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Phosphorus deficiency is one of the most growth-limiting factors in soils in various parts of the world.
Two rape cultivars, which differed in Phosphorus (P) uptake from Fe-P (FePO,4-4H,0) and Al-P (AIPQ,),
were investigated to elucidate the contributions of root morphology and organic acids exudation to P
uptake by rape from iron phosphate and aluminum phosphate. By solution culture and sand culture
experiments, the activation capacity of insoluble Fe-P and Al-P of organic acids secreted by different
rape genotypes roots was studied. The results show that two rape cultivars has significant genotypic
variations in both plant dry weight and P uptake per plant when supplied with Fe-P and Al-P as the P
source. When supplied with sparingly soluble phosphate (Fe-P and Al-P), the root length, surface area
and number of roots tips of genotype HG (phosphorus efficient rape) were significantly higher than
genotype LG (phosphorus inefficient rape). The rape grew better in Al-P treatment than Fe-P treatment.
Root exudates of rape has certain ability to activate insoluble P and it had better activation capacity of
insoluble Fe-P under the condition of P stress than normal supply of P. Hence, the large differences
show traits for more phosphorus efficient plants between in the tested rape genotypes. The genotype
HG showed increased P acquisition from the Al-P and Fe-P than the genotype LG. This opens the
possibility to breed for more P uptake-efficient varieties as a way to bring more sparingly soluble soil P

into cycling in crop production.
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INTRODUCTION

Rape is one of the major oil crops in China and
worldwide. It is extremely sensitive to P deficiency, and
soil phosphorus supply is one of the most important
factors affecting rape production. However, phosphorus is
usually the most limiting nutrient for growth of rape crops
in tropical and sub-tropical regions. Phosphorus fertilizer
is applied to mitigate soil phosphorus deficiency.
However, the P utilization is very low (generally less than
20%), indicating that it is not a sustainable approach to
mitigate soil P deficiency. As P fertilizer in soil is fixed by

soil iron and aluminum oxide, P is a strongly bound and
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largely unavailable forms for crop uptake that resulted in
the lower efficiency of P fertilizers (Ae et al., 1990a). In
many of the so-called P-deficient soils in the world, total
soil P level are 40 to 100 fold higher than the crop
requirements, but sparingly soluble P pools are not
immediately available to support plant growth. Moderate
applications of P fertilizer often have only marginal effect
on yields due to P fixation by Fe- and Al-oxides in the
soils (Sample et al., 1980). Different genotypes vary
significantly in the capacity of using sparingly soluble
phosphate, some of the phosphorus efficient plants such
as melons (Fita et al., 2011), barley (Gahoonia et al.,
2000), tea (Lin et al., 2011), cowpea (Krasilnikoff et al.,
2003) and wheat (Batten, 1992) can secrete large
amounts of organic acids to enhance the utilization of
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sparingly soluble phosphate. In the respect of different
wheat varieties, P efficient cultivar has significantly higher
ability to dissolve calcium phosphate than phosphate
inefficient cultivar (Liu et al., 1996). Therefore, develop-
ment of crop varieties that can efficiently utilize these
fixed forms of soil P (mostly iron-and aluminum bound-P)
would result in lower input and an eco-friendly
sustainable production systems both for developed and
developing countries.

When studying phosphorus efficiency of plants, no
matter whether it is cultured with conventional or modern
biotechnology application, firstly it is important to reveal
the mechanism of plants adapting to soil phosphorus
stress, and further to find the specific physiological and
biochemical indicators relevant to plants tolerance to low
phosphorus. Effectiveness of soil P largely depends on
the plant’s ability to use insoluble P. Feature of root
exudates (organic acids in particular) is one important
factor to affect plant P uptake (Marschner et al., 1987).
For example, Gahoonia et al. (2000) results showed that
winter barley cultivars Marinka absorbed nearly twice as
much P from the strongly adsorbed soil P fraction. The
higher P uptake by Marinka than Sonate can be attributed
to its ability to acquire P from strongly adsorbed soil P, by
releasing more organic acids, especially citric acid, from
its roots. Root exudates play an important role in the
mobilization of soil mineral nutrients from sparingly
soluble phosphate. Organic acid exudation by rape
(Brassica napus) was shown to be an effective strategy to
increase P uptake from rock phosphate (Hoffland et al.,
1992). Rape utilized P from Cas(PO,4), much better than
from AIPO, (Zhang, 1997). Malonic acid exuded from the
roots of pigeon pea could facilitate P release from FePO,4
and AIPO, (Otani et al., 1996). Recent studies suggested
that organic acid anions can desorbs P from mineral
surfaces and solubilize P from Al-, Fe- and Ca-
phosphates by chelating metals (Ryan et al., 2001). Thus,
the root release of organic acid anions is considered a
principal mechanism in alleviating P deficiency. However,
the study of Subbarao et al. (1997) showed that different
Fe-P activation capacity of different genotype pigeon pea,
root exudates cannot well explain the genotype difference
of pigeon pea’s ability to absorb Fe-P.

Based on the above literatures described, we guessed
that exudation of organic acids by rape roots are probably
involved in P mobilization and plant uptake. Whether
different P activation capacity and organic acid content of
different genotype rape root exudates can reflect the
genotype difference of rape’s ability to absorb sparingly
soluble phosphate still needs further study.

In this present study, we analyzed different use of
sparingly soluble phosphate (Al-P and Fe-P) of different
phosphorus efficiency rape clarifying the relationship
between rape’s capacity of absorbing sparingly soluble
phosphate and root morphology and root secretion of
organic acids. Also, defining utilization patterns and
physiological characteristics of different rapes’ genotype

and the ability to absorb sparingly soluble phosphate
could provide a theoretical basis for the selection and
cultivation of P efficiency rape.

MATERIALS AND METHODS
Plant materials and seedling growth

Two cultivars of rapes (Brassica napus L. B56 and B10) that differ
in P-uptake efficiency in the field were selected for this study. Field
test results showed that phosphorus absorption and use efficiency
of rape B56 was significantly higher than rape B10 (Wang et al.,
2011). For the convenience of writing, phosphorus efficient rape
B56 was recorded as HG, and phosphorus inefficient rape B10
recorded as LG. A sand pot experiment was carried out at the
Southwest University, Chongging, China. Rape seeds were surface-
sterilized for 5 min in 20 g/kg HgCl; solution and sown in sand and
grown for 14 days with deionized water only. Seedlings were
washed from the sand culture and carefully transferred to a solution
containing [in mM]: 0.75 K;SOa4, 0.65 MgSO4, 1.0 KH;PO,4, 2.0
Ca(NOs3)2, 1.0 KCI; and [in pM]: 50 FEEDTA, 10 H3BO3, 1.0 MnSO,,
0.5 ZnS04-5H,0, 0.05(NH4)sM07024-4H,O. The solution was
adjusted to pH 6.0 with 1.0 mM HCI or NaOH and renewed every 2
days. After a 8-day growth period in the aerated nutrient solution,
seedlings of similar size were selected and transplanted into the
same aerated nutrient solution in a 2 L plastic pot (6 seedlings per
pot) subjected to P treatments of different treatments (0, 1, 10, 20,
200, 500 pM) for additional 3 days before root exudates were
collected. The seedlings were placed in a growth chamber with
relative humidity of 65%, the mean day/night temperatures in the
growth chamber were 25/20° cycles and the mean day/night
temperature in the growth chamber was 14/10 h cycles. The photon
fluency rate was 300 umol photon/(m?-s). Each experiment was
conducted with three replicates.

Sand culture experiment

For each pot, 2 kg quartz was measured, mixed thoroughly with
treatment level of P and filled into the pots. Two genotypes were
used in this experiment, respectively. Four surface sterilized seeds
of each genotype were sown into the quartz filled pots. Four
treatments were imposed with three replicates per pot: 87.8 mg
KH2POy4; 78.6 mg AIPO4; 143.5 FeP0O4+4H,0 and CK (without P). To
remove the water soluble P from the Fe-P and Al-P sample, which
were washed repeatedly with water 10 times, dried in an oven 70°C
before use. The total amount of P (10 mg P/kg) was the same for
the three treatments. For convenience of description, the above P
treatments will be designated as K-P, Al-P, Fe-P and CK,
respectively. Pots were watered with demineralized water as and
when required. Growth conditions were the same as those in
solution culture experiment. After 30 day growth, the plants were
harvested and P content in the shoots was determined by the
molybdenum blue method (Murphy and Riley, 1962).

Estimation of root morphology

After the above experiment harvest, roots were washed with
distilled water and transferred to 25% ethanol immediately. Then
the roots were scanned with a STD 1600 scanner (Epson, Japan).
The morphological parameters of roots, including length, surface
area, volume, and the number of lateral roots, were examined by
applying root system image analysis software (Win-Rhizo, Regent
Instruments, Canada). After scanning, the roots were washed with
distilled water, and prepared for the determination of dry weight and



P content as described above for shoot samples.

Solution culture experiment

Two rape’s seedling preculturing were the same as in the case of
sand culture experiment. After 10 days, healthy and uniform
seedling of each rape cultivars were transferred to large-volume (50
L) containers supplied with either complete (10 mg P/L) or P-free
nutrient solution. The nutrient solution was adjusted to pH 5.0 with
0.5 mM NaOH or HCI daily and renewed every two days.

Phosphate depletion experiment

Phosphate depletion experiment was carried out according to
Claassen and Barber (1974) with some modifications. On day 20
after transferring, the groups of ten plants were placed into a 3 L
container with P-free nutrient solution. The concentrations of other
nutrients were one fourth of complete nutrient solution. After 36 h of
P starvation, the P-free nutrient solution was replaced with a
nutrient solution containing 2.5 mg P/L as NaH,PO,. The phosphate
depletion experiment was carried out at 7:00 AM. Aliquots of
nutrient solution were taken at 0.5, 1, 2, 3, 4, 5,6, 7, 8,9, and 10 h
after the beginning of depletion procedure, immediately filtered
through a 0.45 pum syringe filter, and used for the determination of P
concentration by molybdate blue method (Murphy and Riley, 1962).
During the depletion procedure, the volume of nutrient solution was
kept constant by adding distilled water every 30 min. This
experiment was replicated three times at 25°C day temperature for
14 h and 22°C night temperature for 10 h, a humidity of 70%, and a
light intensity of 300 pmol photon/(m?s). After the depletion
procedure, the roots were rinsed three times with distilled water,
dried at 105°C for 30 min, and then oven-dried at 70°C to a
constant weight. Dry weight of root samples were recorded (Li et
al., 2007).

Collection of root-exuded organic acids

Seedlings were pre-cultured in Hoagland’s solution for six days, and
then divided into two groups. One group of seedlings received P at
10 mg/L to produce P-sufficient plants; the other group which did
not receive any P were P-deficient plants. After growing under these
conditions for 16 days, to collect root exudates from whole root
systems, four uniform seedlings of each genotype were taken from
the pot, their seedlings were washed thoroughly in distilled water
and transferred to a 1-L plastic container of 0.5 mmol/L Ca(NOs3);
solution at pH 5.3 for 10 min. Root exudates were collected for 24 h
under aeration in a growth chamber at 27°C, 16-/8-h day/night
cycles, 300 pumol photon/(m?-s) light intensity and 70% relative
humidity. The root exudates were divided into two groups. One
group was evaporated to dryness under pressure at 40°C,
dissolved in 5 ml of distilled water and then stored in a refrigerator
at -20°C until organic acid analysis. Root exudates were
standardized with root fresh weight, which was measured
immediately after the treatment. The other group was used to do
experiment mobilization of sparingly soluble inorganic phosphate.

Determination of organic acids

All the root exudates samples collected from rape genotypes grown
in solution culture as described above were passed through a
cation exchange column (16 x14 mm) filled with 5 g of Amberlite IR-
120B resin (H* form), followed by an anion-exchange column filled
with 2 g of Dowex 1 x 8 resin in a cold room. The anionic fraction
was eluted with 5 M HCOOH and evaporated to dryness using a
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rotary evaporator at 40°C. The residue was dissolved in 1 ml dilute
H,SO4 and passed through a membrane filter (0.45 um). The
organic acid concentrations in root exudates were determined by
HPLC equipped with an ion-exclusion column.

Estimation of solubilizing activity in root exudates

In order to examine the Fe-P, Al-P solubilizing activity by root
exudates, Fe-P and Al-P solubilizing activity of the root exudates
was estimated according to the method of Ae et al. (1990). A 25 ml
of concentrated root exudates and 5 ml sodium acetate buffer (1 M;
pH 5.6) was mixed with 0.1g AIPO,, FePO44H,O (which was
washed repeatedly with distilled water to remove the water soluble
P) in a plastic centrifuge tube. To this tube, 0.1 ml of chloroform was
added to prevent microbial degradation of the root exudate
compounds and the samples were loaded onto a shaker for 24 h at
25°C. Distilled water instead of the root exudates sample was used
as the control. The P-solubilizing activity of root exudates of root
exudates is expressed as the difference in P release from Al-P and
Fe-P between root exudates and distilled water. A 25 ml of citrate
(initial pH < 4.0) with different concentrations (the concentrations
were determined according to the concentration of citrate in P-
deficient root exudates) was mixed with 0.1 g AIPO4, FePO4-4H,0
in a plastic centrifuge tube as above methods. After shaking the
samples for 24 h at 25°C, the samples were centrifuged at 16000 x
g for 10 min and the P content in the supernatant was measured
using the method by Murphy and Riley (1962). The P content in the
root exudates was also estimated using the molybdenum blue
method, and taken into account while calculating the Fe-P and Al-P
solubilizing activity of the root exudates was considered to express
the solubilizing activity of the root exudates.

Data analysis

The experiments were arranged in completely randomized design,
and the data were analyzed in SPSS 18.0. Analysis of variance was
done for each variable with comparison of means by Duncan’s
multiple range tests or "t" test.

RESULTS
Plant growth and P uptake

Rape genotypes differed significantly in their utilization of
K-P, Al-P, and Fe-P as P sources. The dry matter
production and P accumulation between the two
genotypes treated with three P fertilizer sources is shown
in Table 1. The K-P was the most available P sources,
followed by Al-P, Fe-P and CK (without P addition). The
two genotypes displayed a similar pattern in response to
different P treatments, but there was a significant
genotypic difference in response to given P treatments.
Higher phosphorus efficiency rape showed higher plant
dry weights in comparison with those of low phosphorus
efficiency rape. For Al-P and Fe-P, plant dry weights of
HG were 52.1 and 27.1% of that of the K-P, respectively.
The corresponding values of LG genotypes were 70.4
and 44.5%, respectively. The total P uptake by the two
rape genotypes under the three P fertilizer treatments is
given in Table 1. The P accumulation of two genotypes
showed a similar pattern to that of plant dry weight. In
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Table 1. Dry weight and P accumulation of Brassica genotypes with different P treatments in sand culture at

50 days.
Dry weight (g plant™ P |ati lant™
Treatment y ght (g plant™) accumulation (mg plant™)
HG LG HG LG
K-P 2.42% 1.83° 10.41° 6.95°
Al-P 1.83° 1.34° 5.12° 3.62°
Fe-P 1.27° 1.12° 2.21° 1.49°
CK 0.56° 0.47° 0.62¢ 0.47¢
Treatments (T) *x *x
Genotypes (G) * *x
TXG ** **
Data are means (n = 4). Different letters within a column are significantly different at P < 0.05 by Duncan Multiple
Range Test.

Significant effects: ** P < 0.01,* P < 0.05; n.s. non-significant effect.

Table 2. Genotypic variations in different root morphological parameters of two rape genotypes under
different P treatments.

Item P- resource HG LG

CK 234.4° 286.6°

K-P 422.3° 429.3%

Root length (cm) Fo-p 324 5° 302.2°
Al-P 364.3% 3.7’

cK 31.2¢ 29.2°

, K-P 121.1° 131.6

Root surface area (cm</plant) Fe-P 44.5° 32.1°
Al-P 61.1° 57.6"

CcK 1.67° 1.12°

, K-P 2.65° 2.72°

Root volume (cm™/plant) Fep 2712 2 822
Al-P 1.89% 1.78"

cK 0.65" 0.64"

_ K-P 0.87° 0.91°
AvgDiam (mm) Fe-P 0.75% 0.71°
Al-P 0.81° 0.73

CK 223.4° 223.3°

Tios K-P 443.3° 375.2°
p Fe-P 298.3" 275.2
Al-P 311.3° 276.3"

Different letters within a row are significantly different at P < 0.05 by t test (n = 3).

terms of P uptake of the two rape varieties, P uptake with Al-P than from Fe-P.

K-P treatment is more than Al-P treatment, and P uptake

with Fe-P treatment was less than Al-P treatment. In the

K-P and Al-P treatment, P accumulation of HG was Differences of rape roots with different P treatments
significantly higher than those of LG in different P

resources. There were significant differences (P < 0.05) As seen from Table 2, when adding Al-P and Fe-P in
in dry matter production among the rape genotypes sand culture, the indicators reduce differently compared
studied. Rape had much better ability to absorb P from with normal supply of phosphorus, in this condition; two
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Table 3. Mobilization of Al-P and Fe-P by root exudates of two genotypes of rape. Vertical bars

represent +S.D. (n = 4).

Normal P supply treatment

P deficiency treatment

Genotype

Al-P Fe-P Al-P Fe-P
HG 1887.12 1278.52 2765.4° 2131.4%
LG 778.4° 521.4° 1026.7° 865.3°

Treatments (T) **
Genotypes (G) **
<G *

*%

*%

*%

Data are means (n = 4). Different letters within a column are significantly different at P < 0.05 by
Duncan Multiple Range Test. Significant effects: ** P < 0.01,* P < 0.05; n.s. non-significant effect.

Table 4. Exudation of organic acids by roots of rape genotypes in the present (CK+P) or absence (CK) of

phosphorus.
Treatment Type of organic acid Organic acid exudation (ug / pot/ 4 h)
HG LG

Malic acid 3.28° 3.26°
Succinic acid 0.25° 0.23%

CK+P Citric acid 3.21% 3.18%
Acetate acid 2.12° 2.04°
Total organic acids 8.86° 8.71%
Malic acid 224.5° 156.8"
Succinic acid 8.60° 8.23"

CK Citric acid 58.16° 45.12°
Acetate acid 35.48° 25.71°
Total organic acids 326.74% 235.86"

Mean values; n = 3. Means with the same letter are not statistically different at P = 0.05. Capital letters refer to
differences between P treatments. Small letters refer to differences between genotypes (read horizontally).

Means of 3 pots each with 60 plants (3 L pot).

genotype rapes have obvious differences. With normal P
supply treatment, LG's total root length, root number, root
volume and root surface area were similar to HG. But
when supplied with sparingly soluble phosphate, HG'’s
root length, root surface area, root number were
significantly higher than the LG. Compared with the
control treatment (inorganic phosphate as phosphorus
source), Al-P treatment reduces root length and the
number of lateral roots of rice, but increases root volume.
The other three indicators have no big difference with
normal P supply, and the difference among varieties was
mainly caused by phosphorus deficiency.

Mobilization of root exudates on Al-P and Fe-P

Table 3 shows whether with normal P supply or P
deficiency treatment, the root exudates of rape has
certain ability to activate Al-P and Fe-P, and activation
amount of Al-P was higher than Fe-P. In contrast, with
phosphorus deficiency treatment, the root exudates have

significantly higher Al-P and Fe-P activation than normal
P supply. Root exudates of HG genotypes showed higher
P-solubilizing activity (defined as the difference in P
release between root exudates and distilled water) than
those of LG genotypes. For example, P release from Al-P
by P-deficient root exudates of HG genotypes was 166%
of that by LG. P release from Fe-P by P-deficient root
exudates of HG genotypes was 122% of that by LG. The
two genotypes showed similar response to Al-P and Fe-P,
though Al-P is more easily solubilized than Fe-P.

Exudation of organic acids

P-starved rape exuded different types of organic acids.
Four kinds of organic acid, namely malic, succinic, citric
and acetate acid were detected in the rape root exudates
(Table 4). The amount of malic acid was the highest of
the four. Malic acid was the major component, followed
by citric acid, acetate acid and succinic acid. The total
organic acids (malic acid, acetate acid, succinic acid and
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Figure 1. Malic acid exudation induced by different phosphate levels for two
genotypes of rape. Malic acid was analyzed with ion chromatography. Means of 3
pots each with 60 plants (3 L pot). Vertical bar represents + S.D. (n = 3).
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Figure 2. The dynamics of malic acid exudation from P-starved rape genotypes.

Vertical bar represents + S.D. (n =5).

citric acid) secreted in HG was significantly higher than
those of LG genotypes. P starvation caused a 68.4-fold
increase in the amount of malic acid produced.

Malic acid exudation was greatly affected by P
treatments (Figure 1). Malic acid exudation at low P was
higher than that at high P concentration. HG exuded
more malic acid rate than LG at all P concentration. The
dynamics of malic acid exudation from P-starved rape
genotypes is shown in Figure 2. Malic acid exudation of

two genotypes attained a maximum after the rape
genotypes were transferred to the P-deficient nutrient
solution for 5 days. Thereafter malic acid exudation
decreased sharply, dropping to a minimum at day 15 after
treatment. Different genotypes showed similar responses
in malic acid exudation to P-deficient stress over time.
Under P deficiency, malic acid exudation in HG was
higher than that in LG, particularly at day 5. Malic acid
secretion of the two varieties reduces almost to zero in



the 15th day.

DISCUSSION

Phosphorus is usually the most limiting nutrient for
growth of rape crops. P deficiency is mostly caused by
the fixation of P in the soil due to physical or chemical
processes and large amount of sparingly soluble
phosphate usually spread in the soil. For this reason, it
would be effective to screen or to breed up crop varieties
with high ability to acquire P from sparingly soluble
phosphate. Genotypic variation in P acquisition from
sparingly soluble phosphate such as Al-P or Fe-P has
been reported for pigeon pea (Subbarao, 1997), rape
(Hoffland et al., 1992), wheat (Osborne, 2002), and
common bean (Shen, 2002). The results of this present
study also showed significant genotypic variations in
plant dry weight and P uptake by two genotypes rape
plants supplied with K-P, Fe-P and Al-P, thus indicating
the possibility to identify or to breed up rape cultivars
capable of an effective absorbing P from sparingly
soluble phosphate. Root morphology and properties of
root exudates are two important factors that affect P
absorption capacity of plants (Marschner, 1994).

Research and clarifying the traits relevant to rape’s
capacity of absorbing and use of sparingly soluble
phosphate means a lot to select rape genotype with
strong ability to absorb sparingly soluble phosphate. It is
generally accepted that plant nutrition, especially for
phosphorus, is closely associated with root morphological
parameters. For example, Tinker and Nye reported that
net P uptake per unit weight of a plant is determined by
root length, uptake kinetics and the root length per unit
weight of the plant and P movement by diffusion to the
root cylinder (Tinker and Nye, 2000). Root hair
exploitation of the soil increases the quantity of bio-
available P, because plant-available P in the root hair
cylinder is very close to P-adsorbing root hair cell
membranes.

The P uptake per plant from Fe-P by different rice was
significantly (P<0.05) correlated with root surface area
and root volume as well as with the number of lateral
roots, suggesting that the ability of rice to absorb P from
Fe-P was closely related to root morphology (Li et al.,
2007). Borkert and Barber (1983) reported that P uptake
by soybean plants grown with low P supply in the solution
culture experiment was highly correlated with total root
surface area, but not with the root length, root biomass,
or average root diameter. By comparison, cv. HG showed
most extensive root surface area, greatest root volume,
and most lateral roots than LG when exposed to Al-P and
Fe—P. There was significantly genotypic variation in each
root morphological parameter with either sufficient P
supply, Al-P or Fe—P treatment. Similarly, Li et al. (2007)
also reports that with Al-P and Fe-P treatment, the P
uptake of rice were in significant positive correlation with

Zhou et al. 3067

root surface area, root volume, number of lateral roots (P
< 0.05), indicating that the ability of rice absorbing
sparingly soluble phosphate had close relationship with
root morphology. It would be feasible to screen or to
breed rape genotypes with high P uptake ability from Al-P
and Fe-P according to the root morphological
parameters. However, other reported that root hairs
increase the effect of organic acid exudation (Hoffland,
1992).

Among the crop species, rape is reported to be very
efficient in utilizing P not only from the reactive rock
phosphate but also from the un-reactive phosphate rock
sources (Bekele and Hofner, 1993). Exudation of organic
acids is indicated as the mechanism responsible of the
phosphate rock solubilizing capacity of rape (Hoffland et
al., 1989b). Higher phosphorus efficiency showed better
ability to mobilize P from Al- and Fe-bound phosphates in
comparison with those of low phosphorus efficiency rape
(Table 3).

Many studies have shown that plant root exudates are
of great importance to activate insoluble soil phosphate
(Hinsinger et al, 2001). Organic acid exudation
experiment provided clear evidence that the efficient
utilization of Al-P and Fe-P by HG genotypes may be
attributed to the high P-solubilizing ability of the root
exudates. Subbarao et al. (1997) found that the Fe-P or
Al-P solubilizing activities of pigeon pea root exudates
were presumably due to the chelating ability of the
organic compounds released, rather than to their
acidifying ability on the rhizosphere. Our results indicate
that the amount of P release by root exudates of HG was
significantly higher than that of LG. Further analysis of P-
solubilizing ability of the root exudates revealed that more
citrate, tartrate and acetate were exuded from the root of
HG than from those of LG.

Therefore, the higher P uptake in HG may be largely
explained by the higher exudation of organic acids. These
results are in agreement with some previous reports
(Grierson, 1992; Jones and Darrah, 1994; Johnson et al.,
1996; Otani et al., 1996), which suggested that root-
exuded organic acids could increase phosphate avail-
ability from sparingly soluble inorganic phosphate
compounds.

Plant traits related to P acquisition are largely in-
fluenced by culture conditions or P nutritional status. A
modified sand culture system was used because
morphology of rape roots grown in sand was supposed to
be much closer to that of plants grown in the soil as
compared with roots grown in solution, and iron or
aluminum oxides were dominant form of P in tropical and
subtropical regions. As compared to the sufficient P
supply, the dry weight, P uptake, and P concentration per
dry weight of rape plants exposed to Fe-P and Al-P were
significantly (P<0.05) lower (Table 1), indicating rape
plants treated with Fe-P and Al-P as the source of P
experienced as low-P stress.

There is no evident genotypic variation between two
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rape cultivars where two rape cultivars were cultivated in
Fe-P. Root exudates consist of very complex compo-
sition, and organic acids plays a particularly important
role in the activation of sparingly soluble phosphate
(Hocking, 2001). The results showed that rape root
exudates with P deficiency treatment had certain acti-
vation capacity of Al-P and Fe-P. In comparison, the
exudates’ activation of P efficient rape was higher than
phosphorus inefficient rape. Ae et al. (1990) showed that
pigeon pea has more efficient at utilizing iron-bound
phosphorus (Fe-P) than several other crop species.

This ability is attributed to root exudates, in particular
piscidic acid and its derivative. Shen et al. (2002) showed
that large-seeded Andean genotypes (G19833 and
G19839) exuded higher amounts of citrate, tartrate and
acetate and mobilized more P from Al-P and Fe-P than
small-seeded Mesoamerican genotypes (DOR364 and
G21212). They showed that the active component of this
organic acid was the hydroxyl and carboxyl groups of the
tartaric portion, rather than the phenolic group.
Phenolicas have also been reported as important root
exudates that might affect the speciation of both Fe
(Marschner and Romheld, 1994) and Al (Heim et al.,
1999) via complexation reactions. Solubilization of P
compounds from sparingly soluble phosphate by organic
acids is achieved by complex formation between organic
acids/anions and metal ions such as Fe, Al, and Ca.
Complex formation depends on the number and position
of carboxyl (-COOH) and hydroxyl (-OH) functional
groups in the organic acids (Bolan et al., 1994).
Solubilization of P by several organic acids corresponded
to the stability constant for Al (log Kaj; 12.26 for citric acid,
6.21 for tartaric acid, 6.00 for malic acid, and 4.62 for
succinic acid (Hue et al., 1986).

The more stability constant of Al, the more the alu-
minum dissolutions are, and the dissolution of iron also
follows this rule (Ae et al., 1990).

However, there are some studies, such as Subbarao et
al. (1997), showing that different Fe-P activation capacity
of different genotype pigeon pea root exudates cannot
well explain the genotype difference of pigeon pea’s
ability to absorb Fe-P. Li et al. (2007) also shows different
sparingly soluble phosphate activation capacity of
different genotype rice root exudates cannot well explain
the genotype difference of rice’s ability to absorb
sparingly soluble phosphate.

This may be because plant’s absorption and utilization
of insoluble phosphorus is a complex process, including
at least two processes: (1) plant roots’ absorption of
soluble phosphate, which is largely affected by other
factors, For example, root growth and architecture,
development of root hairs and of symbiotic, mycorrhizal
associations (Raghothama, 1999).

Two above processes are crucial for an efficient
acquisition of poorly mobile nutrients such as P. Study of
Zhao et al. (2002) also reveals that root exudates and
organic acids amount of bean is not consistent with the

sparingly soluble phosphate activation capacity of root
exudates. This also illustrates that the activation of
insoluble P, in addition to detected organic acids, is also
affected by some other material, such as amino acids,
phenolic acids and other organic acids etc. In addition, P
absorption of roots is a comprehensive process, including
root morphology, root exudates, root architecture and
other mechanisms, and plants’ responses were not the
same at different growth stages, further study is
necessary to evaluate the role of the organic acids in Al-P
and Fe-P activation and absorption.
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