60 DAT (almost heading) in 2012 and at 25 DAT
in 2013 (Figure 1(b), (d)). However, in 2012, G3-12 and G3-3
showed significantly greater SDW than Nipponbare by 24
and 30% at 85 DAT; 20 and 22% at 110 DAT (maturity),
respectively, and G3-10 had significantly lower SDW than
Nipponbare (Figure 1(b)). Likewise in 2013, G3-3 had signif-
icantly higher SDW than Nipponbare by 28% at 70 DAT and
20% at 85 DAT (Figure 1(d)). In addition, under CAW-D with
severe drought stress (—50 kPa), G3-3 showed greater SDW
than Nipponbare by 27, 14 and 10% at 65, 85 and 105 DAT
(maturity stage), respectively (Figure 1(f)). Under CAW-D
condition, SDW generally was reduced for all genotypes
as compared to their CWL counterparts.

Stomatal conductance

Figure 2 shows the dynamics in stomatal conductance
of genotypes under different soil moisture treatments in
2012,2013,and 2014. Generally, the stomatal conductance
was not significantly different among genotypes under
CWL regardless of years and growth stages (Figure 2(a), (c),
(e)). In contrast, there were observed differences between
only G3-3 and Nipponbare at certain growth stages under
CAW-D both with mild and severe drought stresses. For
instance, G3-3 showed significantly higher stomatal con-
ductance than Nipponbare at 60 and 85 DAT in 2012
(Figure 2(b)) and at 70 and 85 DAT in 2013 (Figure 2(d))
under CAW-D with mild drought stress prior to rewatering.
Furthermore, G3-3 had significantly higher stomatal con-
ductance than Nipponbare at 85 DAT and 105 DAT under
CAW-D with severe drought stress (Figure 2(f)).

Root system development

Figure 3 shows the TRL of the whole root system under
CWL and CAW-D with mild and severe drought stresses
at different growth stages in three years. There were no
significant differences between the BILs and Nipponbare
under CWL in all growth stages for all years except G3-12
that had significantly greater TRLat 85 and 110 DAT in 2012
(Figure 3(a)). In contrast, under CAW-D, G3-12 and G3-3 had
significantly longer TRL than Nipponbare by 30 and 39% at
85 DAT, and 31 and 32% at maturity, respectively, in 2012.
The G3-10 had similar TRL with Nipponbare under CAW-D
(Figure 3(b)). In addition, in 2013, G3-3 had significantly
greater TRL than Nipponbare at 70 and 85 DAT by 34 and
39%, respectively (Figure 3(d)). Also in 2014, under severe
stress of CAW-D, G3-3 developed significantly greater
root system than Nipponbare at 85 and 105 DAT (Figure
3(f)). Furthermore, under CWL, the genotypes showed an
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Figure 1. Total shoot dry weight of NILs, G3-3, G3-10, G3-12, KDML 105, and Nipponbare genotypes under continuous waterlogging
(CWL) (a, ¢, ) and continuous cycles of alternate waterlogging and drought (CAW-D) of mild stress (b, d) and severe stress (f) in 2012 (a,

b), 2013 (¢, d) and 2014 (e, f).

Note: * and **significant at P < 0.05 and P < 0.01, respectively. Data are means of 3 replications. Bars indicate the least significance difference (LSD) at p < 0.05
among genotypes. An arrow symbol indicates the heading time for BILs and Nipponbare genotypes.

increasing trend in TRL from 60 to 85 DAT in 2012 and 40
to 55 DAT in 2013 (Figure 3(a), (c)), and from 45 to 65 DAT
in 2014 (Figure 3(e)). On the contrary, under severe stress of
CAW-D, G3-3 showed its ability to continue to increase the
TRL from heading (65 DAT) to maturity (105 DAT) stages
(Figure 3(f)).

For nodal root production, similar trend was observed
asin TRL. Under CWL, there were no significant differences
between the BlLs and Nipponbare except G3-10, which
had significantly lower nodal root production in 2012.On
the other hand, under mild and severe stresses of CAW-
D, G3-3 significantly produced more nodal roots than
Nipponbare especially from heading to maturity growth
stages (Supplement 3).

There were positive and significant relationships
between TRL and stomatal conductance; TRL and shoot
dry weight (Figures 4 and 5) as well as stomatal conduct-
ance and shoot dry weight (Supplement 5) for G3-3 but
no significant correlations were observed in Nipponbare
under CAW-D conditions.

Yield and yield components

Tables 1 and 2 show the yield and yield components in
2012 and 2013, respectively. In both years, the geno-
types showed no significant differences in yield and yield
components under CWL. On the contrary, in 2012 under
CAW-D, only G3-3 showed significantly higher yield and
yield components than the other genotypes except total
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Figure 2. Stomatal conductance of NILs, G3-3, G3-10, G3-12, KDML 105, and Nipponbare genotypes under continuous waterlogging
(CWL) (a, ¢, ) and continuous cycles of alternate waterlogging and drought (CAW-D) of mild stress (b, d) and severe stress (f) in 2012 (a,

b), 2013 (¢, d), and 2014 (e, f).

Note: * and **significant at P “ 0.05 and P “ 0.01, respectively. Data are means of 3 replications. Bars indicate the least significance difference (LSD) at p < 0.05
among genotypes. An arrow symbol indicates the heading time for BILs and Nipponbare genotypes.

number of spikelets (TNS). Similarly in 2013, there were no
significant differences among genotypes for TNS under
CAW-D. However, G3-3 had significantly higher number of
filled spikelet (FS), % FS, 1000 grain weight (GW) and grain
yield (GY) under CAW-D (Table 2). There was no yield data
obtained for KDML105 because this variety did not reach
maturity due to its sensitivity to photoperiod. Yield and
yield components were not determined in 2014.

Identification of root trait QTLs (experiment 2)

In this experiment, five root developmental traits such as
NRL, LRL, TRL, NRN, and Bl were phenotyped at vegetative

and reproductive growth stages under mild drought
stress.,

Phenotypic variation in root traits

Figure 6 shows normal distributions of variations in root
traits among the individuals at vegetative (38 days after
sowing, DAS) and reproductive (80 DAT) growth stages.
Nipponbare and KDML 105 parents had significant dif-
ferences in the five root traits measured under SMF con-
ditions. Mean values for F, mapping population under
SMF in terms of root system development were generally
higher than Nipponbare but lower or similar to that of
KDML 105 in both growth stages (Supplement 8).
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Figure 3. Total root length of NILs, G3-3, G3-10, G3-12, KDML 105, and Nipponbare genotypes under continuous waterlogging (CWL) (a,
¢, e) and continuous cycles of alternate waterlogging and drought (CAW-D) of mild stress (b, d) and severe stress (f) in 2012 (a, b), 2013

(c,d)and 2014 (e, f).

Note: *significant at P < 0.05. Data are means of 3 replications. Bars indicate the least significance difference (LSD) at p < 0.05 among genotypes. An arrow symbol

indicates the heading time for BILs and Nipponbare genotypes.

Correlations among root traits

The relationships among root traits under SMF at vegeta-
tive and reproductive stages are shown in Supplement 9.
Significant and positive correlations existed among the
root traits except between NRN and Bl at the vegetative
stage, between TRL and BI, and between LRL and BI at
reproductive stage. Significant and negative relationships
were observed between NRL and Bl at vegetative stage,
and between NRN and BI, and NRL and Bl at the reproduc-
tive stage. At both growth stages, LRL and TRL had very
strong positive and significant relationships.

Linkage map and marker segregation
A molecular linkage map was constructed in each
growth stage of plants grown under SMF condition using

phenotypic and genotypic root data of the F, mapping
population derived from Nipponbare and KDML 105. A
total of 1653 polymorphic DNA markers was obtained
after filtering and used to segregate the parental lines
(Supplement 10).

QTLs associated with root traits at vegetative stage
under SMF

A total of 12 QTLs were identified for NRL, LRL, TRL and
Bl while no QTL was identified NRN under SMF (Table 3).
Three QTLs for NRL were detected on chromosome (Chr) 5
(gNRL-5), Chr 10 (gNRL-10) and Chr 12 (gNRL-12). The addi-
tive effects of QTLs on Chr 5 and Chr 10 were from KDML
105 alleles whereas QTL on Chr 12 was from Nipponbare
alleles. The QTLs were detected in the regions flanked by
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Note: ns, not significant; * and **significantat P<0.05 and P < 0.01, respectively.

markers S5_2354630 and S5_2967915 on Chr 5, markers
S10_22044899 and S10_22565922 on Chr 10, and markers
S12_1376460 and S12_2300626 on Chr 12 with phenotypic
variations ranging from 4.4 to 5.9%. Also, LRL QTL; gLRL-5
on Chr 5 with phenotypic variation of 4.8% was detected
in marker region S5_25208100 and S5_25666504.The QTL
for LRL, gLRL-7 on Chr 7 was identified in the marker region
S7_17471054 and S7_17802728 with 4.4% phenotypic
variation. Again, the QTL, gLRL-10 with phenotypic varia-
tion 4.3% was found in marker region S10_21111375 and
S10_21269673 on Chr 10. Similarly, three QTLs for TRL were

detected on the same chromosomes and marker regions
as QTLs for LRL with phenotypic variation ranging from
4.0% to 5.4%. The additive effects were all from KDML 105
alleles. In addition, three QTLs for Bl were detected on Chr
1 (gBI-1), 2 (gBI-2) and 5 (gBI-5) with corresponding addi-
tive effects of the QTLs, all of which were contributed by
Nipponbare alleles. The QTLs were detected in the region
flanked by markers S1_35119777 and S1_35880614 on Chr
1, 52_30786098 and S2_31238642 on Chr 2, S5_2354630
and S5_2967915 on Chr 5, which explained 7.0, 4.3, and
5.2% of the phenotypic variation in branching index,
respectively (Table 3).

QTLs associated with root traits at reproductive stage
under SMF

A total of 15 QTLs were identified for NRN, NRL, LRL, TRL
and BI at reproductive stage under SMF (Table 3). Three
QTLs, gNRL-3 gLRL-3 and qTRL-3 were detected for NRL, LRL
andTRLin the same region flanked by markers S3_3152304
and S3_3852048 on Chr 3. These QTLs explained 3.5,
5.7, and 6.0%, respectively, of phenotypic variation with
increased effect from KDML 105 alleles. Moreover, two
more QTLs for TRL were detected on Chr 1 (gTRL-7) and
10 (gTRL-10) with additive effects contributed by KDML
105. The QTLs were detected in the regions flanked by
markers S1_31665708 and S1_32765279 on chromosome
1 and markers S10_22044899 and S10_22565922 on Chr
10, which explained 4.9 and 5.5% of the phenotypic varia-
tion, respectively. For NRN, four QTLs contributed by KDML
105 alleles were identified on Chr 1 (gNRN-1), Chr 3 (gNRN-
3), Chr 8 (gNRN-8) and Chr 12 (gNRN-12), which explained
6.2 to 10.3% of the phenotypic variation. The QTLs were
detected in region flanked by markers S1_35119777 and
S$1_35880614 on Chr 1, S3_1947308 and S3_2275550
on Chr 3, S8_7779094 and S8_8019735 on Chr 8 and
S$12_3162247 and S12_3228960 on Chr 12. Furthermore,
six QTLs for Bl were detected on Chr 2 (gBI-2), Chr 3 (gBI -3),
Chr 4 (gBI-4), Chr6 (gBI-6), Chr 10 (gBI-10) and Chr 12 (gBI-
12). The additive effects of QTL on Chr 2 was from KDML
105 alleles whereas those on Chr 3, 4, 6, 10 and 12 were
from Nipponbare. The QTLs explained 5.0 to 17.2% phe-
notypic variation. QTL, gB/ -3 that produced the highest
phenotypic variation by 17.2% was identified in the region
flanked by markers S3_6797449 and S3_7207675 on Chr 3.

Co-locations of identified QTLs

At the vegetative stage under SMF, QTLs, gBI-5 and gNRL-5
for Bl and NRL, respectively, were identified in the same
region flanked by markers S5_2354630 and S5_2967915 on
Chr5.The QTLs, gLRL-5 and gTRL-5 for LRL and TRL, respec-
tively, were mapped in the same region flanked by markers
S5_25208100 and S5_25666504 on Chr 5. Furthermore,
QTLs, gLRL-7 and gTRL-7 on Chr 7 overlapped in the same
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Note: ns, not significant; * and ***significant at P < 0.05 and P < 0.001,
respectively.

region flanked by markers S7_17471054 and S7_17802728.
Likewise, QTLs, gLRL-10 and gTRL-10 on Chr 10 coincided
in the region flanked by markers S10_21111375 and
S$10_21269673. At the reproductive stage under SMF, three
QTLs, gNRL-3, gLRL-3 and qTRL-3 overlapped in the same
region flanked by markers S3_3152304 and S3_3852048
on Chr 3 (Table 3, Supplement 10).

However, only two QTLs, gBI-1 and gNRN-1 were
mapped for Bl and NRN at vegetative and reproductive
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stages, respectively. These QTLs were detected on Chr 1
region flanked by markers S1_35119777 and S1_35880614.
Likewise, two QTLs, gNRL-10 and gTRL-10 for NRL and TRL at
vegetative and reproductive stages on Chr 10 overlapped
in the same region flanked by markers S10_22044899 and
$10_22565922 (Table 3).

The QTLs for LRL and TRL on Chr 7, LRL and TRL on Chr
10 and NRL on Chr 10 at vegetative stage were located
in the same chromosomal region of BIL, G3-3. Also at the
reproductive stage, QTLs for TRL and NRN on Chr 10 and
Chr 12, respectively, coincided in the same marker region
of BIL, G3-3 under SMF conditions.

Discussion

Root plasticity and its contribution to dry matter
production and yield

In this study, the BILs with Nipponbare genetic back-
ground carrying introgressed segments from KDML 105
were evaluated under mild or severe drought stresses of
CAW-D conditions to examine the expression of root plas-
ticity in response to SMF, and its contribution to dry matter
production and grain yield.

Previous studies have reported the reduction of shoot
dry matter production (Bafioc et al., 2000a, 2000b; Suralta
&Yamauchi, 2008; Suralta et al., 2008, 2010) and grain yield
(Allahyar, 2011; Belder et al., 2005; Bouman et al., 2005;
Castillo et al., 2006; Niones et al., 2012) of rice plants when
grown under fluctuating soil moisture conditions, which
indicates that such SMF is stressful for rice plants. In this
aspect, we have shown evidences on the physiological sig-
nificance of root plasticity that is expressed in response to
heterogeneous soil environments in space and time for the
adaptation of rice plants, as well as its genotypic variations
(Bafoc et al., 2000a; Kano-Nakata et al., 2013; Niones et al.,
2012; Nguyen et al.,, 2018; Siopongco et al., 2008; Suralta
etal,, 2010, 2016, in press; Tran et al., 2014).

In this study, we considered the BIL(s) that showed no
significant differences with the recurrent parent under
CWL but had greater root system development and shoot
dry matter than the recurrent parent, Nipponbare under
SMF. As a result, we found that the root system develop-
ment based on TRL of G3-3 was significantly greater than
that of Nipponbare especially from heading to maturity
under CAW-D at —30 kPa and even when the drought was
intensified to —50 kPa (Figure 3(b), (d), (f)). This can be
attributed to the plasticity in production of nodal roots,
resulting from new tillers production, and in the devel-
opment of lateral roots (Supplements 3 and 4). These
observations were similar to those reported by Niones
et al. (2012) where the root system development based
on TRL of one chromosome segment substitution lines
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Table 1. Yield and yield components of genotypes subjected to continuous waterlogging (CWL) and continuous cycle of alternate wa-
terlogging and drought (CAW-D) in 2012.

Treatment and genotype TNS (No. plant™)  FS(No.plant™') 1000 GW (g plant™")  No. of Panicles (No. plant™)  %FS  GY (g plant™)
cwL

Nipponbare 1893a 1422a 25.4a 20a 75.0a 36.1a
G3-3 1828a 1375a 25.9a 19a 74.6a 35.6a
G3-10 1642a 1212a 24.6a 17a 74.3a 29.8a
G3-12 1716a 1426a 25.7a 21a 81.9a 36.6a
CAW-D

Nipponbare 1184a 514b 19.9¢ 14b 47.2b 10.0b
G3-3 1225a 716a 23.3a 17a 58.4a 16.7a
G3-10 1028a 349¢ 19.4c 10c 34bc 6.90c
G3-12 1217a 559b 22.9b 15b 45.9b 12.8b

Note: Values are means of 3 replicates. In a column for each treatment, means followed by the same letters are not significantly different at LSD, . level. TNS, total
number of spikelet; FS, filled spikelet; GW, grain weight; GY, grain yield.

Table 2. Yield and yield components of genotypes subjected to continuous waterlogging (CWL) and continuous cycle of alternate wa-
terlogging and drought (CAW-D) in 2013.

Treatment and genotype TNS (No. plant™™)  FS(No.plant™) 1000 GW (g plant™’)  No. of Panicles (No. plant™)  %FS  GY (g plant™)
CwL

Nipponbare 3192a 2850a 24.2a 27a 89.5a 68.6a
G3-3 3285a 2907a 24.3a 28a 88.7a 70.7a
CAW-D

Nipponbare 1502a 660b 21.6b 22b 43.9b 16.7b
G3-3 1772a 1274a 23.1a 24a 71.9a 29.1a

Note: Values are means of 3 replicates. In a column for each treatment, means followed by the same letters are not significantly different at LSD, . level. TNS, total

number of spikelet; FS, filled spikelet; GW, grain weight; GY, grain yield.
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Figure 6. Frequency distribution of root traits of F, mapping population under soil moisture fluctuation (SMF) conditions at (a) vegetative
(38 DAS) and (b) reproductive stages (80 DAT). NRL, total nodal root length (cm plant™); LRL, total lateral root length (cm plant™"); TRL,

total root length (cm plant="); NRN, total nodal root number (No. plant™") and BI, branching index (cm LRL cm~" NRL).

(CSSL47) at 35 days before and after heading were signifi-
cantly greater than its recurrent parent, Nipponbare under
CAW-D of mild stress.

These results imply that the root plasticity that resulted
in increased TRL of which lateral roots constitute greater
portion (Wang et al., 2009; Yamauchi et al.,, 1987), and
promoted nodal root development might play a key role

in adaptation of rice plants to SMF conditions; i.e. water-
logged conditions followed by drought and rewatering
(Bafoc et al.,, 2000a, 2000b; Niones et al., 2012). This further
suggests that the ability of the plant to maintain greater
root length (Bafoc et al., 2000b) can recompense for the
limited water availability in soil under progressive drought
stress in SMF conditions by expanding the root surface
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Table 3. QTLs associated with the root traits detected using Nipponbare/KDML 105 F, population at vegetative (38 DAS) and reproduc-

tive (80 DAT) stages under soil moisture fluctuation (SMF) condition.

Root Trait/ Growth stage QTL Chr Flanking marker Marker position (Mbp) LOD R? (%) AE
Vegetative stage
Total nodal root length gNRL-5 5 S5_2354630-S5_2967915 2.35-2.97 3.49 5.4 123.6 (K)
gNRL-10 10 $10_22044899-S10_22565922 22.04-22.56 3.78 59 66.04 (K)
gNRL-12 12 $12_1376460-512_2300626 1.38-2.30 2.8 44 47.30 (N)
Total lateral root length qLRL-5 5 S5_25208100-S5_25666504 25.21-25.67 3.08 4.8 255.7 (K)
qLRL-7 7 S7_17471054-S7_17802728 17.47-17.80 2.82 44 247.7 (K)
qLRL-10 10 S$10_21111375-S10_21269673 21.11-21.26 2.80 43 207.9 (K)
Total root length qTRL-5 5 S5_25208100-S5_25666504 25.21-25.67 3.48 5.4 347.3 (K)
qTRL-7 7 S7_17471054-S7_17802728 17.47-17.80 2.55 4.0 314.2 (K)
gTRL-10 10 S$10_21111375-S10_21269673 21.11-21.26 3.12 49 282.4 (K)
Branching Index gBI-1 1 S$1_35119777-51_35880614 35.19-35.88 4.55 7.0 0.19(N)
gBI-2 2 S2_30786098-S2_31238642 30.79-31.23 2.79 43 0.12(N)
qBI-5 5 S5_2354630-S5_2967915 2.35-2.97 3.36 5.2 0.17 (N)
Reproductive stage
Total nodal root length gNRL-3 3 $3_3152304-S3_3852048 3.15-3.85 2.64 53 257.7 (K)
Total lateral root length gLRL-3 3 S3_3152304-S3_3852048 3.15-3.85 2.86 5.7 3184 (K)
Total root length qTRL-1 1 S$1_31665708-5S1_32765279 31.67-32.77 25 49 793.5 (K)
qTRL-3 3 S3_3152304-S3_3852048 3.15-3.85 3.02 6.0 596.3 (K)
qTRL-10 10 $10_22044899-S10_22565922 22.04-22.57 2.76 55 1338.9 (K)
Nodal root number GNRN-1 1 S1._35119777-51_35880614 35.19-35.88 5.32 10.3 60 (K)
gNRN-3 3 S3_1947308-S3_2275550 1.94-2.28 6.94 13.2 15 (K)
GNRN-8 8 S8_7779094-S8_8019735 7.78-8.02 3.56 7.0 20 (K)
gNRN-12 12 $12_20916561-S12_21870029 19.86-21.1 3 6.2 17 (K)
Branching Index qBI-2 2 S2_21850740-S2_22623232 21.85-22.62 25 5.0 0.25 (K)
gBI-3 3 S3_6797449-S3_7207675 6.79-7.21 9.2 17.2 3.42(N)
qBI-4 4 S4_24697522-54_27346263 24.69-27.35 2.79 5.6 0.81(N)
qBI-6 6 S6_25548364-56_25869563 25.55-25.87 2.52 5.0 0.89 (N)
gBI-10 10 $10_19238621-510_19827961 19.24-19.83 4.1 8.0 0.57 (N)
qBI-12 12 $12_24496688- 512_25220603 24.49-25.22 2.67 53 0.59 (N)

Note: QTL, quantitative trait locus/loci; Chr, Chromosome; LOD, log of odds score; R?, phenotypic variance explained by each QTL, AE, additive effect of the allele

from KDML 105 (K) or Nipponbare (N).

area and increasing water extraction (Henry et al., 2011;
Kato et al., 2007,2011; Siopongco et al., 2005, 2006; Suralta
etal., 2010). Thus, the maintenance or increase in stomatal
conductance that reflects root water uptake ability (Kano
et al, 2011; Matsuo et al., 2010) of G3-3 under not only
mild stress of CAW-D (in 2012 and 2013) but also severe
stress in 2014 (Figure 2(b), (d), (f)) could be a consequence
of greater water supply to the leaves due to the promoted
root growth under those conditions. Significant and posi-
tive relationships between TRL with stomatal conductance,
and that of stomatal conductance with dry matter produc-
tion and yield under CAW-D indicate that water uptake
and dry matter productions were enhanced by increased
root length due to the expressed plasticity (Figures 4 and
5; Supplement 5).

The BIL, G3-3 had higher grain yield than Nipponbare
under CAW-D conditi