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Abstract:
ful for designing treatments to improve the tolerance of rice under a rainfed system. The objective of this study

Understanding the growth and physiological responses of rice to upland conditions would be help-

was to Investigate the initiation, elongation and membrane stability of seminal, lateral and adventitious roots of
upland rice after 9-d upland condition treatment. Compared with control roots under waterlogged conditions
upland water deficiency conditions favor seminal and lateral root growth over adventitious root growth by accel-
erating seminal root elongation, promoting lateral root initiation and elongation, and reducing the elongation
and number of adventitious roots. Enhanced total root number and length resulted in increase of total root dry
weight and thereby increasing the root-to-shoot ratio. Organic compound leakage from seminal root tips and ad-
ventitious roots increased progressively to some extent with upland culture duration, while significant increases
in seminal root tips were the consequence of loss of membrane integrity caused by the upland-condition en-

hanced growth.
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INTRODUCTION

Oryza sativa L. rice is a semi-aqualic spe-
cies adapted to a variety of climates. Upland rice
depends mainly on rainfall; is often exposed to
drought, and has developed drought resistant
fraits. A principal mechanism by which rice
adapts to water deficiency is through the posses-
sion of a pronounced root system which maximi-
zes water capture and allows access to water at
considerable depth (Price and Tomos, 1997) .
Upland rice often has a deeper root system com-
pared with lowland rice ( Zhang et al ., 2001).

The root system of rice consists mainly of
seminal, adventitious and lateral roots. Upland
rice is usually directly planted under rainfed con-
ditions; the growth of seminal roots is important
for the establishment of seedlings ( Zhang et al . >
2001). Lateral and adventitious roots are formed
in response to environmental conditions and, in
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fact> comprise the major portion of most mature
root systems: and strongly determine a plant’ s
survival and productive capability ( Mergemann et
al ., 2000). The differences among these roots
are not as great as those among the heterorhizal
roots; hence little attention is generally given to
the differences in their morphological and physio-
logical functions ( Miyamoto et al ., 2001). Dif-
ferent types of roots for the same genotype can ex-
hibit differential growth response to limited soil
moisture ( Yamauchi et al ., 1996). Knowledge
of the morphological and physiological adaptations
of different types of roots to upland conditions
could be usefully applied to selection of traits that
improve the productivity of rice under a rainfed
system. The objective of this study is to compare
the root growth and organic compound leakage re-
sponse to upland and re-waterlogged conditions
among different types of roots for a selected up-
land rice genotype.
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MATERIALS AND METHODS

1. Plant material and upland condition treatment

Azucena> an upland drought tolerant variety
was used in this study. Uniformly germinated
seeds were transplanted to plastic pots (10 cm in
diameter and 24 cm in height) with holes at the
bottom and containing quartz sand and then
grown under waterlogged conditions for 8 d be-
fore the upland condition treatment was started.
The entire experiment was conducted in a green-
house with daily maximum and minimum temper-
ature of 30°C and 22°C and relative humidity of
65% — 85% . A 12-h photoperiod of approxi-
mately 158 pmol. m ™2
provided by dysprosium lamps.

The experiment consisted of two soil moisture

. s ! light intensity was

treatments: (i) waterlogged conditions: water
level was kept 5 mm above sand surface and (i)
upland conditions: pots were taken out of tanks,
drained and the sand allowed to dry for 9 d> then
re-waterlogged for 2 d. Sand water content
(SWC) was measured every other day by weigh-
ing.

Plants from three pots in each treatment were
harvested 1, 3, 5, 7, 9 and 11 d after treat-
ment. Eight seedlings per pot were dug out and
the roots were recovered by removing sand parti-
cles with a brush for relative water content
CRWC) measurement. The entire root systems of

other seedlings were rapidly washed free of sand.
2. Growth measurement of three types of roots

The seminal, lateral and adventitious root
lengths were measured with a ruler and adventi-
tious roots were counted. The total length and
number of lateral roots on seminal roots were
measured with an image analysis system ( Win-
RHIZO, Regent Instruments Inc, Canada). The
root-to-shoot ratio was calculated based on dry
weight.

The seminal root tips (0 — 1.0 c¢m) were
fixed in formaldehyde: glacial acetic acid: etha-
nol 1:1: 18 (v/v/v), treated with 1 mol/L NaOH
and stained with 1% safranine. Cortical cell
lengths of the elongation zone were measured un-
der light microscope (Olympus BH-2) .

3. Determination of organic compound leakage from
roots

Seminal root tip ( 10-mm section from the ro-

ot tip)» lateral root (4-cm section of the middle
of seminal root) and adventitious root were sepa-
rated with a razor blade.
same type were placed together and used for
measuring the amount of UV-absorbing organic
substances leaked from roots with a spectropho-
tometer ( Du 640, Beckman) ( Huang and Gao»
2000 .

4. Histochemical analyses

Four roots from the

The location of lipid peroxidation and the
loss of plasma membrane integrity were detected
by staining with Schiff’
blue; respectively, as described by Yamamoto
(2001). The stained roots were observed under

a light microscope (Model S4E; LEICA, Ger-

many)
5. Statistical analyses

Each experiment repeated at least three times
yielded similar results. One-way ANOVA (SAS/
6.11, GLM) was used to test significant differ-

ences between control and treatment in all repli-

s reagent and Evans

cations.

RESULTS

1. Water status

Fig.1la shows the changes in SWC at differ-

ent depth after treatment was initiated. The
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Fig.1 Water content of sand at different depth (a>
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sharp decline in SWC during the first 1 d was
mainly due to drainage after treatment; thereaf-
ier> the decline in SWC was due to root absorp-
tion. Although water removal from the surface
layer involved water evaporation from the sand,
the water depletion rate in the 5 — 10 cm layer
was higher than that in the surface 5 em dry
layer at 5 d. The water depletion rate in the 10
— 15 cm layer was greater than that in the 5 — 10
cm layer at 7 d> and that in the 15 — 20 cm layer
was the greatest among various soil depths at 9 d
of treatment.

The root RWC in upland — condition plants
was significantly lower ( P < 0.01) than that in
control plants after 5, 7 and 9 d of treatment.
By 9 d» the reduction in root RWC was 7.6% of
control level (Fig. 1b).

2. Root growth

Lateral root elongation was stimulated ( P <
0.05) throughout the upland condition treatment
(Fig.2b), whereas seminal root elongation was
promoted significantly ( P < 0.01) until 5 d of
treatment and decreased slightly relative to wa-
terlogged control at 9 d of treatment ( Fig.2a) .
Adventitious rtoot elongation inhibited
throughout the upland condition treatment ( Fig.
2¢)> and was due to the sharp decline of SWC
in the upper 10 — cm of sand. All seminal, lat-
eral and adventitious root elongation recovered to
control level after being re-waterlogged for 2 d
(Fig.2). The mean cell lengths of the elonga-
tion zone (100.4 pm + 19.6) were significantly
longer in roots grown for 3 d under upland condi-
tions compared with those (75.7 pym + 13.6)
grown under waterlogged conditions.

Total root number was found to increase un-
der both waterlogged and upland conditions, and
starting from 3 d after dry-down, was significant-
ly higher ( P < 0.01) than that of control pla-
nis. Compared to waterlogged conditions, Azu-
cena had many more lateral roots; but fewer ad-
conditions

was

ventitious  roots under upland
(Fig.3b).

Starting from 3 d after dry-down, the total
root length was significantly higher than that of
control plants. Adventitious roots accounted for
most of the differences in total root length under
waterlogged conditions, whereas lateral roots ac-
counted for most of the differences in root length

under upland conditions. For example, at 7th d

of treatment> upland conditions reduced adventi-
tious root length by 31%, and increased lateral

root length by 42% (Fig.3a).
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Fig.2 Time course of the changes in the elongation
rate of seminal root (a), lateral root (b) and adventi-
tious root ( ¢) under waterlogged and upland condi-
tions. In (b) and (¢), the three longest laterals and
adventitious roots are presented. Means followed by an
asterisk and double ones are significantly different
from control at P <0.05 and P <0.01. respectively

Dry weight accumulation of seminal root with
lateral roots and adventitious roots followed the
same pattern as that of root length (Fig. 4a).
Root-to-shoot ratios were significantly higher be-
ginning 3 d after dry-down compared with the ra-
tios under waterlogged conditions (Fig.4b) .

Root length; number and dry weight, how-
ever, increased significantly after re-waterlogging
for 2 d, which was accompanied by rapid new
adventitious roots and lateral root initiation; fol-
lowed by new root growth which even exceeded
that of the control (Fig.3, 4a).
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Fig.3 The length (a) and number (b) of lateral
and adventitious roots under waterlogged ( left col-
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Fig.4 Time course of the changes in root dry weight
and root-to-shoot ratio under waterlogged and upland
conditions

3. Root cell membrane stability

Compared with control roots under water-
logged conditionss the relative leakage level of
organic compounds from adventitious roots and
seminal root tips were higher in upland-condition
treated roots. Significantly notable increases in
leakage from seminal root tips and adventitious

roots were observed after 5 d to 7 d of treatment.
In contrast» upland condition treatment signifi-
cantly decreased the degree of leakage in lateral
roots during the first 5 d treatment. A significant
decline of organic compound leakage was ob-
served 2 d after re-waterlogging (Fig.5).

The distribution of the histochemical stains of
lipid peroxidation under waterlogged conditions
was similar to that of upland conditions ( Fig.
6a). The Evan blue staining patterns observed
on the root surface at the root apex in squamae
and staining area were bigger under upland con-

ditions than under waterlogged conditions
(Fig.6b).
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Fig.5 Time course of the relative changes of organic
compound leakage from three types of roots during
upland condition treatment
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Fig.6 Histochemical detection of lipid peroxidation
(a) and plasma membrane integrity (b) in seminal
root tips caused by upland conditions. The seedlings
were grown under waterlogged (a) and upland (b)
conditions for 3 d. x 30

DISCUSSION

Simulated upland conditions in the natural
drain-off system were used in this experiment to
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assess the growth and physiological responses of
different types of roots to water shortage. This
experiment demonstrated that upland conditions
clearly affected the root system architecture in
rice. Individual root types within a root system
respond independently to upland conditions.
Short-duration of upland conditions favor seminal
and lateral root growth over adventitious root
growth by accelerating seminal root elongation,
promoting lateral root initiation and elongation,
and reducing adventitious root elongation and
number. The mean cell length of the elongation
zone in seminal root under upland conditions was
32% increased compared with that under water-
logged conditions; mirrors the change in seminal
root length under upland and waterlogged condi-
tions.

Increased seminal root thickness under up-
land conditions (Fig.6) improves drought resis-
tance as the roots can increase waler uptake by
producing more and larger root branches, and
enable roots to penetrate compacted soil layers
1997) . Enhanced total root
number and length resulted in increase of total
root dry weight.

The organic compounds leakage from cells or

(Price and Tomoss

tissues during stress can be used as a measure of
membrane stability ( Huang and Gao, 2000 .
de-

creased the degree of leakage from lateral roots

Upland condition treatment significantly
during the first 5 d treatment. The relative or-
ganic compound leakage level in seminal root
tips under upland conditions was higher than that
under waterlogged conditions. The loss of mem-
brane integrity in seminal root tips under upland
conditions was sharper than that under water-
logged conditions> but lipid peroxidation was not
different under either condition (Fig.6). So the
membrane damage could be due to mechanical
disruption of elongation zone epidermal cells
which was likely caused by rapid cell expansion.
These results suggested that a significant part of
the upland-condition caused reduction in cell
membrane stability Cat least in seminal root tips)
» which seemed to be a secondary consequence
of the upland-condition caused enhanced growth

in the elongation zone, not the primary damage
related to water deficit.

After re-waterlogging for 2 d, the elongation
dry weight and cell membrane stability
recovered nearly to control level, and roots rap-

rate»

idly regenerated .

In summary, enhanced root growth and ac-
tivity under upland environmental conditions may
have adaptive significance in water acquisition
by increasing the contact area between the root
and the surrounding soil before soil becomes very
dry; and by increasing water uptake rate in the
deeper soil profile as compensation for the re-
duced water uptake at the surface soil layer. The
divergence under upland conditions observed
among root types within a root system suggested
that there may be differences in adaptive mecha-
nisms among root types.
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