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e Background and Aims The rate of photosynthesis in paddy rice often decreases at noon on sunny days because
of water stress, even under submerged conditions. Maintenance of higher rates of photosynthesis during the day
might improve both yield and dry matter production in paddy rice. A high-yielding indica variety, ‘Habataki’,
maintains a high rate of leaf photosynthesis during the daytime because of the higher hydraulic conductance
from roots to leaves than in the standard japonica variety ‘Sasanishiki’. This research was conducted to charac-
terize the trait responsible for the higher hydraulic conductance in ‘Habataki’ and identified a chromosome region
for the high hydraulic conductance.

e Methods Hydraulic conductance to passive water transport and to osmotic water transport was determined for
plants under intense transpiration and for plants without transpiration, respectively. The varietal difference in
hydraulic conductance was examined with respect to root surface area and hydraulic conductivity (hydraulic con-
ductance per root surface area, L,). To identify the chromosome region responsible for higher hydraulic conduc-
tance, chromosome segment substitution lines (CSSLs) derived from a cross between ‘Sasanishiki’ and
‘Habataki’ were used.

e Key Results The significantly higher hydraulic conductance resulted from the larger root surface area not from
L, in ‘Habataki’. A chromosome region associated with the elevated hydraulic conductance was detected between
RM3916 and RM2431 on the long arm of chromosome 4. The CSSL, in which this region was substituted with
the ‘Habataki’ chromosome segment in the ‘Sasanishiki’ background, had a larger root mass than ‘Sasanishiki’.
e Conclusions The trait for increasing plant hydraulic conductance and, therefore, maintaining the higher rate of
leaf photosynthesis under the conditions of intense transpiration in ‘Habataki’ was identified, and it was estimated
that there is at least one chromosome region for the trait located on chromosome 4.

Key words: Chromosome segment substitution lines, diffusive conductance, hydraulic conductance,
photosynthetic rate, quantitative trait locus, rice, Oryza sativa, root hydraulic conductivity.

INTRODUCTION

More than 90 % of the world’s rice is produced in Asia, where
rice (Oryza sativa) is the dominant staple food. As the size of
the Asian population increases rapidly, increased rice pro-
duction is now essential. With only minor possibilities for
expansion of areas under rice cultivation, increases in yield
are necessary to meet the demand for rice in Asia
(International Rice Research Institute, 2008). In Japan, while
sufficient rice is produced to meet local demand for human
consumption as boiled rice, increases in yield might be effec-
tive in reducing production costs.

Yield involves both total dry matter production and harvest
index. The harvest index is the cumulative result of the inter-
actions of numerous processes, and modern varieties of rice
are characterized by high values for this index (Evans, 1993;
Mann, 1999). Indeed, the harvest index is considered to be

close to the maximum possible for modern, high-yielding var-
ieties and, thus, increases in dry matter production might be
the key to increases in rice yields (Mann, 1999).

Dry matter production of crops is determined by the effi-
ciency with which light is intercepted by leaves and by the
efficiency of utilization of the energy of the intercepted light
for carbon fixation (Long et al., 2006). The rate of leaf photo-
synthesis influences dry matter production during the whole
growth period. The maximum photosynthetic rate, or the
capacity of photosynthesis, of a single leaf is measured at
full leaf expansion under conditions of saturating light,
ambient concentration of CO,, optimum temperature and low
vapour pressure deficit (Murata, 1961; Hayami, 1982). The
rate of photosynthesis decreases with senescence (Jiang
et al., 1988) and, also, at midday and during afternoon as a
result of abiotic stresses, such as water stress (Ishihara and
Saito, 1987; Hirasawa et al., 1989). Improvements in traits
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associated with dry matter production, by improved cultivation
methods or by breeding, might allow dry matter production
and, eventually, yield to be increased.

The rate of photosynthesis of paddy rice, grown under sub-
merged conditions, often decreases at midday in fine weather
despite the availability of adequate water around the roots.
Hydraulic conductance affects significantly the maintenance
of the rate of leaf photosynthesis under the conditions of
high light intensity and high vapour pressure deficit
(Hirasawa and Ishihara, 1992; Hirasawa et al., 1992b).
However, there are varietal differences in the maintenance.
For example, the high-yielding japonica-indica variety
‘Akenohoshi’ maintains higher rates of photosynthesis from
midday into the afternoon on fine days than the japonica
variety ‘Nipponbare’ (Jiang et al., 1988). This feature of
‘Akenohoshi’ is attributable to its hydraulic conductance
which is higher than that of ‘Nipponbare’ (Jiang et al.,
1988). Hydraulic conductance in whole rice plants is deter-
mined mainly by the hydraulic conductance of the roots
(Hirasawa et al., 1992a). Since the axial resistance of roots
is very small compared with the radial resistance, root hydrau-
lic conductance can be considered to be derived from two
components, namely, total root surface area and root hydraulic
conductivity (Lp,), which is the conductance per root surface
area (Steudle and Peterson, 1998; Hirasawa, 2001). The devel-
opment of root systems exhibits significant varietal differences
(Nagai and Hirota, 1959; Yoshida et al., 1982; Morita et al.,
1995). Plants with larger amounts of roots have higher hydrau-
lic conductance (Jiang et al., 1988; Hirasawa et al., 1992b). On
the other hand, no significant varietal difference in L, was
observed when two varieties contrasting in drought resistance
were compared (Miyamoto et al., 2001).

Recently, various DNA markers have been developed and
used for the genetic analysis of rice, whose entire genome
has been sequenced (Sasaki, 2003; International Rice
Genome Sequencing Project, 2005). Such DNA markers can
be used to identify quantitative trait loci (QTLs) for useful
traits and can be expected to improve selection efficiency.
Various QTLs responsible for a variety of traits have been
identified (Yano, 2001; Yamamoto et al., 2009), and
chromosome segment substitution lines (CSSLs) have been
developed recently for the identification of QTLs (Yano,
2001; Yamamoto et al., 2009). CSSLs are mapping popu-
lations, usually consisting of approx. 40 lines, with each line
having a chromosome segment from one variety on the
genetic background of another variety. The genotypes of the
lines were confirmed by using 100—200 uniformly distributed
DNA markers. Substituted chromosome segments overlap with
other segments and cover whole rice chromosomes (Ebitani
et al., 2005; Ando et al., 2008; Rice Genome Resource
Center, 2010). A population of CSSLs is much smaller than
other primary mapping populations, such as an F, population
and a population of recombinant inbred lines and thus, pheno-
typic analysis is simplified considerably (Ebitani et al., 2005;
Ishikawa et al., 2005). In addition, because each CSSL carries
only one chromosome segment, CSSLs allow detection of
QTLs with only minor effects by comparison, in terms of phe-
notypic effects, between alleles at one or a few QTLs
(Takeuchi et al., 2007). Once a QTL for a particular trait
has been identified, CSSLs can be used as near isogenic
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lines themselves or as starting materials for development of
near isogenic lines (Ebitani ez al., 2005).

The indica variety ‘Habataki’ has large numbers of spike-
lets, with high yield, as compared with common japonica var-
ieties in Japan (Kobayashi et al., 1990). ‘Habataki’ showed the
higher rate of the maximum photosynthesis after the booting
stage through the late ripening stage than the commercial
variety ‘Sasanishiki’ (Asanuma et al., 2008a). This was one
of the causes of the higher dry matter production after the
booting stage and the higher grain yield in ‘Habataki’. It has
also been shown previously that ‘Habataki’ maintained a
higher rate of photosynthesis during the midday hours in a pre-
liminary measurement. In the present study, the differences in
the rate of leaf photosynthesis, on a sunny day, and the hydrau-
lic conductance between ‘Habataki’ and ‘Sasanishiki’ were
confirmed, and the trait accounting for higher hydraulic con-
ductance in ‘Habataki’ was characterized by comparing it
with ‘Sasanishiki’. Then, a QTL for hydraulic conductance
and the trait responsible for it we identified using CSSLs
derived from a cross between ‘Sasanishiki’ and ‘Habataki’.

MATERIALS AND METHODS
Plant materials

Rice plants (Oryza sativa) japonica variety ‘Sasanishiki’,
indica variety ‘Habataki’, and plants of 39 CSSLs with
chromosome segments of ‘Habataki’ on the genetic back-
ground of ‘Sasanishiki’ were used in this study. Details of
the development of the CSSLs have been described previously
by Ando et al. (2008).

Cultivation

Rice plants were grown in the paddy field of the University
Farm (35°41'N, 139°29'E) in alluvial soil (clay loam) from the
Tama River in 2005, 2006 and 2007. Details of cultivation
were basically similar in each of the three years. Seedlings at
the fourth-leaf stage were transplanted at a rate of 22-2 hills
m~ 2 (spacing, 30 cm x 15 cm) with one plant per hill. As a
basal dressing, manure was applied at a rate of approx. 2 t
per 10 a, and chemical fertilizer was applied at a rate of 5-0,
13-6 and 7-2 kg per 10 a for N, P,Os and K,O, respectively.
One-third of the total N was applied as nitrogen sulfate,
one-third as elution-controlled urea, LP-50 (Chisso Asahi
Fertilizer, Tokyo, Japan), and one-third as LPS-100 (Chisso
Asahi Fertilizer). No topdressing was applied. The exper-
iments were designed with three randomly arranged replicates
in each case.

Rice plants were also grown in 3-L and 12-L pots filled
with a mixture of paddy soil and Kanto diluvial soil (1: 1, v/v)
in a growth chamber (Koito Manufacturing Co. Ltd, Tokyo,
Japan) and outdoors, respectively. In the growth chamber,
day/night temperature was 28 °C/23 °C; relative humidity, 60
%180 %; photoperiod, 12 h and photosynthetic photon flux
density (PPFD) at the top of the canopy, approx.
1000 wmol m~ % s~ '. Basal fertilizer was applied at a rate of
0-5, 0-5 and 0-5 g per pot for N, P,O5 and K,O, respectively,
and no additional fertilizer was applied to 3-L pots. Basal
fertilizer was applied at a rate of 1-0, 1-0 and 1-0 g per pot for
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N, P,Os and K»O, respectively, and additional fertilizer (N) was
applied to 12-L pots at a rate of 0-75 g per pot at the booting
stage.

Diurnal changes in photosynthetic rates, diffusive conductance
and intercellular CO; concentration of plants grown in the
paddy field

The leaf photosynthetic rate and the diffusive conductance
of the flag leaf on a main stem were measured simultaneously
in the paddy field on cloudless days at the heading-to-ripening
stage with a gas-exchange apparatus (LI-6200; LI-COR,
Lincoln, NE, USA). Measurements were started at an air
CO, concentration of about 370 wL L™" in the assimilation
chamber. Measurements, for 8 s, were repeated three times
and mean values were taken as the measured values. The
leaves were exgosed to natural light at a PPFD of
>1200 wmol m ™% s~ '. The intercellular CO, concentration
(Cy) was calculated according to von Caemmerer and
Farquhar (1981).

Hydraulic conductance to osmotic water transport in plants
grown in the paddy field

Regarding exudation from the cut surface at the base of
stems as a result of osmotic water uptake, hydraulic conduc-
tance to osmotic water transport (C,) can be calculated
from the following equation (Fiscus, 1975; Miyamoto et al.,
2001):

Cos = E/O'(lpso - V) (1)
where E is the exudation rate per stem, o is the root reflection
coefficient for solutes in the xylem, W, is the osmotic poten-
tial of the soil solution immediately outside the roots, and ¥y
is the osmotic potential of the xylem sap. The osmotic poten-
tial of the flooded water on the paddy field (—0-012 MPa on
average) was used as W, and 0-4 was used as the value of o
(Miyamoto et al., 2001). Exudates from the cut surface of
stems, 15 cm above the ground, were collected by putting
absorbent cotton on the cut surface. The absorbent cotton
was covered with a plastic bag to prevent loss of water by
evaporation, and the bag was insulated from incident solar
radiation with aluminium foil. Exudates were collected in
the morning, for approx. 3 h, from 0830 h. The collected exu-
dates were quickly frozen at —80 °C in a freezer and stored
frozen until measurements of osmotic potential were made.
The osmotic potentials of exudates and the flooded water
were measured with a freezing-point osmometer (OMS802;
Vogel, Giessen, Germany).

Hydraulic conductance to passive water transport in plants grown
in the paddy field

The hydraulic conductance to passive transport of water
from the soil through the roots to the flag leaf (Cy,,) was calcu-
lated from the following equation (Hirasawa and Ishihara,
1991):

Cpa = T/(Ips - ) )
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where T is the transpiration rate per leaf area at steady state, W
is the water potential of the soil immediately outside the root,
and Y is the water potential of a single leaf. Since rice plants
were grown under submerged conditions, W, could be regarded
here as 0 when compared with ¥;. The transpiration rate of a
single intact leaf was measured in an air-sealed acrylic assim-
ilation chamber (Tsunoda, 1974) under natural sunlight. Air,
with the dewpoint controlled to 10 (£0-1) °C, was pumped
into the chamber at a rate of 6-67 x 10~°> m® s~ '. The humid-
ity of the air that was pumped into and out of the chamber was
measured with a dewpoint hygrometer (model 660; EG&G
Inc., Waltham, MA, USA). When the transpiration rate
reached a constant value, the water potential of a leaf was
measured with a pressure chamber (model 3005; Soil
Moisture Equipment Inc., Santa Barbara, CA, USA) as
described by Hirasawa and Ishihara (1991). Transpiration
rate was calculated per leaf area.

Hydraulic conductivity of plants grown in pots

Hydraulic conductance per root surface area, referred to here
as the hydraulic conductivity of a plant (L) was measured for
plants grown in pots. L, was calculated as follows:

Ly = (U /A)Ys — W) 3)

where Uy, is the water-uptake rate of the whole plant, A is the
root surface area and W, is the leaf water potential.
Measurements were made in an environment-controlled
chamber (air temperature, 28 °C; relative humidity, 58-62 %;
and PPFD at the top leaves, approx. 1000 wmol m 2 s ).
The water-uptake rate was determined by rate of weight loss
of the pot after a steady state had been reached. To prevent
evaporation from the surface of the pot, the top of the pot
was covered with polystyrene foam and oily clay was used to
seal the gap between the foam and the stem. After measure-
ments of the water-uptake rate, the leaf water potential of the
uppermost three leaves was measured with a pressure
chamber. The mean of the water potential of the three leaves
was used to calculate L,. After roots had been washed gently
with water, the root surface area (A) was measured with an
image analyser (Win-Rhizo REG V 2004 b; Regent Inc.,
Quebec, Canada).

Leaf areas and root dry weights of plants grown in pots

For plants grown in pots, the leaf area of detached leaf
blades was measured with an area meter (AAM-9; Hayashi
Denko Inc., Tokyo, Japan). Soil in pots was gently washed
away with tap water. Plants were separated into roots, leaf
sheaths plus stems, and panicles. All plant organs were dried
for several days at 80 °C in a ventilated oven.

RESULTS

Diurnal changes in photosynthetic rates and hydraulic
conductance from roots to leaves

Diurnal changes in photosynthetic rate, diffusive conductance
and C; were measured on a cloudless day at the ripening stage
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Fic. 1. (A) Diurnal changes in photosynthetic rate, (B) diffusive conductance

and (C) intercellular CO, concentration (C;) of flag leaves of ‘Sasanishiki’ and

‘Habataki’ (as indicated) grown in the paddy field at the ripening stage. The

upper dotted line represents the photosynthetic photon flux density (PPFD).

Data are means + s.d. (n =4). *, ** and ***  values significantly different
at the 0-05, 0-01 and 0-001 levels, respectively (7-test).

(Fig. 1). Compared with ‘Sasanishiki’, ‘Habataki’ had a higher
photosynthetic rate in the morning and maintained a higher
rate of photosynthesis during intense transpiration in the after-
noon (Fig. 1A). Despite the large decrease in diffusive conduc-
tance in ‘Habataki’, as compared with ‘Sasanishiki’, diffusive
conductance remained significantly higher in ‘Habataki’ than
in ‘Sasanishiki’ in the afternoon under intense-transpiration
conditions (Fig. 1B). C; remained higher in ‘Habataki’ than
in ‘Sasanishiki’ during the day, although the differences
were not statistically significant (Fig. 1C). This indicates that
the higher diffusive conductance of ‘Habataki’ than of
‘Sasanishiki’ contributed to its higher photosynthetic rate in
the afternoon, as well as in the morning, through increased
CO, uptake from air to the leaf. The higher photosynthetic
rate and diffusive conductance in ‘Habataki’ from morning
to afternoon was observed from the heading through the ripen-
ing stage (data not shown). The hydraulic conductance to
passive water transport from roots to the leaf (Cp,) was signifi-
cantly higher in ‘Habataki’ than in ‘Sasanishiki’ (Fig. 2A).
The hydraulic conductance to osmotic water transport from
roots to the base of a stem (C,) was higher in ‘Habataki’
than in ‘Sasanishiki’ as well as Cp, (Fig. 2B). And it was
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assumed that the higher root hydraulic conductance in
‘Habataki’ is responsible for its higher hydraulic conductance
in whole plants between these two varieties. The higher
hydraulic conductance in ‘Habataki’ was observed through
the ripening stage (data not shown). From these results, it
was confirmed that hydraulic conductance is responsible for
the maintenance of leaf photosynthesis from midday to the
afternoon.

Characteristics of root and shoot growth and hydraulic
conductivity

The growth of roots and shoot and hydraulic conductivity
(Lp) in ‘Sasanishiki’ and ‘Habataki’ was examined using
plants grown in 3-L pots at the full-heading stage. Root
length and root surface area were 55 % and 67 % larger,
respectively, in ‘Habataki’ than in ‘Sasanishiki’ (Table 1).
Since there was no varietal difference in terms of leaf area,
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TaBLE 1. Comparison of leaf area, root length and root surface area of a plant, respectively, between ‘Sasanishiki’ and ‘Habataki’
grown in 3-L pots at the full heading stage

Leaf area Root length Root surface area

Root length/leaf area

Root surface area/leaf area Root surface area/root dry

(m?) (km) (m?) (m cm ™ ?) (m*m™?) weight (m? gfl)
‘Sasanishiki’  0-126 + 0-007 120 £+ 0-09 0-94 + 0-09 095 + 0-06 7-47 £ 0-74 0-24 + 0-02
‘Habataki’ 0-120 + 0-014 1-86 + 0-32 1-57 + 031 1:56 + 022 13-11 + 199 0-22 + 0-01
n.s. sk dek ssksk sk n.s.

Data are means + s.d. (n =4 or 5). ** and ***, Values significantly different at the 0-01 and 0-001 levels, respectively; n.s., non-significantly different

(t-test).

both ratios of root length to leaf area and of root surface area to
leaf area were also higher in ‘Habataki’ than those in
‘Sasanishiki’.

The water-uptake rate per plant (U,,) and water potential of
uppermost three leaves were measured in a growth chamber at
an air vapour pressure deficit of approx. 1-5kPa, an air
temperature of 28 °C and at a light intensity of approx.
1000 wmol m~ % s~ ! at the flag leaves. Transpiration rate per
leaf area was significantly higher in ‘Habataki’ than in
‘Sasanishiki’, but ¥ not significantly different in the two
varieties (Fig. 3A, B). Hydraulic conductance from roots to
leaves in ‘Habataki’ was significantly higher than that in
‘Sasanishiki’ grown in pots, as it was in the field (Fig. 3C).
However, there was no difference in L, between the two var-
ieties (Fig. 3D). These results suggested that higher hydraulic
conductance in ‘Habataki’ might be caused by increased effec-
tiveness of the root mass.

Comparison of hydraulic conductance between ‘Sasanishiki’

and CSSLs

To detect QTLs controlling hydraulic conductance, hydrau-
lic conductance was compared with osmotic water transport
(Cys) in CSSLs with that in ‘Sasanishiki’ 2 weeks after
heading in the paddy field (Fig. 4). The C, of ‘Habataki’
(6:44+02x 107 g MPa~' s™') was far larger than that of
‘Sasanishiki’ (3-3 + 0-8 x 1073g MPa ' s7!). There was
considerable variation in C,s among CSSLs, with values
rangin% from 25x107° ¢ MPa™ ' 5! to 58x 10 °¢g
MPa T s7! on average. Eight lines (SL402, SL410, SL414,
SL425, SL432, SL434, SL435 and SL439) with a relatively
large C,s were selected and they were used for measurements
of Cp, for comparisons of hydraulic conductance to passive
water transport in the paddy field in 2006 and 2008.

Among eight of CSSLs, two lines (SL414 and SL425) had
significantly higher C,, than ‘Sasanishiki’ in 2006 (Fig. 5).
The Cp, of SL410 tended to be higher but the difference was
not statistically significant. To confirm these results, values
of Cp, of the three lines SL410, SL414 and SL425 were com-
pared with Cp,, of ‘Sasanishiki’ in 2008 (Fig. 6). Only SL414
had a significantly higher C,, than ‘Sasanishiki’. The Cp, of
SL410 and that of SL425 tended to be higher than that of
‘Sasanishiki’ but the difference was not statistically significant.
These results indicated that at least one or multiple QTLs for
hydraulic conductance might be located on the segment in
chromosome 4 substituted in SL414. However, SL413, also
carrying a chromosome segment of ‘Habataki’ on chromosome

4, had lower hydraulic conductance than SL414 (Figs 4 and 7).
These observations suggest that the region, containing QTLs
associated with hydraulic conductance, can be narrowed to
the region between RM3916 and RM2431, from a comparison
of the lengths of the substituted segment between SL413 and
SL414 (Fig. 7).

Root and shoot growth characteristics of SL414

To analyse the function of the QTL region, the root and
shoot growth characteristics of SL414 were compared with
those of pot-grown ‘Sasanishiki’ and ‘Habataki’ in 2007
(Table 2). There were no significant differences in shoot
weights and leaf areas among them. However, the dry
weight of SL414 roots was almost 1-5 times larger than that
of ‘Sasanishiki’ and ratios of root weight to shoot weight, of
root weight to leaf weight and of root weight to leaf area
of SL414 were also significantly larger than those of
‘Sasanishiki’. The same relationships were observed in 2006
(data not shown). These findings indicate that this region on
chromosome 4 is associated with an increase in the absolute
amount of roots. There was not much difference in terms of
root surface area per root dry weight between ‘Sasanishiki’
and ‘Habataki’ (Table 1), indicating that the root surface
area of SL414 was larger than that of ‘Sasanishiki’, and that
the higher hydraulic conductance of SL414 was caused by
the larger root surface area.

DISCUSSION

The extent of the maintenance of the rate of photosynthesis
during daytime on sunny days is one of the most important
characteristics of a single leaf photosynthesis. ‘Habataki’
could maintain a higher rate of leaf photosynthesis by
keeping a higher diffusive conductance in the ripening stage
than ‘Sasanishiki’ in this research (Fig. 1). Hydraulic conduc-
tance influences the maintenance of a high photosynthetic rate
and diffusive conductance at midday, as noted in the
Introduction (Jiang er al., 1988; Hirasawa and Ishihara,
1992). The higher rate of photosynthesis and diffusive conduc-
tance in ‘Habataki’ was supported by its higher hydraulic con-
ductance (Fig. 2A).

Since stem and leaf hydraulic conductance is relatively large
and usually does not change under a wide range of environ-
mental conditions and at different stages of growth, the
hydraulic conductance of the whole plant is determined by
hydraulic conductance of its roots (Boyer, 1971; Hirasawa



808
A s
SRk
6 -
T T
9
E o4t
o
£
£
~
2+
0
B 06
ns
0-4 T

0-2

v, (-MPa)
o

O
o
S

EEd

0-3

0-2

0-1

Coa (106 m MPa~1 s71)

L, (108 m MPa~! s7)
o - N w O
—

ns

‘Sasanishiki’ ‘Habataki’

Fic. 3. (A) Comparison between the transpiration rate per leaf area (7), (B)
the leaf water potential (%)), (C) hydraulic conductance to passive water

Adachi et al. — Chromosome region for high hydraulic conductance in rice

and Ishihara, 1992; Hirasawa et al., 1992a; Steudle and
Peterson, 1998; Ehlert et al., 2009). Therefore, we postulated
that differences in C,, would be reflected by differences in
root hydraulic conductance. In fact, the C,;, a measure of
hydraulic conductance from roots to the base of a stem, of
‘Habataki’ was also higher than that of ‘Sasanishiki’
(Figs 2B and 4). Water moves from the root surface to the
xylem vessels and moves up stems towards the leaves. The
axial hydraulic conductance of roots is much larger than the
radial conductance (Frensch and Steudle, 1989) and, thus, var-
ietal differences in root hydraulic conductance are, apparently,
determined by the differences between root surface area and
between root hydraulic conductance per root surface area
referred to as root hydraulic conductivity (Ly,). It might be
possible to use L, calculated in this research, to compare L,
because of the reasons mentioned above. ‘Habataki’ had a
better-developed root system and larger root surface area
than ‘Sasanishiki’ (Table 1). Because there was no difference
in L, between ‘Sasanishiki’ and ‘Habataki’ (Fig. 3D), the high
hydraulic conductance in ‘Habataki’ might be due mainly to
its larger root mass than that of ‘Sasanishiki’. Miyamoto
et al. (2001) found, similarly, no difference in L, between
the rice varieties Azucena and IR64, even though the former
showed higher drought tolerance than the latter.

Varietal differences in hydraulic conductance were investi-
gated in several previous studies (Jiang et al., 1988;
Asanuma et al., 2008b), which demonstrated that genetic
factors control hydraulic conductance. However, as far as is
known, there have been no reports of the genetic analysis of
hydraulic conductance to date. In the present study, a chromo-
some region, which is associated with elevated hydraulic con-
ductance, was detected between RM 3916 and RM2431 on
chromosome 4 (Figs 4—7). Currently work is in progress to
determine the precise location of the QTL on chromosome
4. Further analysis of near-isogenic lines may lead to an
increased understanding of the physiological function of the
QTL and allow us to identify genes. It was also shown that
SL414, in which the region substituted with ‘Habataki’
chromosome segment in the ‘Sasanishiki’ background, had a
larger root mass than ‘Sasanishiki’. The rice root system con-
sists of seminal and nodal roots with numerous lateral roots
and these roots also have root hairs (Morita and Nemoto,
1995). The differences among the characteristics of develop-
ment of root systems among Sasanisiki, ‘Habataki’ and
CSSLs are an important issue that needs to be investigated.

Multiple QTLs for root morphological traits have been
detected on the long arm of chromosome 4 around the
region identified in the present study. Qu er al. (2008)
located QTLs which had relatively large effects for
maximum root length and for root flesh weight at the grain-
filling stage around RM3534 on chromosome 4 using

transport through roots to leaves (Cp,) and (D) hydraulic conductivity of a
plant (L), respectively, of ‘Sasanishiki’ and ‘Habataki’ grown in 3-L pots at
the full-heading stage. Data are means and s.d. (n =4 or 5). ¥ is given as
the mean value of measurements from the uppermost three leaves, measured
in a growth chamber at an air vapour pressure deficit of approx. 1-5 kPa, an
air temperature of 28°C and a light intensity at the flag leaves of
1000 wmol m~2 s~ ', #* and *** values significantly different at the 0-01
and 0-001 levels, respectively, as compared with ‘Sasanishiki’ (z-test); ns,
not significantly different.
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F1G. 4. Hydraulic conductance to osmotic water transport though roots to the base of a stem (C,) in CSSLs and parental varieties 2 weeks after heading in the

paddy field in 2005. Data are means and s.d. (n = 3).
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Coa (1078 m MPa~" s71)

SL402
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SL414
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SL432
SL434
SL435
SL439

‘Sasanishiki’

Fi1G. 5. Hydraulic conductance to passive water transport though roots to the

flag leaf (Cp,) in ten CSSLs and ‘Sasanishiki’ 2—3 weeks after heading in the

paddy field in 2006. Data are means and s.d. (n = 3). *, values significantly
different at the 0-05 level as compared with ‘Sasanishiki’ (Dunnett’s test).

recombinant inbred lines derived from rice varieties IRAT109
and Tuefu. A common QTL for root mass might exist on the
chromosome region identified, although the mapping popu-
lations were different. Moreover, QTLs for root thickness
(Champoux et al., 1995; Zheng et al., 2000; Zhang et al.,
2001; Price et al., 2002; Kamoshita et al., 2002; Qu et al.,
2008) and deep root (Kamoshita et al., 2002) have also been
detected around RM 5478. The connections between these
results and the increased root mass in the present study
remain to be investigated.

The root mass of SL414 was smaller than that of ‘Habataki’,
suggesting that additional QTLs might be involved in
the difference in root mass between ‘Sasanishiki’ and
‘Habataki’. In this study, relatively high levels of C,, (not stat-
istical significant) were observed in SL410 and SL425.

0-5

Rk

0-4

0-3

0-2

Cpa (106 m MPa~1 s-1)

0-1

SL410
SL414
SL425

‘Sasanishiki’

F1G. 6. Hydraulic conductance to passive water transport though roots to the

flag leaf (C,) in three CSSLs and ‘Sasanishiki’ 2—3 weeks after heading in the

paddy field in 2008. Data are means and standard deviation (n = 6). **, Values

significantly different at the 0-01 level as compared with ‘Sasanishiki’
(Dunnett’s test).

Segments on chromosome 3 and chromosome 8 were substi-
tuted in SL410 and SL425, respectively. Further analysis
will be required to validate the existence of QTLs in those
chromosomal regions. Identification of QTLs for hydraulic
conductance and pyramiding of alleles increasing hydraulic
conductance in the ‘Sasanishiki’ genetic background will
contribute to improving the water-uptake capacity of
‘Sasanishiki’.

In conclusion, it was found that the higher hydraulic con-
ductance in ‘Habataki’, as a trait for maintaining a higher
rate of leaf photosynthesis during a sunny day, was caused
by its larger root surface area, not by the larger hydraulic con-
ductivity of the roots, and a chromosome region was detected
between RM3916 and RM2431 on chromosome 4, which is
associated with elevated hydraulic conductance by increasing
the effectiveness of the root surface area.



810 Adachi et al. — Chromosome region for high hydraulic conductance in rice
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RM7585 RM5633 Bp38P21a RM5586 RM2521 RM3916 RM3534 RM5478 RM2431 (10_3 g MOPSa_1 S_1)
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Fic. 7. Substitution mapping of elevated hydraulic conductance on chromosome 4. The values of C,s were taken from Fig. 4. White and grey boxes indicate
‘Sasanishiki’-homozygous and ‘Habataki’-homozygous regions, respectively. <—S indicates the side of the short arm; <> the putative region associated with
elevated hydraulic conductance.

TABLE 2. Leaf area and dry weights of separated organs of plants grown in 12-L pots and examined at the ripening stage in 2007

Shoot wt. Leaf area Leaf wt. Root wt. Total wt. Root wt./shoot wt.  Root wt./leaf wt. Root wt./leaf

(g hill™h (m? hill ™" (ghill™h (g hill™h (g hill™h (gg™h (gg™H area (g m %)
‘Sasanishiki’ 459 +2-8*  0-184 + 0-015* 83 + 0-6° 4.5 +02° 50-4 4 2.9° 0-098 + 0-005° 0-54 + 0-05° 24.5 4+ 2.1°
‘Habataki’ 497 + 4.8 0176 + 0-023* 84+ 1.1° 9.2 4+ 0-2° 58:9 + 5.0 0-186 + 0-014° 1-10 + 0-12° 527 + 5.8°
SL414 466 + 34 0-170 + 0-013* 70 + 0-5% 65 + 0-4° 53.1 4 3.8% 0-140 + 0-001° 093 4+ 0-01° 384 + 0-9°

Data are means + s.d. (n = 3 or 4). Plants were harvested 2 weeks after heading. Mean values followed by different letters are significantly different at the

5 % level (Fisher’s least significant difference).
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