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Abstract: Phosphorus (P) is an essential nutrient for crop production, while most soil P is the less
labile P associated with Aluminum (Al) and Iron (Fe) in acidic soils of Japan. The objectives of
this study were to evaluate the effects of two contrasting P-efficient legumes (white lupin, WL
(Lupinus albus L.); and groundnut, GN (Arachis hypogaea L.)) on rhizosphere soil P dynamics in
different soil types of Japan, such as Al-rich volcanic-soil, Fe-rich red-yellow-soil, and sandy-soil,
with or without historical fertilization managements (3 soil types × 2 managements = 6 soil samples).
We conducted a 56-day pot experiment, and analyzed the plant P uptake and fractionated P of
rhizosphere and bulk soils, based on the Hedley-fractionation method. We observed that GN P
uptake was generally larger than that in WL in most soil types and managements. WL significantly
decreased the labile P in most soils and also decreased the less labile inorganic P (Pi) and organic
P (Po) in fertilized Red-yellow-soil, which has much crystalline Fe, though GN did not. In contrast,
both WL and GN significantly decreased the less labile Pi in fertilized volcanic-soil, which has much
non-crystalline Al. These results indicate that (1) characteristics of less labile P uptake by P efficient
legumes were different between the soil types and managements, and (2) WL efficiently solubilized
the less labile P than GN in fertilized red-yellow soil, while GN efficiently absorbed the larger amount
of P than WL, especially in volcanic- and sandy-soil.
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1. Introduction

Phosphorus (P) is an essential element of plant metabolism (for example, it is a constituent of
nucleic acids and membranes), and chemical or organic P fertilization is usually necessary to increase
crop productivity. However, most applied P fertilizer is easily converted to a less labile P form in the
soil, due to the association with the surface area of various clay minerals and iron (Fe)/aluminum
(Al) oxides; for example, Fe/Al oxides in acidic soils, calcium (Ca) and magnesium (Mg) minerals
in neutral to alkaline soils [1], and the Al-humus complexes in volcanic soil [2]. These associated P
in soil cannot be utilized by most crop species, and therefore, the P use efficiency of P fertilizer is
generally low [3], and P deficiency is one of the major limitations for crop growth and productivity [4].
Furthermore, phosphate rock, which is the source of manufactured P fertilizer, is a finite resource [5,6],
and the warning has been expressed that current mining rates would lead to a rapid depletion of P
resources in the near future [7]. Thus, it is necessary to improve the soil–crop P dynamics by using less
labile P to achieve the sustainable agriculture for the coming decades and centuries [8].
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Many studies have focused on several legume species (i.e., P-efficient legume), which can
effectively mobilize and utilize the less labile P associated with Al, Fe, and Ca, compared with
cereal plants [9–12]. In general, P-efficient legumes secrete large quantities of organic acids such
as malate, citrate, and oxalate for utilizing inorganic P and/or acid phosphatases from their
roots for hydrolyzing organic P [4,13,14]. These P-efficient legume species include white lupin
(Lupinus albus L.; [15,16], groundnut (Arachis hypogaea L.; [17,18], pigeon pea (Cajanus cajan L.; [19], and
chickpea (Cicer arietinum L.; [20]. The accumulated P forms and its availability in soil are generally
controlled by soil physico-chemical properties such as pH, soil texture, and the amounts and forms
of Al, Fe, and Ca [1,21]. Sugihara et al. [22] observed that the rhizosphere soil P dynamics of various
P efficient legumes (white lupin, cowpea (Vignaungui culata L.), and pigeon pea) were significantly
different for different soil physico-chemical properties, such as the amount of crystalline Fe or clay
content, in Tanzania. Dissanayaka et al. [23] also found that effect of intercropped white lupin on
maize P uptake is dependent on soil type, for example, white lupin had a high ability to improve the
maize P uptake in Regosol, but not in Andisol. Rose et al. [8] also found that some crops (wheat, faba
bean, canola, and chickpea) can decrease the less labile P, i.e., NaOH extractable Pi, only in alkaline
soil, but not in acidic soil. These studies indicate that each P-efficient legume may have the specific soil
condition, to utilize the less labile P [19]. Therefore, it is necessary to consider and evaluate the effect
of soil physico-chemical properties on soil-legumes P dynamics, especially for less labile P dynamics,
to achieve the better P use efficiency by utilizing the suitable P-efficient legume for each soil type.

In Japan, various soil types are distributed as croplands, and certain soil types are well known for
their high P fixation capacity or inherently low soil P [24,25]; the following three soil types should be
the important cropland soil to improve the P-use efficiency in Japan: (1) Volcanic soils (classified as
Andisols), which have critically high P fixation capacity of soils, caused by their much non-crystalline
Al oxides, i.e. allofhane and imogolite [26,27], and cover ca. 50% of upland areas in Japan; (2) strongly
weathered red-yellow soils (classified as Inceptisols or Ultisols), which have a strong P fixation capacity,
caused by much crystalline Fe oxide and large amounts of clay contents [28], and distributed mainly in
southern Japan, Okinawa prefecture [29]; and (3) sandy soils (classified as Entisols), which are coarse
textured (i.e., sandy) soils and have an inherently low total soil P and low P fixation capacity, due to
small amounts of Al and Fe oxides [23,30], distributed mainly in the mountains or coastal region of
western Japan. These three soil types have similar P-deficient problems for crop production, though
are likely to have different mechanisms causing their low P-use efficiency as a result of their different
P absorbed capacities and accumulated P forms. For example, in volcanic soil, most of less labile P
should be associated with non-crystalline Al and Al-humus complexes, while it should be associated
with crystalline Fe in red-yellow soils, and in sandy soils, less labile P should be a few contents caused
by a low amount of Al and Fe. At present, there are many studies about the effect of soil characteristics
on fractionated rhizosphere soil P of P efficient legumes but most of these studies were conducted in
neutral or alkaline soil [8,12,31]. Thus, there is little qualitative information about the effect of soil
physico-chemical properties (e.g., the quantities and type of Al and Fe, or low soil pH) on less labile P
uptake and utilize capability of P-efficient legume rhizosphere in acidic cropland soils of Japan [23],
even though such information would be useful to improve soil–crop P dynamics using P-efficient
legumes in the future.

Therefore, the objectives of this study were (1) to investigate the effects of two different legumes
(white lupin and groundnut) on rhizosphere soil P dynamics in different P-limited soil types with the
Hedley fractionation method [32], and (2) to compare the effects of soil physico-chemical properties on
legume P uptake and soil P dynamics, based on volcanic soils, red-yellow soils, and sandy soils of
Japan. To evaluate the effect of land management (esp. for P condition) on rhizosphere P dynamics
of each soil [33], we used two different land management soils from each soil type, i.e., P-poor
soil (no-cultivation and/or no-fertilization) and P-rich soil with historical fertilization. Our study
fundamentally examined the early stage growth of the two legumes, i.e., white lupin and groundnut,
and conducted a pot experiment in a temperature-controlled glasshouse.
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2. Materials and Methods

2.1. Soils

We used three different soil types and two different land management soils of Japan (3 soil
types × 2 managements = 6 soil samples) with different physico-chemical properties, in order to
compare the soil-plant P dynamics between the various soil types and land management: A volcanic
soil (Andisols) with and without cultivation and fertilizer, a red-yellow soil (Inceptisols), with and
without cultivation and fertilizer, a sandy soil (Entisols) with and without fertilizer [34]. Volcanic soil
samples were collected from the experimental field of Tokyo University of Agriculture and Technology
at Fuchu, Japan; one is named “Andisols” (35◦41′ N and 139◦29′ E), where the field had never been
cropped or fertilized for >100 years (conservation area), and the vegetation is a deciduous broadleaf
forest, and the other is named “Andi-Fer”(ca. 700 m from Andisols site), where compost and chemical
fertilizer had been applied for >25 years as long-term experimental cropland field (maize, soybean, and
so on). Red-yellow soil samples were collected from the Okinawa prefecture of Japan; one is named
“Inceptisols” (26◦41′ N and 128◦06′ E), where it had never been cropped and fertilized before, and the
vegetation is a young tropical forest, and the other is named “Incepti-Fer” (25◦57′ N and 131◦19′ E),
where chemical fertilizer was generally applied for >30 years, according to the recommendation of
Okinawa prefecture. Sandy soil samples were collected from a long-term experimental cropland
field of Hiroshima University at Higashi Hiroshima, Japan; one is named “Entisols” (34◦23′ N and
132◦43′ E), where it had never been fertilized for 28 years and conducted the cultivation, and the other
is named “Enti-Fer” (34◦23′ N and 132◦43′ E), where it had been fertilized (with nitrogen, phosphorus
and potassium) for 28 years and conducted the cultivation. Soil physico-chemical properties are shown
in Table 1. Andisols and Andi-Fer soils have much non-crystalline Al oxides (oxalate-extractable
Al; Alo), due to the volcanic materials, while Inceptisols and Incepti-Fer have much crystalline Fe
oxides (dithionite-citrate- bicarbonate extractable Fe; Fed). In contrast, Entisols and Enti-Fer has little
Al and Fe oxides due to little clay content. Soil pH was relatively low (5.1–5.5), except for Andi-Fer
(6.7), as a result of the neutralization management only at this site. Available P, such as Bray2-P
was significantly larger in fertilized soils, due to the fertilization management. The P absorption
capacity [35] is significantly higher in volcanic soils than Red-yellow soils and HS. In this study, we
compared with the soil types for Andisols, Inceptisols, and Entisols, while we also compared the effect
of land management including fertilization and/or neutralization management for each soil type (e.g.,
Andisols vs Andi-Fer). All soils were collected from the surface soil layer (0–15 cm). The soils were
air-dried and passed through a 4 mm sieve, and whole visible plant residues were removed before
the experiment.
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Table 1. Soil physico-chemical properties.

Soil pH TC TN Clay (%) Alo Feo Ald Fed Bray-P (mg P kg−1)
P Ads. Cap.

(H2O) (KCl) (g kg−1) (g kg−1) (mg P2O5 100 g−1)

Andisols 5.3 4.6 94.3 6.5 27.9 63.8 29.6 21.5 55.5 11.7 2237.2
Andi-Fer 6.7 5.6 90.7 7.1 36.6 65.9 28.3 19.1 59.6 112.9 2072.3

Inceptisosl 5.1 3.2 18.4 1.9 30.7 2.9 1.6 5.4 35.3 9.4 686.5
Incepti-Fer 5.1 4.3 19.8 2.1 88.7 2.2 1.9 10.1 61.0 373.0 816.2

Entisols 5.5 4.1 2.4 0.2 4.4 0.5 0.4 0.1 4.4 6.5 130.6
Enti-Fer 5.5 3.4 2.6 0.3 6.0 1.5 0.6 1.1 4.8 119.2 130.2

Alo and Feo were oxalate-extractable Al and Fe, respectively; Ald and Fed were dithionite-citrate-bicarbonate extractable Al and Fe, respectively; P Ads. Cap. is P adsorption capacity
of soil.
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2.2. Plant Growth Conditions

The experiment was conducted in a phytotron, i.e., outside an enclosed glasshouse, which
can control the temperature (28.0–18.0 ◦C, day–night regime) and humidity under natural sunlight.
Wagner pots (1/5000 a) were used for the pot experiment. Based on the preliminary measured bulk
density for all soils, the amount of soil to be placed in each pot was calculated to simulate the field
conditions (2.0 kg pot−1 in Andisols and Andi-Fer, 2.5 kg pot−1 in Inceptisols and Incepti-Fer, and
4.0 kg pot−1 in Entisols and Enti-Fer). For Inceptisols and Incepti-Fer soils, we used the relatively light
bulk density which was measured immediately after the machinery cultivation (0.79 Mg m−3), because
the normal bulk density (ca. 1.05~1.15 Mg m−3) prevent the plant growth and root penetration, due
to the hard compactness, based on our pre-experiments. Soil moisture conditions were maintained
at 60% of field capacity (except for Entisols and Enti-Fer, which were maintained at 30% of field
capacity, because high moisture contents in sandy soils had caused moisture damage to plants in our
pre-experiments) during the experiment by daily weight and watering.

We used two plant species, i.e., white lupin (Lupinus albus L. cv. Luxor; WL) and groundnut
(Arachis hypogaea L. cv. Chibahandachi; GN). WL has a strong potential to improve the soil P dynamics
even in the volcanic soil [23] and GN also has the strong potential to utilize the less labile inorganic
P [17]. The WL and GN seeds were surface-sterilized using 1% sodium hypochlorite and 70% ethanol,
and were soaked in tap water over 3 days for germination. After radicle emergence, four evenly sized
seeds per pot were planted. Two weeks after planting, the plants were thinned to two plants per pot.
Five replications were prepared for each soil type (2 legumes × 6 soil types × 5 replication = 60 pots).
Unplanted pots, serving as controls and representing the bulk soil (Ctrl), were also prepared and the
moisture content of bulk soil was similarly maintained at 60% (30% for Entisols and Enti-Fer) of field
capacity (three replications). In this research, we did not apply P and N fertilization to all soils because
P dynamics of soils are theoretically affected by P and N fertilization and we wanted to evaluate the
original P dynamics of each soil. To minimize the limitation of nutrients other than P and N, nutrients
were supplied at the following rates: Macronutrients (g kg−1 soil): K2SO4 0.17 and MgSO4·7H2O 0.39;
and micronutrients (mg kg−1 soil): FeNa-EDTA 0.4, CuSO4·5H2O 2.0, MnSO4·5H2O 0.6, CoCl2·6H2O
0.4, H3BO3 0.5, Na2MoO4·2H2O 0.5 and ZnSO4·7H2O 2.2 [12]. All pots were arranged in a complete
randomized design in the glasshouse. Plants and soils were sampled 56 days after planting.

2.3. Plant and Soil Analyses

At sampling, the aboveground biomass (stem and leaves) were cut at the soil surface, rinsed in tap
water and then oven-dried at 70 ◦C for more than 2 days. The dried plant samples were then weighed.
The P content was determined calorimetrically with the molybdate-ascorbic acid procedure [36],
following digestion with nitric and sulfuric acid. To correct the belowground biomass (roots) and
rhizosphere soil, root systems were carefully removed from the pots and lifted. The root system
was shaken gently to remove loosely adhering soil. The rhizosphere soils (i.e., strongly adhering
soil and therefore were strongly affected by plant root) were collected by another careful shaking
of the root system in a plastic bag and/or by carefully brushing the rhizosphere soil from the root
surfaces. There was more than 20 g of rhizosphere soil per pot for each legume species and soil
type. Unplanted pots were also prepared for each pot experiment, and were used to collect bulk soil
(Ctrl), in order to reduce the number of soil analytical samples of bulk for labor saving. To verify the
suitability of the Ctrl soil as the bulk soil sample, we also analyzed the bulk soil (not rhizosphere soil)
of several planted pots and compared the fractionated soil P of bulk soil of planted pots with that
of the Ctrl soil. These results confirmed that there were no clear differences between the bulk soil of
planted pots and Ctrl soil, and therefore we could use the Ctrl soil as the control soil sample for all
planted rhizosphere soils. The rhizosphere soil and Ctrl soil were stored in the refrigerator at 4 ◦C.
After sampling, soil samples were passed through a 2 mm sieve, and visible plant residues and roots
were carefully removed. Soils were then kept in a refrigerator at 4 ◦C, for analysis of soil pH, total P,
and fractionated P as described below.
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Phosphorus fractionation of soil was conducted using a modified Hedley fractionation [32].
In brief, 0.5 g of rhizosphere and Ctrl soil sample were placed in a 50 mL centrifuge tube and extracted
sequentially with the solutions in the following order: (1) 30 mL distilled water with two resin strips
(anion exchange resins in the bicarbonate form; Resin-P); (2) 30 mL of 0.5 M NaHCO3 adjusted to pH 8.5
(NaHCO3-P); (3) 30 mL of 0.1 M NaOH (NaOH-P); and (4) 20 mL of 1 M HCl (HCl-P). Each extraction
was performed for 16 h using a horizontal shaker followed by centrifugation at 2210 g for 20 min at
room temperature. The inorganic P (Pi) concentration in all extracts was measured colorimetrically
with the molybdate–ascorbic acid procedure [36] after pH adjustment to 7.08 using p-nitrophenol as an
indicator of colorimetric titration. The absorbance was determined at 712 nm. The total P (Pt) in each
NaHCO3 and NaOH extract was measured after digestion in ammonium persulfate in an autoclave at
103.5 kPa and 120 ◦C (60 min for the NaHCO3 extract and 90 min for the NaOH extract). The organic
P (Po) was calculated as the difference between Pt and Pi. Pt of rhizosphere and bulk soil samples
were determined using the vanadomolybdate yellow method [37] after wet digestion with nitric acid
and perchloric acid. The total soil P measurement of Entisols was substantially small and thus we
used the molybdate–ascorbic acid procedure for accuracy. Residual P was calculated as the difference
between the total P and the sum of all organic and inorganic P fractions of extracts. The Resin P and
NaHCO3-extractable P are labile P forms, whereas NaOH-extractable P, HCl-P and Residual-P were
classified as a less labile P form, which is not generally available to plants [38]. Soil pH (soil:water = 1:5,
w/w) was also measured for each soil sample.

2.4. Data Analysis

All statistical analyses were performed with SYSTAT 12.5 (SYSTAT Software, Richmond, CA,
USA). All data are expressed on a dry weight basis. All variables were tested for normality of the
distribution by a Shapiro-Wilk test, and transformed when necessary to minimize variation. One-way
analysis of variance (ANOVA) was used to analyze the plant related values (biomass, P concentration
and its uptake), each P fraction and soil pH between the Ctrl, WL, and GN rhizosphere soil for each
soil type and management. When ANOVA indicated a significant difference, mean comparisons were
carried out using post-hoc Tukey multiple comparison tests. In addition, to access the effect of soil
types and land management on the plant P uptake of WL and GN, we conducted a 2-way ANOVA.
In all cases, p < 0.05 was considered significant.

3. Results

3.1. Plant Growth and P Uptake

The plant biomass, P concentration, and P uptake of WL and GN in all soils after the pot experiment
are shown in Table 2. The aboveground biomass of WL was significantly higher in Andi-Fer and
Incepti-Fer than in other soils, while the aboveground biomass of GN was significantly higher in Andi-Fer
than in other soils. The belowground biomass of each plant also showed a similar trend as aboveground
biomass. The cluster roots of WL were observed in every soil type, though the number or size of
cluster roots were not clearly different for all soil types and managements. Generally, both aboveground
and belowground biomass of GN were significantly larger than those of WL in whole soil types and
managements, except for aboveground biomass in Incepti-Fer. The P concentration of WL was significantly
higher in Incepti-Fer than in other soils. The P concentration of GN was higher in Enti-Fer (Above)
and Incepti-Fer (Below). Total plant P uptake of WL decreased in the following order: Incepti-Fer
(49.9 mg P pot−1) > Andi-Fer (28.9 mg P pot−1) > Enti-Fer (11.3 mg P pot−1) > Entisols (3.5 mg P pot−1),
Andisols (1.3 mg P pot−1) and Inceptisols (0.8 mg P pot−1), while that of GN was as follows: Andi-Fer
(55.4 mg P pot−1) > Enti-Fer (46.0 mg P pot−1) and Incepti-Fer (39.7 mg P pot−1) > Entisols (9.4 mg P pot−1),
Andisols (4.6 mg P pot−1) and Inceptisols (4.2 mg P pot−1) (p < 0.05). According to a 2-way ANOVA
analysis, land management clearly affected the plant P uptake both of WL and GN, while soil types also
clearly affected the plant P uptake of both (Table 3). Total plant P uptake was significantly larger in GN
than that in WL in whole soil types and managements, except for Incepti-Fer.
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Table 2. Plant biomass, P concentration, and P uptake after the pot experiment.

Biomass (g pot−1) P Concentration (mg P g−1) P Uptake (mg P pot−1)

Above Below Above Below Above Below Total

White Lupin

Anidsols
1.58 cdB 0.37 dB 0.66 dA 0.62 cA 1.04 cB 0.23 cB 1.27 dB

(0.06) (0.03) (0.04) (0.02) (0.07) (0.03) (0.07)

Andi-Fer
7.24 aB 2.46 aB 3.32 bA 2.06 bB 23.85 bB 5.09 bB 28.94 bB
(0.43) (0.22) (0.17) (0.11) (1.25) (0.59) (1.75)

Inceptisols 0.63 dB 0.43 dB 0.84 dA 0.71 cA 0.53 cB 0.29 cB 0.82 dB
(0.10) (0.16) (0.03) (0.03) (0.10) (0.10) (0.18)

Incepti-Fer 8.34 aA 2.14 abB 5.08 aA 3.36 aA 42.61 aA 7.27 aB 49.87 aA
(0.59) (0.17) (0.19) (0.25) (3.92) (0.95) (4.77)

Entisols
2.06 bcB 1.41 cB 1.09 dA 0.87 cB 2.26 cB 1.20 cB 3.45 cdB

(0.08) (0.18) (0.05) (0.06) (0.11) (0.12) (0.18)

Enti-Fer
3.20 bB 1.53 bcB 2.44 cB 2.29 bA 7.83 cB 3.48 bB 11.31 cB
(0.19) (0.05) (0.20) (0.12) (0.85) (0.17) (0.93)

Groundnut

Anidsols
5.40 dA 2.88bcdA 0.49 dB 0.70 cA 2.64 cA 2.00 cA 4.64 cA
(0.31) (0.17) (0.01) (0.04) (0.18) (0.14) (0.29)

Andi-Fer
18.34 aA 5.46 aA 2.28 bB 2.50 bA 41.75 aA 13.61 aA 55.36 aA

(0.68) (0.25) (0.09) (0.02) (1.69) (0.53) (1.91)

Inceptisols 6.25 dA 2.50 cdA 0.49 cdB 0.46 cB 3.04 cA 1.14 cA 4.18 cA
(0.34) (0.15) (0.01) (0.03) (0.18) (0.07) (0.22)

Incepti-Fer 9.76 cA 3.88 bA 2.65 abB 3.58 aA 25.42 bB 14.23 aA 39.65 bA
(0.56) (0.35) (0.23) (0.31) (1.12) (2.22) (3.07)

Entisols
6.62 dA 2.52 dA 0.98 cA 1.20 cA 6.38 cA 3.00 cA 9.38 cA
(0.35) (0.16) (0.08) (0.07) (0.22) (0.16) (0.25)

Enti-Fer
13.00 bA 3.60 bcA 2.95 aA 2.18 bA 38.20 aA 7.77 bA 45.97 bA

(0.58) (0.26) (0.10) (0.12) (1.65) (0.43) (1.53)

Different small letteres indicate significant difference among soils in each plant, according to Tukey test (p < 0.05). Different capital letteres indicate significant difference between plants in
each soils, according to t-test (p < 0.05). Values in parentheses indicate the standard errors of the mean.
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Table 3. Summary of two-way analysis of variance for the effect of soil types (S) and land management
(LM) on plant P uptake of white lupin and groundnut.

Plant P Uptake

Source White lupin Groundnut
F value F value

Soil types (S) 34.0 *** 13.2 ***
Land management (LM) 263.6 *** 965.0 ***

S × LM 44.5 *** 14.0 ***

*** = p < 0.001.

3.2. Fractionated P of Rhizosphere Soil

The amount of fractionated P of rhizosphere and Ctrl soil in WL and GN for all soil types and land
management are shown in Figures 1–3 and detailed information were also shown in Supplemental
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Figure 1. Labile P of white lupin (WL), groundnut (GN) rhizosphere soil, and of control (Ctrl) soil.
Labile P = Resin-P + NaHCO3-Pi + NaHCO3-Po. Different letters indicate significant difference among
WL, GN and Ctrl according to Tukey test (p < 0.05).
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Figure 2. Less labile Pi (NaOH extractable Pi) of white lupin (WL), groundnut (GN) rhizosphere soil,
and of control (Ctrl) soil. Different letters indicate significant difference among WL, GN and Ctrl
according to Tukey test (p < 0.05).

WL had significantly decreased the Available P fractions, i.e., sum of Resin-P, NaHCO3-Pi, and Po

contents, in whole soil types and managements, except for Entisols. In case of less labile P fractions,
WL significantly decreased the less labile Pi (NaOH-Pi) in Andi-Fer, Inceptisols, and Entisols-Fer, and
also decreased the less labile Po (NaOH-Po) in Incepti-Fer and Entisols. In contrast, for GN, there
was no clear difference for available P in most soil types and management, except for Inceptisols.
GN significantly decreased the less labile Pi (NaOH-Pi) only in Andi-Fer and Inceptisols.

The effect of WL cultivation on available P contents of rhizosphere soil was quantitatively larger
in P-rich condition soil compared with that in P-poor condition soil, respectively. On the other hand,
the effect of GN cultivation on available P contents was a little of both in P-poor and P-rich condition
soils, compared with those of WL. In case of the P-rich condition, both WL and GN clearly decreased
the less labile Pi (NaOH-Pi) of rhizosphere soil in Andi-Fer, while only WL decreased the less labile Po

(NaOH-Po) and Pi (HCl-P) of Incepti-Fer. In Enti-Fer, both WL and GN decreased the available P (esp.
Resin-P) but not the less labile P.
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Figure 3. Less labile Po (NaOH extractable Po) of white lupin (WL), groundnut (GN) rhizosphere
soil, and of control (Ctrl) soil. Different letters indicate significant difference among WL, GN and Ctrl
according to Tukey test (p < 0.05).

3.3. Rhizosphere Soil pH

The soil pH of rhizosphere of WL and GN and Ctrl for all soil types and management is shown in
Figure 4. The rhizosphere soil pH of WL was clearly lower than that of Ctrl in whole soil types and
managements, except for in Andisols and Inceptisols. The rhizosphere soil pH of GN was also clearly
lower than that of Ctrl in Incepti-Fer, Entisols and Enti-Fer.
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4. Discussion

In this study, we observed a clear effect of WL and GN growth on fractionated rhizosphere soil
P of labile and/or less labile P fraction in different soil types and P conditions. These results were
consistent with those of former studies, which had found the clear WL and GN absorption of labile or
less labile P of soil [12,29,31,39]. Because plant P uptake were clearly larger in P-rich condition than
that in P-poor condition, changes in fractionated rhizosphere P were distinctly observed in P-rich
condition of volcanic and red-yellow soils.

4.1. Comparison of Fractionated Rhizosphere Soil P Dynamics between WL and GN

In this study, we observed the larger (or similar) GN P uptake than WL P uptake in each soil
type and management, which should cause the larger difference of fractionated P of rhizosphere soil
in GN rather than in WL (Table 2). However, in most soil types and managements, the difference of
fractionated P of rhizosphere soil was generally clear in WL than that in GN. These results indicate
that WL should absorb the specific P forms in each soil type and management, causing clear change of
specific P fraction, while GN may absorb the various P forms evenly, resulting in an unclear effect of
GN P uptake on labile and less labile P in most soils, except for Andi-Fer and Inceptisols. Many studies
have indicated that GN can utilize the less labile P, such as AlPO4 and FePO4 [29,39], and therefore,



Agronomy 2019, 9, 68 12 of 15

we hypothesized that GN growth should affect the less labile P in various P-limited soils. However, in
this study, we observed that GN decreased less labile P (NaOH-Pi) only in Andi-Fer and Inceptisols,
while WL significantly decreased the less labile P (NaOH-Pi, -Po, or HCl-P) in most soils, except for
Andisols. This might be because the different mechanisms of less labile P solubilization for WL and
GN. WL generally secretes much organic acid and phosphatase from their cluster root and mobilizes
the less labile Pi and Po [40,41]. In contrast, Ae and Shen [42] showed that GN roots can absorb the
less labile P which was AlPO4 or FePO4, by chelating the metallic ion on the root surface rather than
by secreting the organic acid, and its chelating solubilization should contribute to GN uptake of less
labile P, though the secretion of substantial organic acid from GN roots should also contribute to the
solubilization of less labile P [43]. These different P solubilization mechanisms for WL and GN (i.e.,
a varied spatial distribution of root activity for less labile P) are likely to have caused different results
in this pot experiment. Most previous studies of the GN P uptake were mostly focused on the effect
of applied P forms, such as AlPO4, FePO4·4H2O, and Ca-phytate, on GN P uptake and root activity
such as exudates, and therefore, there is little information regarding the real soil P dynamics under the
natural (no-applied) soil P conditions [18,39]. Based on the total plant P uptake, GN should be useful
to improve the soil-plant P dynamics in volcanic and sandy soils, due to its larger P uptake than WL,
though our results also suggest that WL should efficiently solubilize the less labile P than GN, and
therefore WL should be useful to utilize the less labile P of soil.

4.2. Effect of Soil Physico-Chemical Properties on Rhizosphere Soil P Dynamics

We found that the total WL P uptake was the largest in Incepti-Fer, indicating that WL must
solubilize and absorb the substantial less labile P of soil in Incepti-Fer, which has more crystalline
Fe than other soils. Many studies have shown that WL secretes much organic acid from its cluster
root [44], and Sugihara et al. [22] also observed that WL solubilized NaOH-Pi in Tanzanian fed-rich
cropland soil in a similar pot experiment to the current study. However, in this study, we did not
observe the decrease of NaOH-Pi in Incepti-Fer, while we observed the decrease of NaOH-Po and
HCl-P in Incepti-Fer. HCl-P is generally considered as Ca associated P (e.g., apatite). Thus, organic
acid from the WL root should solubilize the HCl-P instead of the NaOH-Pi of Incepti-Fer in this study.
On the other hand, in Inceptisols, we had observed the decrease of NaOH-Pi both in WL and GN.
NaOH extractable Pi should be mostly associated with crystalline Fe, because of more Fed and less
Alo in red-yellow soils. Then, both WL and GN could solubilize and use the NaOH-Pi fraction of
much crystalline Fe soil, in case of P deficiency. Furthermore, it was also well known that WL can
exude much phosphatase and utilize organic P effectively [45] and we observed the mineralization
of NaOH-Po only in Incepti-Fer of WL. Because Po in Andisols and Andi-Fer, which have larger
NaOH-Po than the other soil types, were not decreased at all, WL may be able to mineralize the Po

associated with crystalline Fe in Incepti-Fer [46], but not Po associated with non-crystalline Al. This is
possibly because soil organic matter associated with non-crystalline Al is relatively persistence and
therefore stable compared with Fe or other minerals [47,48]. Further study is necessary to evaluate
this hypothesis, because Hedley methods can not exactly evaluate the organic P fractions especially in
highly weathered soils and Andisols [49,50]. In contrast, GN did not clearly affect the less labile Pi and
Po in Incepti-Fer, and the aboveground plant P uptake was also significantly smaller than WL, only in
Incepti-Fer. Then, our results indicated that WL can efficiently solubilize and absorb the less labile P in
red-yellow soil with fertilization, compared with GN.

We also found that WL and GN significantly decreased NaOH-Pi in Andi-Fer, while it was
not in Andisols, though P absorption capacities were similarly high both in Andi-Fer and Andisols.
Considering the substantially larger total P uptake of WL and GN in Andi-Fer than those in Andisols,
both WL and GN can solubilize and absorb the NaOH-Pi fraction only in Andi-Fer, caused by larger
(and possibly stronger) plant P uptake based on developed root systems. Because of the larger amount
of Alo and volcanic soil material of Andi-Fer and Andisols, the accumulated less labile Pi (NaOH-Pi)
of these soils should be mostly associated with non-crystalline Al. The possible reasons of the above
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different P dynamics for Andisols and Andi-Fer were as follows: (1) The different soil pH for Andisols
(5.3) and Andi-Fer (6.7) (Table 1), and (2) the different history of land use for Andisols (uncultivated)
and Andi-Fer (cultivated with continuous chemical fertilizer and compost addition). For the first
reason, P availability of soil is strongly limited under acidic conditions. Lambers et al. [11] showed that
soil pH affects the P forms and their stability, and the low soil pH (4.7–5.2) in volcanic soils must cause
low P availability for most plants, though P availability of soil should increase with the increase of soil
pH. Ae et al. [17] also observed that pH reclamation of acidic soil increased the GN P uptake in volcanic
soil of Japan. For the second reason, because of the long term cultivation with organic and inorganic
fertilizer for more than 25 years in Andi-Fer, labile and less labile Pi is substantially larger in Andi-Fer
than in Andisols. On the basis of these results, both WL and GN can solubilize and utilize the less labile
Pi associated with non-crystalline Al of volcanic soil, which has high P absorption capacity, under
adequate soil pH and continuous fertilizer managed cropland, though further study is necessary to
reveal the effect of soil pH and land management on P solubilization by P-efficient legumes separately,
by XANES or 31P-NMR analysis [14,51]. In addition, in case of GN, total P uptake was significantly
larger in Andi-Fer than in Incepti-Fer, though the P adsorption capacity was significantly larger in
Andi-Fer than in Incepti-Fer and Avail-P was similar. It may indicate that GN can absorb the less labile
Pi associated with non-crystalline Al under adequate soil pH and continuous fertilizer management of
volcanic soils rather than Fe associated less labile P, such as red-yellow soils.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/2/68/s1,
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