agronomy
Communication

Organic Phosphorus Substantially Contributes to Crop Plant
Nutrition in Soils with Low Phosphorus Availability
Hitoshi Moro 1,2 , Ho-Dong Park 1 and Takashi Kunito 1, *
1

2

*



Citation: Moro, H.; Park, H.-D.;

Department of Environmental Science, Faculty of Science, Shinshu University, 3-1-1 Asahi,
Matsumoto 390-8621, Japan; morohitoshi@gmail.com (H.M.); pparkhd@shinshu-u.ac.jp (H.-D.P.)
Nagano Prefecture Agricultural Experiment Station, 492 Ogawara, Suzaka 382-0071, Japan
Correspondence: kunito@shinshu-u.ac.jp

Abstract: To evaluate phosphorus (P) availability and the role of microorganisms in P dynamics
in the barley rhizosphere, we constructed a rhizobox using two arable Andosols under different
fertilization management regimens and cultivated barley (Hordeum vulgare L. cv. Minorimugi) for
5 weeks. The phosphatase-labile pool of organic phosphorus (Po) was assessed using a phosphataseaddition approach in combination with chemical extraction of Po from soils. A considerable amount
of inorganic P (Pi) in the NaHCO3 fraction was taken up by barley roots in a soil with high Pi
availability, whereas Po, primarily phytate-like P in the NaHCO3 fraction, was hydrolyzed and
then taken up by barley roots in a soil with low Pi availability. No significant utilization of either
NaOH-Pi or NaOH-Po was observed for both soils during the 5-week cultivation. In the soil with
low Pi availability, elevated acid phosphomonoesterase and phosphodiesterase activities, and greater
utilization of Po substrates by bacteria in the Biolog ECO plate, were observed in the rhizosphere
when compared with those in the bulk soil. This suggested enhanced Po hydrolysis by increased
phosphatase activities to meet the P demand, making the Po an important P source for barley in
the soil.
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1. Introduction
Organic phosphorus (Po) comprises a considerable portion of phosphorus (P) in arable
Andosols [1,2]. Because Po contributes to crop plant nutrition after its mineralization
to inorganic P (Pi) [3], evaluating the lability of soil Po to phosphatase hydrolysis is
indispensable for assessing P availability for crop plants in arable soils, in particular
Andosols [4]. Because of the remarkably high activity of phosphatase in the rhizosphere,
which is produced by both plant roots and microorganisms [5,6], Po seems to be actively
mineralized in the rhizosphere. Although the spatial distribution of phosphatase activity
in the rhizosphere was revealed using soil zymography [7] and also many studies have
suggested the utilization of Po in the rhizosphere by comparing the amount of Po between
the rhizosphere and bulk soils [8–10], to our knowledge, no studies have assessed the
availability of Po by examining phosphatase-hydrolyzable Po extracted from rhizosphere
soils with millimeter order distances from plant roots. In the present study, we assessed Po
availability by phosphatase addition to extracts from the rhizosphere of barley cultivated in
Andosols using the rhizobox system, which allowed a spatial resolution of 1 mm. Activities
of acid phosphomonoesterase and phosphodiesterase and substrate utilization profiles in
Biolog plates were determined to investigate the underlying basis of the P dynamics in
the rhizosphere.
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2. Materials and Methods
2.1. Soil and Rhizobox System
Two soil samples, classified as allophanic Andosols, were collected from the Ap
layer in two plots under different fertilization management regimens with mineral fertilizers (N, P, and K were added as (NH4 )2 SO4 , Ca(H2 PO4 )2 ·H2 O, and KCl, respectively)
alone (hereafter “NPK”) and with mineral fertilizers and rice straw compost (hereafter
“NPK + compost”), at Nagano Prefecture Vegetable and Ornamental Crops Experimental
Station in Shiojiri, Nagano Prefecture, Japan. The soil texture (the International Union of
Soil Sciences) was light clay with a mean particle size distribution of 22.4% sand, 36.7%
silt, and 40.9% clay. Soil samples were air dried and passed through a 0.5-mm sieve after
removing plant debris. Soil properties are shown in Table 1.
Table 1. Soil properties.

pH
Total C (g kg−1 )
Total N (g kg−1 )
Total P (mg kg−1 )

NPK Soil

NPK + Compost Soil

6.2
34.8
2.6
3390

6.3
43.4
3.1
3160

We constructed a rhizobox (Figure S1) to evaluate P dynamics in the barley rhizosphere
as described previously [11,12] after applying mineral fertilizer nitrogen (as (NH4 )2 SO4 at
57 mg N kg−1 dry soil) and potassium (as KCl at 46 mg K kg−1 dry soil). The rhizobox had
15 compartments, each of which were 1-mm thick, 150-mm high, and 150-mm wide; each
compartment was separated by a 25-µm nylon mesh. The root compartment was situated
in the center of the rhizobox, accommodating seven compartments on each side. Distilled
water was added to the soil sample so that it was at 60% water-holding capacity, and this
level was maintained during the cultivation by adding distilled water. Seven seeds of
barley (Hordeum vulgare L. cv. Minorimugi) were sown in the center compartment, and then
seedlings were grown for 5 weeks under a 12 h light/dark cycled fluorescent illumination
at 17.5 ◦ C in a climate chamber (Biotron LH-200; Nippon Medical and Chemical, Tokyo,
Japan). After the cultivation, the rhizobox was dismantled, and the soil was sampled from
each compartment. In the root compartment, the root was separated carefully from the
soil. The soil samples were stored at 4 ◦ C before determination of soil pH, phosphatase
activity, microbial substrate utilization, and phosphorus fractionation. Harvested barley
plants were divided into root and shoot by cutting at the soil level, and were dried at 70 ◦ C
overnight after washing in distilled water. Ground plant samples were digested using
concentrated HNO3 in Teflon bombs at 100 ◦ C for 1 h. Pi content was measured by the
vanadomolybdate method [13].
2.2. Soil Chemical Analyses
Soil pH was measured from a 1:2.5 (w/v) soil–water suspension. Susceptibility of
soil Po to phosphatase hydrolysis was assessed as described previously [14]. In brief,
soil samples were sequentially extracted with 0.5 M NaHCO3 (pH 8.5) and with 0.1 M
NaOH. After centrifugation and subsequent filtration through a 0.45-µm filter, the pH of
both NaHCO3 - and NaOH-extracts was adjusted to 5.0. Pi content was determined by the
ammonium molybdate-ascorbic acid method [15]. Total P (Pt) content in the extracts was
also determined after autoclave persulfate digestion. Three phosphatases were used in the
phosphatase hydrolysis experiment [14]: acid phosphatase Type IV-S from potato (PP), acid
phosphatase Type I from wheat germ (GP), and nuclease P1 from Penicillium citrinum (NP),
which were purchased from Sigma (St. Louis, MO, USA). Po was hydrolyzed by adding
the enzymes (PP alone, or combination of PP + GP, or combination of PP + GP + NP) to
NaHCO3 - and NaOH-extracts, followed by incubation at 37 ◦ C for 1 h. After incubation, the
Pi content was determined as described above. All analyses were performed in triplicate.
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Enzymatically hydrolyzable Po was determined by subtracting the Pi content of the soil
extract from that after phosphatase hydrolysis. The concentration of P was expressed as
mg P kg−1 dry soil. It was shown that PP can hydrolyze simple labile monoester P, the
combination of PP + GP can hydrolyze phytate-like P as well as simple labile monoester
P, and the combination of PP + GP + NP can hydrolyze DNA-like P in addition to labile
monoester P and phytate-like P [14].
2.3. Soil Microbial Analyses
The activities of acid phosphomonoesterase and phosphodiesterase were determined
in each compartment of the rhizobox according to [16]. In brief, p-nitrophenyl phosphate
was used as the substrate in a modified universal buffer of pH 6.5 for acid phosphomonoesterase, and bis(p-nitrophenyl) phosphate was used as the substrate in a 0.05 M Tris
buffer of pH 8.0 for phosphodiesterase. The activities were expressed on a dry weight basis.
Substrate utilization profiles of soil bacterial and fungal communities were evaluated
using Biolog ECO and SFN2 plates (Biolog, Hayward, CA, USA), respectively, as described
in [17]. For fungal analysis, the inoculant solution was amended with streptomycin and
tetracycline to inhibit bacterial growth. ECO and SFN2 plates were incubated at 28 ◦ C for
72 h and 168 h, respectively. After incubation, absorbances at 595 nm (color development
plus turbidity) and 750 nm (turbidity) were measured for the ECO plate, whereas that at
750 nm was measured for the SFN2 plate. For the ECO plate, the effect of turbidity caused
by bacterial growth on color development was corrected by subtracting the absorbance at
750 nm from that at 595 nm [18]. Averaged well color development (AWCD) was calculated
by dividing the sum of absorbance of all wells by the well number. Relative utilization of
Po substrates by bacterial and fungal communities was defined as the ratio of the AWCD
of Po substrates (glucose-1-phosphate and D-L-α-glycerol phosphate in the ECO plate,
and glucose-1-phosphate, glucose-6-phosphate and D-L-α-glycerol phosphate in the SFN2
plate) to the AWCD of all the substrates contained in the Biolog ECO plate and SFN2
plate, respectively.
All statistical analyses were performed using Python version 3.7.0 (Python Software
Foundation, Beaverton, OR, USA). All the data used in figures are included in Table S1.
3. Results and Discussion
3.1. Phosphorus Fractions and Phosphatase-Labile Pool of Po
The dry weight of barley grown in the NPK soil and NPK + compost soil is shown in
Table 2. The lower yield in the NPK soil than in the NPK + compost soil is probably because
of the low Pi availability, as described below, because sufficient amounts of nitrogen and
potassium for barley growth were added to the soils when the rhizobox was prepared.
Table 2. Dry weight and concentration and uptake of phosphorus in shoots and roots of seven barley seedlings.
Shoot

NPK soil
NPK + compost
soil

Root

Dry weight
(g)

P concentration
(µg g−1 )

P uptake
(µg)

Dry weight
(g)

P concentration
(µg g−1 )

P uptake
(µg)

0.60

652

391

1.12

837

937

1.14

566

645

1.69

824

1393

A decline in pH was observed in the root compartment for NPK soil and in the root
compartment and its adjacent compartments for NPK + compost soils (Figure 1a). The
concentrations of NaHCO3 -Pt and -Pi in the NPK soil were significantly lower than those
of the NPK + compost soil (p < 0.01; Figure 2a,c), which suggested lower P availability in
the NPK soil than in the NPK + compost soil. Thus, we regarded the Pi availability of the
NPK soil and the NPK + compost soil as being “low” and “high”, respectively. In the NPK
+ compost soil, both NaHCO3 -Pt and -Pi concentrations gradually declined toward the
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Figure 2. Phosphorus concentrations in (a) the NaHCO3 fraction from mineral fertilizer (NPK) soil, (b) the NaOH fraction
Figure
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from NPK soil, (c) the NaHCO3 fraction from NPK + compost soil, and (d) the NaOH fraction from NPK + compost soil in
in the rhizobox system where barley was cultivated for 5 weeks. PP: acid phosphatase Type IV-S from potato; GP: acid
the rhizobox system where barley was cultivated for 5 weeks. PP: acid phosphatase Type IV-S from potato; GP: acid phosphosphatase Type I from wheat germ; and NP: nuclease P1 from Penicillium citrinum.
phatase Type I from wheat germ; and NP: nuclease P1 from Penicillium citrinum.
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a significant depletion of Po was observed in the barley rhizosphere in P-deficient soils [23].
It was also reported that available Pi was provided principally through hydrolysis of Po by
phosphatases in unfertilized soils [24]. As far as we know, the present study is the first to
examine the phosphatase-labile pool of Po in rhizosphere soils with a spatial resolution of
1 mm, providing evidence for the importance of Po for plant nutrition in soils with low
Pi availability.
3.2. Phosphatase Activities and Substrate Utilization Profiles of Microbial Communities in
the Rhizosphere
The highest activities of both acid phosphomonoesterase and phosphodiesterase
were observed in the root compartment and its adjacent compartments in the two soils
(Figure 1b). Although acid phosphomonoesterase activity was significantly lower in the
NPK soil than in the NPK + compost soil (paired t test, p < 0.01), the activity in the root
compartment was comparable between the two soils. In the case of phosphodiesterase, the
activity was not significantly different between the two soils (p > 0.05), but the activity in
the root compartment was higher in the NPK soil than in the NPK + compost soil. These
high activities of the two phosphatases in the root compartment of the NPK soil could be
induced by the low Pi availability in this soil (Figure 2); the result was also in agreement
with the depletion of Po in the rhizosphere of NPK soil as described above. It is generally
accepted that P limitation leads to greater phosphatase activity in soils [25–27].
The AWCD of the bacterial community was significantly higher in the NPK + compost
soil than in the NPK soil (Figure 3a; p < 0.01), whereas the opposite trend was observed for
the fungal community (Figure 3b; p < 0.01). In the NPK soil, the AWCD of the bacterial
community was extremely elevated in the root compartment, and the AWCD of the fungal
community also tended to be higher in the root compartment than in the other compartments. In contrast, such a tendency was not found in the NPK + compost soil. These results
suggested increased activity of microorganisms, in particular bacteria, in the rhizosphere
of the NPK soil with low Pi availability.
The relative utilization of Po substrates by the bacterial community was remarkably
higher in the root compartment than in the other compartments for the NPK soil (Figure 3c),
indicating greater utilization of Po by bacteria in the rhizosphere than in the bulk soil of the
NPK soil. In contrast, no increase in the relative utilization of Po substrates by the bacterial
community was observed in the rhizosphere of the NPK + compost soil. For the fungal
community, no enhanced utilization of Po substrates in the rhizosphere was found for both
soils (data not shown). These results suggested that bacterial demand for P was greater in
the rhizosphere of the NPK soil than in the NPK + compost soil and was also greater than
the fungal demand for P in the rhizosphere of both soils. Considering these observations,
it appears that microorganisms, mainly bacteria, might produce phosphatases and use
phytate-like P in the NaHCO3 fraction to meet the P demand in the rhizosphere of the
NPK soil with low Pi availability. A previous report suggested that phytate might be
preferentially used by bacteria rather than by fungi in soils [5].
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