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Abstract Most fertilizer phosphorus (P) is sorbed by
soil rather than being taken up by crops. We
hypothesize enriching wheat seed with P before
sowing the crop will reduce requirement of fertilizer
P for subsequent wheat production. We produced P-
enriched wheat (Triticum aestivum L.) seed by
soaking the seed in different concentrations of
potassium phosphate solution. We found that
~0.35 M potassium phosphate was the most effective
concentration for P-enrichment of the seed. In pot and
field experiments we found that the P-enriched seed
required ~60% less fertilizer P than seed not soaked
with potassium phosphate before sowing. Increases in
shoot P content could not be explained only by the
increase of seed P-enrichment, suggesting that P
acquisition from soil was also enhanced. Under
hydroponic conditions we found that root length was
greater in seedlings grown from P-enriched seed with
higher specific root length than in seedlings grown
from non-P-enriched seed. We conclude P-enrichment
of wheat seed before sowing reduces fertilizer P
requirements of plants.
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Introduction

Phosphorus (P) deficiency limits crop production in
more than 30% of the world’s arable land, where the
application of fertilizer P to soils is often necessary to
achieve sufficient yields (Runge-Metzger 1995; Vance
et al. 2003). Terrestrial ecosystems accumulate P at an
annual rate of 10.5-15.5 Tg; this build-up occurs
mostly in agricultural soils as a consequence of
fertilizer application in excess of crop needs (Bennett
et al. 2001; Carpenter 2005). There is a serious
concern that we might exhaust deposits of phosphate
rock, which is the raw material for fertilizer P, within
the present century (Runge-Metzger 1995). Indeed, its
price is currently rising due to increased demands for
food and, hence, for fertilizer. Moreover, excessive P
input from agricultural fields into aquatic ecosystems
through runoff or soil erosion is responsible for
eutrophication (Bennett et al. 2001; Carpenter 2005;
Sharpley 1995; Tilman 1999). We are therefore faced
with the challenge of reducing P input into farmland
without impairing current sustainable crop yields.
Plants take up inorganic phosphate (Pi) from soil
solution. The Pi concentrations in soil solutions are
usually very low (typically less than 1 uM) because
most Pi is heavily bonded with the relatively
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abundant cations aluminum (Al), calcium (Ca), and
iron (Fe) (Raghothama and Karthikeyan 2005).
Although fertilizer P application can temporarily
increase the Pi concentration in soil solution, it is
immobilized almost immediately due to sorption of P
by soil (Stevenson and Cole 1999). Soil interference
only allows plants to acquire P within a few
millimetres of root surfaces, and acquisition is
determined by the volume of soil explored by plant
roots, which is normally less than 1% and rarely
reaches 5% (Barber 1995). As a result, most fertilizer
P, often more than 90%, is not taken up by plants with
the remainder being retained by soil in sparingly
soluble forms (Stevenson and Cole 1999). Hence
there is the need to develop systems to improve use of
soil and fertilizer P for crop production.

One way of achieving this may be to enrich crop
seed with P before sowing the crop which may reduce
the need for fertilizer P in subsequent crop growth.
To examine the hypothesis, we attempted to soak
seeds of wheat (Triticum aestivum L.) in potassium
phosphate solution just before sowing. This solution
drastically reduced fertilizer P in maize growth when
applied to the seedlings (Watanabe et al. 2005).
Previous studies have shown that nutrient enrichment
by soaking seeds in macronutrient solutions had little
or even a negative effects on subsequent plant
production (e.g. Scott 1989). We think that failure in
the previous studies of seed soaking might be due to
inappropriate P concentrations in the solutions. We
therefore firstly attempted to determine the optimum
P concentration of the soaking solution for P-
enrichment of wheat seed. We then compared shoot
production responses of untreated and P-enriched
wheat seed when rates of fertilizer P were applied to
soil. In this study, we aimed to clarify whether or not
the seed P-enrichment is an effective way to reduce P
input without growth depression of wheat.

Materials and methods

Seed treatment

Potassium phosphate solutions were prepared by
dissolving mixtures of KH,PO,4 and K,HPO, (3:1) at
different concentrations in distilled water (Watanabe et

al. 2005). Each solution was aerated with a pump, and
wheat (cv. Norin 61) seeds placed within net bags were
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dipped into the solutions and were incubated in the
solutions at 30°C for 24 h. Seeds used in the experi-
ments were not rinsed, except when measuring P
concentration in the seed using procedures described
below.

Optimizing P concentration in hydroponic and soil
experiments

Two separate hydroponic experiments were con-
ducted in a glasshouse between Jul. and Sep. 2004.
Seeds were P-enriched as described in solutions of 0,
0.1, 1, and 5 g L' potassium phosphate (low P
concentration) in the first batch, and in solutions of 0,
10, 50, and 100 g L' (high P concentration) in the
second batch. Seeds were sown in growth containers
with deionized water, and were grown for six days.
Five representative seedlings grown at each concen-
tration were then transplanted into growth containers
holding quarter-strength Hoagland solution (pH 5.8)
without P. The solutions were replaced by new ones
every two days. Shoots were harvested 40 days and
35 days after transplanting from the first and second
batch, respectively. The harvested shoots were dried
at 80°C for 48 h before weighing to provide yields of
dried shoots (DMgpeot)-

The pot experiment was conducted in a glasshouse
from Sep. to Dec. 2004. A plastic pot (132 mm
heightx82 mm diameter) was filled with 400 g
Andisol containing 96 mg ammonium sulphate,
36 mg potassium chloride, and 0, 20, or 200 mg
super-phosphate. Before sowing, seeds were treated in
solutions of 0, 0.1, 1, 10, and 50 g L! potassium
phosphate. Each of the fifteen treatments (five levels
of soaking solution concentrations and three levels of
fertilizer P) was replicated three times. Ten seeds were
sown in each pot, and the seedlings were thinned to
six stands. The pots were placed in trays, and water
was applied from the bottom of each pot so as to
maintain a water depth of approximately 8 mm in the
tray throughout the experiment. Shoots were har-
vested 70 days after sowing, dried at 80°C for 48 h,
and weighed to determine DMgj01.

Reduction of P input in pot and field conditions
An additional pot experiment was conducted in a

growth chamber illuminated with natural light (30°C
and 70% relative humidity (RH) during the 14 h light
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period, and 25°C and 70% RH during the 10 h dark
period). The same plastic pot used in the previous
experiment was filled with 400 g Andisol containing
96 mg ammonium sulfate, 36 mg potassium chloride,
and 0, 40, 80, or 240 mg super-phosphate. Seeds were
treated in 50 g L' potassium phosphate solution as
the P-enrichment treatment and in distilled water as
the control. Each of the eight treatments (four levels
of fertilizer P and two levels of solution concentra-
tion) was replicated six times. Five seeds were sown
in each pot, and the seedlings were thinned to two
stands. The pots were placed in trays, and water was
applied as described above. Shoots were harvested
80 days after sowing, dried at 80°C for 48 h, and the
DMyt Was measured by weighing. Samples were
then dry-ashed at 550°C for 5 h and dissolved in
hydrochloric acid. The P concentrations in the extract
solutions were determined using a colorimetric meth-
od (Murphy and Riley 1962), and the shoot P content
was calculated by multiplying the DMgp,oo¢ by the P
concentration.

A field experiment was conducted from Nov. 2005
until May 2006 at Nagoya University, Japan (35° 9' N
and 136° 58’ E). During this period, the total rainfall
was 557 mm, and the monthly mean temperature
ranged between 3.4 and 18.7°C. The soil in the field
was loamy sand, with a pH (H,O) of 5.8, and an EC
level of 3.0 uS cm ™ '. Before the experiment, a dense
maize crop was grown between Jun. and Oct. 2005, in
order to achieve a homogeneous soil nutrient distri-
bution. The soil was tilled to a depth of 0.2 m, and
plots 1.5x0.5x0.1 m (length x width x height) were
created. On each plot, two ditches 0.05x0.15 m
(width x depth) were produced 0.2 m apart. Fertilizer
containing 36 g ammonium sulfate, 10 g potassium
chloride, and 0, 12, or 36 g super-phosphate was
applied into the ditches, and covered with soil. The
seeds were then soaked in solutions of 50 g L'
potassium phosphate solution as the P-enrichment
treatment and in distilled water as the control. Holes
were made 0.15 m apart above the ditches, and 15
seeds were sown in each hole. The six treatments
(three levels of fertilizer P and two levels of solution
concentration) were replicated four times. Plot allo-
cation followed the randomized block method. Seed-
lings were thinned to five plants per hole 49 days after
sowing, and all shoots were harvested 169 days after
sowing. The shoots were air-dried for 2 weeks, and
the DMgpo0t Was determined.

Seed P content and root morphology evaluation
between treatments

Seeds were soaked in 50 g L™ potassium phosphate
solution as the P-enrichment treatment and in distilled
water as the control. Half of the seeds from the P-
enrichment treatment were rinsed with tap water for
10 min to remove the potassium phosphate solution
adhering to their surfaces. They were then dried at
80°C for 48 h and weighed. The seed P concentration
was determined using the method described above,
and the seed P content was calculated by multiplying
the seed weight by the P concentration.

An analysis of root morphology was conducted in
a growth chamber (30°C and 50% RH during the 12 h
light period with 500 mol m % s™' light, and 25°C and
50% RH during the 12 h dark period). The seeds were
soaked in 50 g L' potassium phosphate solution as
the P-enrichment treatment and in distilled water as
the control. Five seeds were sown in a seed-pack
growth pouch (Mega International, St Paul, MN).
Four holes (5 mm diameter) were made on both sides
of each pouch, 30 mm from the bottom. The pouches
were then left to stand in a container of quarter-
strength Hoagland solution (pH 5.8) with P (+P) and
without P (—P), which supplied the roots through the
holes. Each of the four treatments (two levels of
nutrient solution and two levels of solution concen-
tration) was replicated four times. The solutions were
replaced at two day intervals. The seedlings were
thinned to one plant 6 days after sowing, and the
shoots were harvested 53 days after sowing. The roots
were gently removed from the pouch and spread on a
transparent sheet, without overlap. Digitized images
were produced using a scanner with a resolution of
300 dpi and an output format of 256 grey-scales. The
image capture took less than 10 min. The root length
(RL) was determined by the diameter class, using a
macro-program developed by Kimura et al. (1999) on
NIH Image software (version 1.60). The shoot and
root samples were dried at 80°C for 48 h, and the
DMgp00t and root dry-matter weight (DM,,.;) were
determined. The specific RL or SRL was calculated
by dividing the RL by the DM, .

Statistical analyses

Analysis of variance (ANOVA) was used to compare
treatment means. Data were analyzed by a two-factor
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factorial ANOVA, with sources of variation consisting
of P-enrichment and P fertilizer in the pot and field
experiments, P-enrichment and P nutrients in the
growth pouch experiments, and treatment and diam-
eter in the analysis of RL by diameter class. Data in
the hydroponic experiments and the seed P content
were analyzed by a one-factor ANOVA.

Results

Optimizing P concentration in hydroponic and soil
experiments

The effect of soaking seeds in potassium phosphate
solutions (P-enrichment) on the shoot growth of wheat
plants was examined in a hydroponic experiment (Fig. 1).
P-enrichment had a significant effect on DMg,0¢ (P<
0.001), and the effect was particularly distinct using the
50 g L' solution. However, P-enrichment in solutions
with lower P concentrations (0.1, 1 and 5 g L)
exhibited no significant effect (p=0.29).

To confirm the effect of P-enrichment on the shoot
growth of wheat plants, a soil experiment was also
conducted (Fig. 2). As expected, the P fertilizer
application to the soil significantly increased the DMy, o1
The effect of P-enrichment on the DMy, was also
significant, and was particularly noticeable in treatment
where the seeds soaked in 10 and 50 g L' solutions
were grown in the soil with no super-phosphate, and
when those soaked in 50 g L™" solution were grown in
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Fig. 1 DMy, of wheat plants grown from seeds soaked in
solutions of different concentrations (0, 10, 50, and 100 g Lfl)
of potassium phosphate (KH,PO4:K,HPO,=3:1). Plants were
grown in quarter-strength Hoagland solutions without P. Each
bar represents the mean + standard error (SE; n=5)
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Fig. 2 DMy, Of wheat plants grown from seeds soaked in
solutions of different concentrations (0, 0.1, 1, 10, and 50 g Lfl)
of potassium phosphate (KH,PO,:K;HPO,=3:1). Plants were
grown in pots of 400 g Andisol with 0, 20, or 200 mg super-
phosphate pot . Each bar represents the mean + SE (n=3)

the soil with 20 mg pot ' super-phosphate. Both the
hydroponic and the soil experiments indicated that the
50 g L ™! solution was most effective for P-enrichment
under all experimental conditions, so this was used in
the following experiments.

Reduction of P input in pot and field conditions

P-enriched seeds were grown in soil containing four
different levels of P fertilizer in the pot experiment
(pot experiment in Fig. 3). As a control, seeds that
had been soaked in distilled water instead of 50 g L™
P solution were sown. Again, the DMgp0r Was
significantly increased by both the P fertilizer appli-
cation and P-enrichment. We observed that the
DMgpo0¢ from P-enriched seeds grown with 80 mg
pot ! P fertilizer was equivalent for those of control
seeds grown with 240 mg pot ™' P fertilizer. The shoot
P content was also significantly increased by both
treatments (Table 1). The mean shoot P content across
the P fertilizer levels was 1.3 times higher in the P-
enriched plants than in the control plants.

A separate field experiment was conducted in
which the soil contained three different levels of P
fertilizer (field experiment in Fig. 3). There were
intermittent snowfalls from 19 to 30 days after
sowing, and the snow remained on the field until
40 days after sowing. Interestingly, seedlings from the
P-enriched seeds emerged through the remaining
snow, while those from the control seeds only grew
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Fig. 3 DMg;,00¢ of wheat 0.4
plants grown from seeds
soaked in distilled water
(control) and 50 g L™
potassium phosphate solu-
tions (P-enrichment). Plants
were grown in pots filled
with 400 g Andisol with 0,
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phosphate pot ', and in field —e— P-enrichment

plots with 0, 12, or 36 g 0 -0 - Control 300
super-phosphate plot . 0 40 80 240 0 12 36

Each data point represents
the mean + SE (n=6 for the
pot experiment; n=4 for the
field experiment)

once the snow had melted completely. At harvest, the
DMgpo0c Was significantly increased by both the P
fertilizer application and P-enrichment. As a result,
the DMg00¢ from P-enriched seeds grown with 0 g
plot ' and 12 g plot ' P fertilizer equaled those from
control seeds grown with 36 g plot ' P fertilizer.

Seed P content and root morphology evaluation
between treatments

The P contents of seeds soaked in distilled water and
50 g L™" P solution were 0.12 mg seed ' and 0.19 mg

Table 1 P contents of wheat shoots

P fertilizer (mg pot ") Shoot P content (mg plant ")

P-enrichment Control
0 0.4+0.1 0.18+0.03
40 0.34+0.1 0.28+0.1
80 0.84+0.2 0.53+0.1
240 1.0£0.1 0.89+0.1
mean 0.62+0.1 0.46+0.2
ANOVA P-enrichment »=0.039

P fertilizer p<0.001

Interaction p=0.748

Data represent the P contents of wheat shoots grown from seeds
soaked in distilled water (control) and 50 g L' potassium
phosphate solutions (P-enrichment). The plants were grown in
pots filled with 400 g Andisol with four levels (0, 40, 80, and
240 mg pot ') of super-phosphate. Each value represents the
mean = SE (n=06)

Super phosphate applied to soils

Super phosphate applied to soils

(mg pot™) (mg plot™!)

Probabilities according to ANOVA

Pot experiment  Field experiment

P-enrichment p=0.004 p=0.002
P fertilizer p<0.001 p=0.042
Interaction p=0.486 p=0.707

seed !, respectively. However, when P-enriched seeds
were rinsed with tap water, this figure fell to 0.15 mg
seed '. These values were shown by one-factor
ANOVA to be significantly different (p<0.001),
suggesting that the increase of the seed P content as
a result of P-enrichment was achieved by accumula-
tion of solution P into the seed and onto the outside of
the seed.

In the growth-pouch experiment, P-enrichment
significantly increased the DMy, under both +P
and —P conditions (Table 2). In addition, the DM,
was significantly increased by P-enrichment. This was
paralleled by an increase in the root length (RL) and
specific root length (SRL). The analysis of RL by root
diameter showed that the effects of treatment and
diameter were significant (Fig. 4), indicating that P-
enrichment increased the RL of each diameter under
both +P and —P conditions. There was also a
significant interaction between treatment and diame-
ter, showing that fine roots with diameters of 0.08
—0.6 mm were particularly enhanced by each treat-
ment. Evidently, P-enrichment induced the develop-
ment of more fine roots.

Discussion

We determined the appropriate P concentration in the
soaking solution to enrich wheat seed with P for
optimum subsequent production of wheat plants. The
P-enrichment of wheat seed reduced requirement of
fertilizer P for shoot production. A fertilizer P
reduction of approximately 65% was achieved by this
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Table 2 DMgpo0t, DMioor, To0t length (RL), and specific root length (SRL) values of wheat plants

P fertilizer  Seed treatment ~ DMgyoor (2 plant ") DM,oor (g plant ')  RL (mplant') SRL(mg ') S/R ratio (gg ')
+P P-enrichment 0.76+0.05 0.15+0.01 26.7+1.3 181+0.6 5.13+0.1
Control 0.58+0.07 0.14+0.01 22.4+£2.6 164+0.9 4.29+0.3
-P P-enrichment 0.17+0.02 0.07+0.01 13.1+1.7 178+1.1 2.36+0.1
Control 0.13+£0.01 0.06+0.003 8.3+0.4 157+0.4 2.38+0.1
ANOVA P-enrichment p=0.028 p=0.05 p=0.02 p=0.04 p=0.038
P fertilizer »<0.001 p<0.001 p<0.001 p=0.552 »<0.001
Interaction p=0.17 p=0.652 p=0.876 p=0.774 p=0.031

Data are from wheat plants grown from seeds soaked in distilled water (control) and 50 g L™" potassium phosphate solutions (P-
enrichment). The plants were grown in seed-pack growth pouches supplied with quarter-strength Hoagland solutions +P and —P. RL is
a combined length of all the roots determined following Kimura et al. (1999). SRL is a specific RL calculated by dividing the RL by

DM, Each value represents the mean + SE (n=4)

technique in the pot experiment without sacrificing
yield of dried shoots (Fig. 3). This effect was also
confirmed under field conditions (Fig. 3). Previous
studies showed that nutrient enrichment by soaking
seeds in macronutrient solutions had little or even a
negative effect on subsequent plant growth (Scott
1989; Guttay et al. 1957; Ros et al. 2000). We
hypothesised that the outcome of these previous
studies was due to the use of inappropriate P
concentrations in the solution to enrich the seed with
P. By testing a wide range of P concentrations, we
found that the 50 g L™ potassium phosphate solution
(approximately 0.35 M) was optimal for seed P-
enrichment for production of subsequent wheat shoots

100 -
—8— +P/P-enrichment
80 -0- +P/Control
—A— -P/P-enrichment
60 -~ -P/Control

40

20

Root length (m plant-!)

A

0 03 06 09
Root diameter (mm)

Probabilities according to ANOVA

Treatment p <0.001
Diameter p <0.001
Interaction p<0.001

Fig. 4 Root length distribution along the root diameter of
wheat plants grown from seeds soaked in distilled water
(control) and 50 g L' potassium phosphate solutions (P-
enrichment). Plants were grown in seed-pack growth pouches
with quarter-strength Hoagland solutions +P and —P. Each data
point represents the mean = SE (n=4)
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(Figs. 1 and 2). Higher concentrations (I M P) were
reported to be necessary for oat growth (Roberts
1948). By contrast, Ros et al. (2000) were unable to
find the optimum concentration between 0.3 and
1.5 M P for rice growth. In the study, rice growth
was enhanced when a larger amount of P was coated
onto the seed with P-containing adhesives, implying
that rice growth might require a far greater concen-
tration for seed P-enrichment. Maize growth was
suppressed when seeds were soaked in solutions that
exceeded 1.8 M P (Guttay et al. 1957), probably due
to osmotic stress; hence, lower concentrations should
have been considered. These previous and the present
studies indicate that P-enrichment of seed requires
soaking the seed in solutions of different P concen-
trations to achieve the optimum effect for different
crop species.

The extent by which seed P-enrichment reduces the
amount of fertilizer P required for subsequent crop
growth appears to be affected by the availability of P
already present in soil. In the pot experiment, a fertilizer
application of at least 80 mg pot ' was required for the
P-enriched plant to achieve the maximum level of plant
growth reached by the control plant (Fig. 3). However,
this level of growth was obtained by the P-enriched
plant even without the application of P fertilizer in the
field experiment (Fig. 3). The Andisol used in the pot
experiment was known to have a high capacity to sorb
P and to contain a very low level of available P
(0.1 mg Truog-P kg ' of dry soil). By contrast, the
loamy sand used in the field experiment contained a
relatively high level of available P (12 mg Truog-P
kg ! of dry soil). Thus, it was likely that the pot
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experiment required fertilizer P application in order for
seed P-enrichment to perform effectively, while the
high P availability of the field experiment enhanced the
performance of seed P-enrichment, even without
fertilizer P application. Therefore, soil testing for P
and a measure of the capacity of soil to sorb P is
required to estimate the likely extent to which seed P-
enrichment can reduce the need for fertilizer P for
subsequent crop production.

Seed P analysis showed that seed P-enrichment
increased the P content both inside the seeds and on
the seed surfaces. It has been reported that an
inherently higher content of seed P leads to better
establishment of seedlings (Bolland and Baker 1988;
Zhang et al. 1990; Thomson and Bolger 1993; Ros et
al. 1997). Moreover, the adhesion of the P source to
seed surfaces also reportedly promotes seedling
growth (Scott and Blair 1988; Scott 1989; Ros et al.
2000; Peltonen-Sainio et al. 2006). However, the
observed differences in the shoot P content between
P-enriched and control treatments could not be
explained only by the increase of seed P content.
The mean shoot P contents in the P-enriched and
control plants were 0.62 mg plant ' and 0.46 mg
plant™', respectively (Table 1). The difference was
much greater than that observed in the seed P contents
(0.19 mg seed ™" in the P-enriched and 0.12 mg seed
in the control seeds). This suggests that plant P uptake
from soil was greater in the P-enriched treatment than
in the control treatment.

Plant P uptake is strongly dependent on the rooting
volume in contact with the soil due to immobility of P in
soil (Barber 1995). The growth-pouch experiment
demonstrated that seed P-enrichment increased the
RL as well as the DM, (Table 2). The increase in
RL by seed P-enrichment is associated with the
development of many more fine roots (Fig. 4). This is
reflected in the larger SRL (that is, the RL produced at a
given DM cost), which is generally greater in fine roots
than in coarse roots (Table 2). This suggests that the RL-
dependent P-uptake capacity at a given DM cost is also
increased by seed P-enrichment, such that P-enriched
plants cope with the DM cost of P uptake more
efficiently than control plants. This might also contrib-
ute to the improved growth of P-enriched plants.

The mechanism behind the increase in SRL caused
by seed P-enrichment requires further study. How-
ever, Koide and Lu (1995) demonstrated that seeds
with high P reserves collected from mycorrhizal

plants develop roots with larger SRL values compared
with seeds with low P reserves from non-mycorrhizal
plants. Our results, in combination with the findings
of Koide and Lu (1995), suggest that seed P content is
important for the determination of SRL. Furthermore,
it has been pointed out that the SRL increases under
productive conditions, as fast growth requires rapid
and efficient acquisition of resources (Ryser 20006).
This implies that the increased seed P content
achieved in the present study by seed P-enrichment
induced wheat plants to increase the SRL for greater
acquisition of nutrients from soil.

Conclusions

To achieve optimal seed P-enrichment performance,
the appropriate P concentration of the soaking
solution needs to be determined for each crop species.
Seed P-enrichment can reduce requirement of fertil-
izer P for subsequent production of wheat shoots.
This is due to an improved seedling growth caused by
increased seed P content, and an improved P-uptake
capacity caused by increased root production with
relatively less investment of dry matter, particularly
fine roots. Although the present study focused only
on wheat, future work should examine other major
crop species such as maize, rice, and legumes.
Potentially, more-efficient P fertilizer use could be
achieved in a less-expensive and simpler way by
combining seed P-enrichment with techniques such as
the patchy application of fertilizer P (Kume et al.
2006; Yano and Kume 2005).
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