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ABSTRACT

In drought prone environments wheat crop growth and production depends strongly on
the water stored in the soil before anthesis and, although some water remains in the soil
after harvest, plants experience water deficit. In order to investigate whether water ex-
traction patterns, as a plant feature, have a regulating effect on the amount of water used
by them at different soil depths, three wheat cultivars (Asakaze, BR9, BR10) differing in
origin and drought resistance in terms of grain yield were grown in pots under gradually
downward soil drying conditions. The total water used by cultivars was the same up to the
post anthesis stage of growth when plants were harvested. However, Asakaze used more
water from emergence to the beginning of the stem elongation period of growth and BR9
used more after that period up to the post anthesis stage. Cultivars showed significant dif-
ferences in root length at different soil depths. Asakaze was predicted to use more water
from topsoil layers compared to BR9 and BR10. On the other hand, BR9 was expected to
use more water from deep layers in comparison to Asakaze. These were suggested to be
the effect of the higher root density of each cultivar in the top and deep soil layers. It is
also suggested that higher root length density in deep soil layers could be targeted as a fa-
vorable trait for breeding wheat Cultivars, which are growing under gradually downward

soil drying conditions.
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INTRODUCTION

Wheat root characteristics are considered
as plant features, which have the potential to
increase drought resistance. [23, 14, 12 and
26] Results from Blum et al. suggest that it
is the higher root length which, in part,
keeps the wheat yield stable across different
moisture regimes. [4] A larger root system
may benefit from a higher capacity for water
uptake under dry conditions. [14, 28, 9] but
the cost of more assimilate transferred to the
roots may exceed the benefits of more as-
similate fixed in shoot parts due to more wa-

ter absorbed. [18] Therefore, it seems that
root growth and development needs to be
optimized in relation to the water demand of
the shoot parts in order to maximize the effi-
ciency of water used to produce grain yield.
[18] Significant genotypic variation has been
found in the wheat root pattern of growth.
[6, 7] It has been argued that different root-
ing patterns may result in different amounts
of soil water available to the plant. [18] A
significant correlation coefficient has been
found between root distribution and the
amount of water extracted from different
depths of the soil. [20, 7] It is also reported
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that even a small difference in root density
in the deeper layers may cause a greater dif-
ference in soil water content than in the up-
per layers [7]. Passioura suggested that
seminal roots of spring wheat cultivars,
which penetrate more deeply into the soil,
have a higher hydraulic resistance that re-
duces the rate of water use and thereby in-
creases grain yields [17]. The seminal root
length of the wheat cultivars was shown to
be significantly different after 4 weeks of
growth [16]. They concluded that it is possi-
ble to modify the development of the semi-
nal roots toward an optimum root develop-
ment pattern. Oat plants selected for their
longer seminal roots produced higher grain
yield [3]. Wheat cultivars with more exten-
sive deep root systems are shown to absorb
more nutrients than cultivars with less ex-
tended root systems [11]. It has also been
shown that roots of some wheat cultivars
penetrate more quickly into the soil than the
others under both wet and dry conditions
[8].

In drought prone environments the natural
pattern of water supply does not usually
promise to meet the pattern of the crop water
requirement to needed maximize the harvest
index and grain yield. Hence, regulation of
the use of water stored in the soil by the
plant would be critical. Since seminal roots
penetrating into deep soil layers [13, 21] and
root length density are of two the major fac-
tors determining the ability of roots to ex-
tract water, [18] cultivars with a higher root
density in deep soil seem to be suitable for
this situation. The objectives of this study
were to compare different drought resistant
cultivars in terms of yield for possible dif-
ferences in water extraction patterns and to
find its relationship with the root develop-
ment pattern.

MATERIALS AND METHODS

Three wheat (Triticum aestivum L.) culti-
vars were grown in pots during 1997. These
were BR9 (a tall, drought tolerant cultivar
from Brazil), BR10 (a semi-dwarf cultivar)
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and Asakaze kumugi (a non-tolerant dwarf
one from Mexico and Japan, respectively).

This experiment was conducted under a
rain-shelter in the field at Tokyo University.
PVC tubes (10.7 cm diameter) were used for
the construction of the pots. Each pot in-
cluded three 30 cm long and one 10 cm long
tubes. The shorter one was sealed at the base
with PVC plates (144cm?) and served as the
bottom part of the pots. A gap ( 0.2x2cm’)
was made 5 cm above the bottom of each
part and an additional one was made in the
middle of one of the long parts. A gypsum
block (5.2x5.3x1.2 cm’) was placed in the
tubes near each gap and its wire passed
through the gap to the outside of the tube.
Silicon stick was inserted into the gap and
around the wire to keep them water and air
tight.

A sun-dried soil mixture (8% W/W soil wa-
ter content) was added to the bottom part,
which was further lengthened by tapping the
other long parts which, in turn, filled step-
wisely with the soil. The same amount of
soil (7,800g) was used in each pot so that the
topsoil was located at 5cm below the top of
the pots after applying equal vibration to
them. The parts were arranged on each other
was so that, at the final stage, gypsum
blocks were located at soil depths of 10, 20,
30, 60, and 90 cm. Care was taken to keep
the gypsum blocks in a vertical position dur-
ing the filling of the tubes with soil. Pots
were covered with Aluminum foil to prevent
heating from solar radiation. Half-strength
Hogland solution (3,600g) was added step-
wisely to each pot. Twenty-four hours later,
the electrical resistance of the gypsum
blocks was measured using a soil moisture
meter. In all pots electrical resistance was
low except for the bottom ones, which
showed very high values. This indicated that
the water had not penetrated to the bottom
layers of the soil, and so 800g more of the
solution was added to each pot. After 24
hours, three seeds were placed on the top of
the soil and covered with100g soil (3 cm)
which, in turn was wetted by 40g water. Pots
were replicated four times for each cultivar
and arranged in a complete randomized
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block design. No more water was added to
the pots during plant growth. In order to es-
timate the direct evaporation from the soil
surface, three unplanted pots were made and
placed nearby the pots.

Four days after emergence, the seedlings
were thinned to one per pot and a 3-cm layer
of Perlite was added to the top of all the
pots, including the unplanted ones. The
amount of water lost by each pot was deter-
mined by measuring their weight every 2 to
3 days. Plants were small in size during 30
days after emergence, and so direct evapora-
tion of water from the soil may contribute
more to the water lost compared to the
amount of water which is lost due to plant
transpiration. Therefore, water used by each
plant expressed as the difference between
the water lost by the planted and the mean of
the amount of water lost by unplanted pots
until 30 days after emergence and thereafter
as the amount of water lost by each pot. The
electrical resistance of the gypsum blocks
was measured regularly and the soil water
content for each measurement was deter-
mined using calibration graphs, which had
already been prepared for each of them.
Changes in soil water content were used to
predict the amount of water used by plants at
different soil depths.

Plants were cut out at the soil surface 64
days after emergence when they were under
severe stress conditions. Shoot parts were
dried at 80°C for 24 hours. Pots were di-
vided into parts and the soil contained in
each part was the extracted and sieved using
a fine screen to remove the roots. Roots
were then washed carefully over the screen
to remove the excess soil and stored in a
70% Ethanol solution at 4°C. Root length at
different depths was measured using a root
measuring system (Comair Root Length
Scanner, Commonwealth Aircraft Corp.
Ltd., Australia). The dry weight of the root
samples was measured after drying the sam-
ples at 80°C for 24 hours. Root length den-
sity at each depth was expressed as the total
root length of each part divided by the soil
volume.

Data were subjected to analysis of variance
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and correlation analysis®. Dancan’s multiple
range test was used to compare differences
between cultivar means. The amount of wa-
ter used at each soil layer was predicted ac-
cording to the relevant changes in the soil
water content. More precise analysis of the
relationships between water used and root
length at each depth was performed by parti-
tioning the correlation coefficients into path
coefficients in order to determine the impor-
tance of root length at each layer on the wa-
ter used, by solution of the following matrix
equation: [29]

P=(XX)' XY

where P and Y are the vectors of path coeffi-
cients and the correlation coefficients of root
length at different depths with the amount of
water used, respectively, and X is the matrix
of correlation between traits. Unexplained
variations in water used were computed us-
ing the following equation;

Puy = 1 1y#payt sy +2p1,payTiz +2p1yPsy
r131 2payPsyTas)

where y is substituted for the water used
during each period and 1, 2, and 3 are substi-
tuted for root length at 0-55, 55-95, and 0-
95cm depths. u is a dummy variable, which
represents the effect of all other unknown
sources of variation in the amount of water
used by plants.

RESULTS

Cumulative water used by wheat cultivars
and the predicted amounts of water used are
shown in Figure 1. The predicted water used
was, on average, 38% more than the meas-
ured amount due in part, to the adjustment of
the water used for evaporation from the soil
surface and errors in reading the electrical
resistance of the gypsum blocks. However,
there was a good agreement between the
measured and predicted amounts of water
used in the pattern of water use. There was
also a close relation between the predicted
water used by cultivars with the root dry
matter at each soil depth (Figure 2). Never-
theless, the predicted water used in the top
layers was less than the amount used in the


https://dorl.net/dor/20.1001.1.16807073.2006.8.4.4.8
https://jast.modares.ac.ir/article-23-5227-en.html

[ Downloaded from jast.modares.ac.ir on 2025-08-03 ]

[ DOR: 20.1001.1.16807073.2006.8.4.4.8 ]

Maghsoudi Moud and Yamagishi

2600
2400
2200
2000
1800
1600
1400
1200
1000

800

600

400 ; . BRIO
2
el o

10 20 30 40 50 60 70

— Asalaze

Cumulative water used (g plan™)

Days after emergence

Cumulative water used (g plant™)

4000
3000
2000
1000 —Agakaze
BR10
ol/=s - BRY9
10 20 30 40 50 60 70
Days after emergence

Figure 1. (Left) Cumulative water used by wheat cultivars grown in pots under gradually down-
ward soil-drying conditions during growth. Data obtained by regular measurements of weight of
the pots. (Right) Predicted cumulative water used by wheat cultivars grown in pots under contin-
ued soil-drying conditions. Data calculated using soil water contents at different depth measured

using the gypsum block method.

deep layers, even though more roots were
found in the top layers.

The total water used during the growth pe-
riod was almost the same for all cultivars
(Table 1). However, Asakaze used signifi-
cantly more water during the period from
seedling emergence to the beginning of stem
elongation, while the amount of water used
by BR9 was highest in the period from the
beginning of stem elongation to anthesis
(Table 1).

Changes in soil water content at different
soil depths for wheat cultivars and control
pots are shown in Figure 3. At 10cm soil
depth, water content remained almost the
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same for all cultivars until 28 days after
emergence and, thereafter, Asakaze started
to separate by reduc soil water content faster
than the others. Similar results were found at
20, 30, and 60cm depths but the separation
started after 30, 32, and 35 days after emer-
gence. BR9 had the lowest soil water con-
tent at a depth of 90cm, which started about
37 days after emergence.

Root length and dry matter were signifi-
cantly higher in Asakaze compared to the
others, mainly due to higher root length in
the top layers (Table 2). BR9 that had fewer
roots in the top layers produced higher num-
bers of roots in the deep layers. Since the
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Figure 2. (Left) Predicted water used (gr) by wheat cultivars from different soil depths. Data
calculated based on changes in the soil water content at each depth during plant growth.
(Right) Amounts of root dry matter (gr/plant/cm of soil layer) of three wheat cultivars at dif-

ferent soil depths.
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Table 1. Mean water used (g/plant) at different periods during growth for wheat cul-
tivars grown in pots under gradually downward soil drying conditions.
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Cultivars Mean water used (g/plant)

Periods (0-38) (38-64) (0-64)
Asakaze 2108.65a 513.2b 2621.85a
BR10 1800.02a 717.08a 2517.1a
BR9 1760.86b 759.8a 2520.69a

Means followed by different alphabets are significantly different at 5% level based on the

Duncan's multiple range test.

shoot dry matter of cultivars was almost the
same, the root: shoot ratio was also signifi-
cantly higher in Asakaze (Table 2).

A significant negative correlation coeffi-
cient was found between the water used
from emergence to the beginning of stem
elongation and the water used from stem
elongation to the post-anthesis stage (-0.998,
P<0.001) However, the total water used was
positively correlated with water used during
the first period (+0.991, P<0.001).

DISCUSSION

Genetic variations in root characteristics
have been reported among wheat germ-
plasms. [26,29,8,12,23,16,21] In this study,
genetic variations for root length and dry
matter were found at different soil depths
suggesting that selection and breeding for
these features is possible in wheat.

Under rainfed conditions soil drying usu-
ally takes place from top to the deep layers.
Therefore, roots in the upper layers lose

and even may exude some water to dry soil.
[2, 5] Deeper roots in wheat have been
shown to become increasingly more efficient
in water extraction as soil gradually be-
comes dry from the surface to deep layers
[20]. However, in a study with three cereal
crops it was found that even though root dry
weight in the deep layers is less in triticale
and rye compared to wheat, triticale could
extract more water from the deep layers than
wheat. It has been suggested that different
root systems are of little importance in de-
termining the water uptake pattern of the
plants[25]. The downward drying of soil that
is also observed in this study seems to be
related to root density and, to some extent,
to the time of arrival of roots in the different
layers. It is suggested that cultivars like
Asakaze with a high root in the at top layers
may lose their advantages in water absorp-
tion when the soil of the top layers gradually
dries. On the other hand, cultivars with a
dense root at deep layers like BR9 may
benefit from of delaying the high water use
rate to the later growth stages by sending

Table 2. Mean shoot and root dry matter (g) and root to shoot ratio and root length density
(cm/cm3) at different soil depths for wheat cultivars grown in pots under gradually downward soil

drying conditions.

Cultivars Dry matter (g/plant) Root length density (cm/cm3)

Shoot Root R/S ratio (0-55) (55-95) (0-95)
Asakaze 5.51a 1.44a 0.26a 3.36a 1.26ab 2.54a
BR10 5.13a 0.84b 0.18b 2.09b 0.94b. 1.39¢
BR9 5.55a 0.99b 0.18b 1.63b 1.50a 1.92b

Means followed by different alphabets are significantly different at 5% level based on the Duncans multiple

range test.

their effectiveness in water absorption [1]

their denser root system to the deeper layers.
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Figure 3. Changes in the soil water content at different soil depths during the growth period
of wheat cultivars grown in pots under gradually downward soil-drying conditions.

It has been suggested that a large root sys-
tem with a high density in the topsoil layers
might be beneficial in Mediterranean cli-
mates. [14] However, in their experiment,
the higher grain yield of cultivar Karel with
a high root density in the top layers com-
pared to Capeity8 with a deeper root system
is suggested to be the result of using 30 mm
rain that fell after a prolonged period of
drought [14]. Such rainfall is not normal
after the start of the dry season in Mediter-
ranean environments. The taller size of
Capeity8, which might induce a higher tran-
spiration rate, is also supposed to be another
reason to decrease its yield [14]. However,
in this study, BR9 with its more extended
root system in the deep layers indeed had a
slightly lower transpiration rate per unit of
leaf area as measured only once during the
growth (results are shown). BR9 has been
shown to produce as much as double the
grain yield as the cultivars Asakaze and
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BR10 under progressive soil drying condi-
tions. [30] As a drought tolerance mecha-
nism, osmoregulation has been shown to
exist in BR9. [31] However, a denser root
system in deep soil also might be the reason
under such conditions.

When plants rely on the water stored in the
soil it would be much more beneficial to
their yield if the absorption of more water is
regulated so to as take place at later growth
stages, particularly after anthesis, when there
is no more potential for root growth. Regula-
tion of the water extraction pattern by the
plant seems to be possible through the action
of some plant and environmental factors.
Root morphology and development seems to
play an important role in this regulation.
Many nodal roots which originate from the
crown are densely developed in the upper
layers of the soil, since they tend to develop
more horizontally [13] and make those lay-
ers gradually become dry during the period
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Table 3. Path coefficients in the relationships between total water used and root

length density at different soil depths.

Traits Direct effect Indirect effect via
RL(0-55) TRL(55-95) TRL
RL (0-55) 1.07 -- -0.080 -0.015
RL (55-95) -0.240 0.376 - -0.008
TRL -0.015 1.046 0.131 -
ruy = -0.004

of low evapotranspiration demand at early
growth stages. Chemical messages, which
are argued to be produced by stressed roots,
[15] may play a role in the regulation of wa-
ter use by decreasing the leaf expansion rate.
On the other hand few seminal roots which
are produced by coleorhiza, sparsely pene-
trating into deep soil layers, are usually still
wet at anthesis [13]. If seminal roots play the
major part in water absorption during the
period from anthesis to the end of the grain
filling stage, they need to be able to perform
two main functions: i) To regulate the rate of
water uptake. Previous findings show that
they have the capacity to be genetically ma-
nipulated so that their hydraulic resistance
changes via changes in the diameter of their
main xylem vessel [23]. Interestingly, this
regulation only works under dry conditions.
[20] ii)) To have the ability to extract the
maximum available water stored in the deep
soil. Root length density is the main plant
factor determining the rate of water uptake
by the plant. Jordan and Miller [10] found
that sorghum root length density is too low
in deep layers to extract all soil available
water. Results of this study suggest that cul-
tivars with denser root systems in the deep
layers may have the ability to extract more
water from those deep layers.

Even though the number of the genotypes
used in this study was too few to have just
one degree of freedom for correlation analy-
sis, they provide a wide range of root density
in the top and deep soil layers. Therefore,
some correlation analyses appear to be inter-
esting. The direct effect of root length at 0-
55 cm depth on the total water used was
much higher than that of a root length from
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55-95 c¢m and also than the total root length
(Table 3). This implies that the root length in
the top layers is more important in determin-
ing the total water used under progressive
soil drying. In the other words, the higher
the numberof roots in the top soil layers, the
grater their contribution to the total amount
of water used by the plants. It is the top
layer's roots which strongly affect the rate of
stored water use. It has been shown that root
dry matter in the top layers, which are usu-
ally formed during the early growth stages,
has been reduced in modern cultivars [19]. It
has also been shown that cultivars with a
less dense root system in the top layers
would be beneficial for decreasing the
amount of the water used in order for save it
for later use [19].

CONCLUSIONS

This study showed that significant geno-
typic differences might exist in the pattern of
root length of wheat cultivars at different
soil depths. As these patterns are correlated
with the patterns of water use from different
depths it can be concluded that breeding cul-
tivars with a denser root system in the deep
layers in order to regulate the pattern of wa-
ter use is possible.
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