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Abstract
The aim of this study was to determine if three cereal crops differed in their behavior to take up soil and fertilizer P, with emphasis
on the relationship between phosphatase activity and P fractionation.We used a vertical rhizobox experiment with wheat, oat, and
barley sown on Chilean Andisol (Barros Arana Series) with low P availability under greenhouse conditions. Plants were fertilized
with the equivalent of 100 kg P ha−1 of triple superphosphate (TSP) or rock phosphate (RP). Plant biomass was determined for
each of the three cereal plant species. Additionally, phosphatase (P-ase) activity in roots, soil in presence of roots (soil+R), and
soil in absence of roots (soil−R) after 60-day growth were evaluated, and soil P fractionation was determined using the Hedley
procedure. Fertilizer increased both P uptake and biomass production, particularly in shoots. The P uptake efficiency (ΔP uptake
between fertilized and unfertilized treatment/P input) was low (4.6%) and similar for both fertilizers for oat, but RP was more
efficient for wheat (> 30%) and even more so for barley (nearly threefold), due the higher shoot P concentration of RP fertilized
plants, which could be attributable to a major P-ase activity in plants fertilized with RP. Despite, fertilizer P was most clearly
identified in labile inorganic soil fractions with Olsen P being greater after TSP addition than RP. In particular, plants showed
contrasting soil+R P-ase activity inducing differences in soil+R P speciation, increasing labile NaHCO3-Pi and NaOH-Pi frac-
tions with TSP. Strong relationships were found between the sum of labile Pi fractions and P uptake. We conclude that slower
release of RP has a positive impact on P-ase activity and leads to better fertilizer efficiency than TSP, especially for barley.
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1 Introduction

Phosphorus (P) is an essential element required for plant
growth, with very low concentration in soil solution, which
is seldom adequate for optimal plant growth (Balemi and
Negisho 2012). The low soluble P concentration is a conse-
quence of the large reactivity of phosphate ions with numer-
ous soil constituents, including Al and Fe hydro(oxides) lead-
ing to a strong P retention in soil. Particularly, low P availabil-
ity has been reported for soils rich in those minerals, such as
those developed from volcanic ash as Andisol. Consequently,
P availability for plants depends on their capability to influ-
ence its concentration gradient and diffusivity in the soil near
the roots (Cabeza et al. 2017). Therefore, root-soil interactions
in the rhizosphere noticeably affect the availability of P to
plants. In consequence, plants have developed adaptations to
access soil P, e.g., rhizosphere pH changes, root structure,
exudation of organic anions, microbial reclutation and root
mycorrhizal associations (Aguilera et al. 2015; Martinez
et al. 2015), and root secretion of enzymes, that are the main
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effectors of metabolic pathways occurring in living organisms
(Gianfreda 2015). In particular, acid phosphatases (P-ase) as
P-solubilizing enzymes are typically more abundant in the
rhizosphere and are responsible for the mineralization of or-
ganic P to give available inorganic P (George et al. 2017). In
addition, plant roots secrete organic compounds that stimulate
microbial activity in the rhizosphere and hence P availability
(Crème et al. 2016; Mora et al. 2017). Microbial activity may
change the chemistry or biochemistry of the rhizosphere
allowing for P uptake from insoluble P forms (George et al.
2017). Some species develop more extensive root systems and
root hairs allowing the plants to explore a larger volume of soil
(Balemi and Negisho 2012).

Various methods for studying chemical changes in the rhi-
zosphere have been developed for annual crops, grasses, and
legumes (Hedley et al. 1994). Among these methods,
rhizoboxes have been used to determine changes in P availabil-
ity induced by roots (Zoysa et al. 1999). Furthermore, sequen-
tial P fractionation using chemical extractions (Hedley proce-
dure) has been used widely for determining soil P availability as
Pi and Po fractions differing in chemical extractability (Hedley
et al. 1982). This procedure has been also used for P character-
ization in Andisols (e.g., Redel et al. 2008, 2016; Velasquez
et al. 2016a). It has been shown that a high proportion of P is
present as residual recalcitrant P (Borie and Zunino 1983),
mainly attributed to mineral-associated organic P compounds.
However, recently, it was shown that residual P consists of a
mixture of organic and mineral compounds (Velasquez et al.
2016b). The plant availability of such compounds is unclear.
Some investigations indicated that there is a relationship be-
tween P fractions and phosphatase activities (George et al.
2002), suggesting that plants may increase root exudation in
low soil P availability conditions. Studies performed on agro-
forestry species showed that phosphatase activities increased in
the rhizosphere of agroforestry species, either directly by secre-
tion or indirectly by stimulation of microbial activity and/or
depletion of Pi (George et al. 2002). However, no clear relation-
ships were found between the activities of both root-associated
and exuded phosphatases and the P concentration and content
of plants (Machado and Furlani 2004).

Wheat, oat, and barley crops are among the dominant ce-
real crop species in southern Chile, with over 370,000 ha
sown each year, 236,500, 107,500, and 26,000, respectively
(ODEPA 2015), many of them growing on Andisol, thus re-
quiring high fertilizer inputs. Alternative P sources need to be
found due to the high cost of conventional superphosphate
fertilizer, and their application to soil may be adapted to dif-
ferent plant species. Studies on root surface activity (root P-
ase) of these crops have not indicated significant differences
among them (Sarapatka et al. 2004). However, contrasting
results have been observed for root P-ase in different plant
species at short-term greenhouse study for Andisols, for ex-
ample, greater P-ase activity was found for barley as

compared to oat and wheat plants (Paredes et al. 2011;
Martinez et al. 2015).

Our overall aim is to find efficient phosphorus fertilizer
strategies for the production of cereal crops in P-deficient acid
Andisols. Since these soils are acid, rock phosphate may be
expected to be efficient, so we compared rock phosphate and
soluble triple super phosphate as sources of P. However, since
the synthesis of phosphatases is known to be one of the strat-
egies used by plants to improve P acquisition, we hypothe-
sized that P-ase activities might be affected reduced by P fer-
tilizer addition. This would reduce the supply to plants of P
from soil organic P and thus increase the reliance on fertilizer
P. We expected that fertilizer P would increase pools of inor-
ganic P in soils and hoped to detect greater depletion of soil P
in unfertilized soils. We used two-compartment culture device
to compare soil directly influenced by the presence of plant
roots (soil+R), and unfertilized soil separated from roots (soil
−R). There may be some root influence in the soil−R, but
previous studies have detected significant changes in chemical
properties for only a few millimeters, and so after homogeniz-
ing 5-cm depth of soil, this may be considered to be Bbulk^
soil. We expected that P-ase activity and its effect on P frac-
tions will be greater in soil in presence of roots (soil+R) than
in soil in absence of roots (soil−R). We have compared three
cereal plant species (wheat, oat, and barley) that differ in their
strategies to take up P from fertilizer and soil, and focus on the
relationship between P-ase and P fractionation in order to
understand how plants optimize the fertilization in an
Andisol with low P availability.

2 Materials and Methods

Andisol samples collected from grassland pasture soil (0–10-
cm depth), with low available P (4 mg kg−1 Olsen P), were
used for this study. The soil is located in the IX Region of
southern Chile, near Freire in the Central valley, 39° 06′ 12″ S,
72° 37′ 42″ W, corresponding to BBarros Arana^ soil series,
typic Hapludands, with silt loam texture. Other soil character-
istics are given at Table 1. The soil samples were air dried,
sieved (< 2 mm), and stored until analysis.

2.1 Experimental Device Preparation

We prepared experimental devices for a greenhouse trial,
consisting of a two-compartment device (Fig. 1), made up of
two PVC cylinders, the upper compartment having an internal
diameter of 12-cm and 10-cm depth and the lower compart-
ment having an internal diameter of 11.5-cm and 5-cm depth,
covering 113 cm2 of the surface area. The two compartments
were separated by a 30-μm pore-diameter nylon mesh
(Nuruzzaman et al. 2006). The upper compartment represents
the soil in presence of roots (soil+R) and lower compartment
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represent the soil in absence of roots (soil−R). Soil was
weighed separately into each device zone, and the upper com-
partment was amended with the corresponding fertilizer for
each treatment (565-mg Triple superphosphate (TSP), 20% P

or 1570 mg rock phosphate (RP), Bifox (8.3% P, 90% solu-
bility in 2% citric acid) corresponding to the equivalent of
100 kg P ha−1 or 108 mg kg−1) in order to mimic a superficial
P fertilization at field (and calculated taking into account the
internal surface of the experimental device), and 50 kg N ha−1

as urea. Thereafter, the soil was maintained at field capacity
and the fertilizers were mixed in a bag separately for each pot.
The upper compartment was packed with 1050 g of soil (den-
sity of 0.90Mgm−3) and the lower compartment with 470 g of
soil (dry matter basis). Six seeds of wheat (Triticum aestivum
L.) cv. Caluga-Baer, oat (Avena sativa L.) cv. Supernova-
INIA, or barley (Hordeum vulgare L.) cv. Sebastián-Baer
plants were sown, thinned to four plants after 5 days to leave
the most representative plants into the upper compartments of
each experimental devices. These varieties are widely used in
the Region of La Araucania, the center of southern Chilean
cereal production. The experiment design corresponded to a
randomized complete block design, with three fertilizer treat-
ments (no fertilizer, TSP, and RP) and three crop species
(wheat, oat, and barley), with three replicates for each treat-
ment, representing a total of 27 experimental units.

2.2 Greenhouse Trial

The experimental devices were maintained under greenhouse
conditions (22 °C ± 2 °C) and their position randomized each
week. Every day, water loss was determined by weighing and
replaced by pipetting the required volume of distilled water
homogeneously across the pot surface. At the end of the
60 days, plants were harvested. Shoots and roots were care-
fully separated, and the soil adhering to the roots were
returned and homogenized into soil+R. Roots were washed
with distilled water for future analyses. Shoot and root mate-
rial was dried at 65 °C for 48 h to determine dry weight (DW)
and P content. Fresh samples of the soil of the upper and lower
compartments (soil+R and soil−R, respectively) of each ex-
perimental device were taken for P-ase determination. The rest
was air dried, homogenized and sieved (< 2 mm) for P
fractionation.

2.3 Plant and Soil Analyses

Total P (PT) in soil samples was extracted with NaOBr (Dick
and Tabatabai 1977) and determined by the method of
Murphy and Riley (1962). Total C (CT) was determined by
elemental analyzer (CHN NA1500; Carlo Erba Elemental
Analyzer, Stanford, CA, USA). pH was determined in
soil:water solution 1:2.5. Olsen P was determined by soil ex-
traction with 0.5 M NaHCO3 adjusted to pH 8.5, according to
the Olsen and Sommers (1982) method. Exchangeable cations
(Ca, Mg, K, and Na) were extracted with 1 M CH3COONH4

and Al with 1 M KCl solution.

11.5 cm
5 cm lower 

compartment 

(Soil-R)

10 cm upper 

compartment 

(Soil+R)

30 µm mesh

root mat

12 cm

Fig. 1 Schematic diagram of the experimental devices designed for this
study with containers set-up for growing cereal plant species in which the
roots were separated from soil by a 30-μm nylon mesh

Table 1 Selected soil properties of the original soil used for the
experiment (n = 3)

Soil properties Barros Arana soil
Means ± S.E.

Total P (mg kg−1) 1870 ± 45

Olsen P (mg kg−1) 4.01 ± 0.99

Total C (g kg−1) 130 ± 4

pH 5.55 ± 0.02

Exchangeable K (mg kg−1) 55 ± 7

Exchangeable Na (mg kg−1) 28 ± 4

Exchangeable Ca (mg kg−1) 920 ± 45

Exchangeable Mg (mg kg−1) 130 ± 10

Exchangeable Al (mg kg−1) 27 ± 5
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Phosphorus fractions (NaHCO3-Pi, NaHCO3-Po, NaOH-
Pi, NaOH-Po, and HCl-Pi) in soil were determined according
to a modified Hedley fractionation method (Hedley et al.
1982). Briefly, 0.5 g of soil was extracted with 30 mL 0.5 M
NaHCO3 pH 8.5 during 16 h followed by extraction with
30 mL 0.1 M NaOH for 16 h and finally with 30 mL 0.5 M
HCl-Pi for 16 h. The samples were centrifuged and filtered. In
all extracts, inorganic phosphorus (Pi) was measured spectro-
photometrically by the method of Murphy and Riley (1962) at
820 nm and pH 5.0, whereas organic phosphorous (Po) in all
extracts was calculated as the difference between PT deter-
mined for each fraction by alkaline oxidation of the residue
with NaOBr (Dick and Tabatabai 1977) and the Pi determined
in the extracts. Thus, this fractionation procedure yielded five
analytical fractions differing in lability: NaHCO3-Pi,
NaHCO3-Po, NaOH-Pi, NaOH-Po, and HCl-Pi. Residual P
was determined in the residual soil by alkaline oxidation with
NaOBr (Dick and Tabatabai 1977).

Acid phosphatase (orthophosphoric-monoester
phosphomonoesterase) activity (P-ase) in both soil+R
a n d s o i l −R w a s d e t e r m i n e d b y t h e p a r a -
nitrophenylphosphate (p-NPP) method of Tabatabai and
Bremner (1969) with modifications as described Rubio
et al. (1990) and Redel et al. (2008) for soils with high
organic matter content. Briefly, soil samples (1 g) were
incubated with 1 mL 50 mM p-NPP and 4 mL 0.1 M tris
buffer pH 5.5 for 1 h at 20 °C. At the end of the incuba-
tion period, 1 mL 0.5 M CaCl2 was added, and the solu-
tion was quickly filtered (Whatman 5C Filter paper).
Then, the filtrate was treated with 4 ml 0.5 M NaOH.
Samples were homogenized and centrifuged at 2500g for
10 min. Para-nitrophenol (p-NF) released was determined
spectrophotometrically by measuring the absorbance of
the supernatant at 400 nm. As p-NF is adsorbed by soils,
the results were corrected with a soil sample incubated
with p-NPP and buffer to determine p-NF adsorption onto
soil to avoid underestimation of the final amount of free
p-NF. Another sample was incubated with soil and buffer
only (control). Furthermore, root surface phosphatase
(root P-ase) was determined using ρ-nitrophenylphosphate
(p-NPP, Sigma-Aldrich, St. Louis, USA), according to the
procedure modified by Rubio et al. (1990) and Paredes
et al. (2011). Acid phosphatase activity was expressed
with respect to root dry weight.

To determine shoot and root P content, the shoot and root
samples were ashed at 500 °C for 12 h and dissolved in 2.0 M
HCl solution. P concentration was analyzed by spectropho-
tometry at 820 nm and pH 5.0 (Murphy and Riley 1962).
Phosphorus uptake was calculated as the product of dry bio-
mass and P concentration of shoot + root (P uptake = shoot
DW × shoot P concentration + root DW × root P concentra-
tion). P uptake efficiency was calculated according to: P up-
take efficiency = ΔP uptake / P input as fertilizer × 100.

2.4 Statistics

Data were analyzed using analysis of variance (two-way
ANOVA) to identify significant differences among treat-
ments. Kolgomorov test was applied for testing data nor-
mality. We tested the strength of the relationship between
selected parameters carried out using Pearson’s correlation
coefficient (P ≤ 0.05 or P ≤ 0.01). Furthermore, to group
and determine significant differences between samples
based on cereal crop P-ase activity and P fractionation,
data were imported into the PRIMER 7 software
(PRIMER-E Ltd., Ivybridge, UK), transformed by a Xþ1
(multipliying data by log 10), and normalized (Durán
et al. 2017). Then, a distance matrix was generated based
on Euclidean distances, and then data was submitted to a
principal component analysis (PCA) and hierarchical clus-
tering used to define groups of factors in order to discern
relationships or associations based on weighting of their
simultaneous contributions.

3 Results

3.1 Soil-Plant Parameters and Phosphatase (P-ase)
Activities

Soil pH was significantly higher in soil+R (5.56 ± 0.03) than
in the soil−R (5.17 ± 0.01). In soil+R, significant differences
were observed between P treatments with P fertilizer causing
alkalinization of soil and the effect being greater for TSP than
RP for both wheat and oat. P fertilizer addition, both RP and
TSP, increased soil pH, and the effect was larger for RP in
soil+R (Table 2). However, this tendency was not observed in
soil−R (Table 3).

Root P-ase activity was greater in wheat roots than in
roots of oat or barley for each of the treatments
(Table 4). In the presence of wheat or barley, soil
showed a larger P-ase activity than soil−R when fertil-
ized with either RP and TSP (P = 0.001**, P = 0.02*), but
this trend was not observed for barley (P = 0.388). P
addition increased in root P-ase activity, except for TSP
in wheat where the effect was not significant. In root-
affected soil, TSP led to a decrease in P-ase activity for
wheat whereas RP led to increases in soil+R for oat and
barley (Table 4). Fertilizer addition increased shoot bio-
mass, shoot P content, and P uptake (Table 5). P uptake
was similar for wheat and oat, but the response to RP
was markedly better than TSP for barley. Shoot P con-
centration was significatively correlated with root P-ase
(r = 0.62, Fig. S1a) due to the species differences (wheat
having both greatest P uptake and root P-ase activity),
whereas root P concentrations differed a little between
treatments (Table 5).
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3.2 Influence of P Source and Crop Species on Soil P
Speciation

The amount of P taken up by plants was always small with
respect to soil P, and the increments in P taken up from the
fertilized soils were also very small (less than 6%). Olsen P
was lower in soil+R than in soil−R for the controls of wheat
and oat showing that this fraction was depleted (Tables 2 and
3). Olsen P and the sum of labile inorganic P contents
(NaHCO3-Pi + NaOH-Pi + HCl-Pi) in soil+R were increased

by fertilizer application and showed a strong positive correla-
tion with both shoot DW and P uptake (Fig. S2) led by both
fertilizer addition and species differences (Table 2). NaHCO3-
Po contents in soil+R showed no consistent trend with P ad-
ditions, with increases, decreases, and no significant effects,
whereas NaOH-Po were decreased when control and P-
amended soils or soil+R and soil−R were compared
(Tables 2 and 3). Furthermore, soil+R P-ase was
significatively correlated with NaHCO3-Pi with r = 0.62.
This correlation comprised a scatter of points for control soils

Table 3 Selected lower compartment soil (soil−R) properties and
Hedley phosphorus fractionation for cereal plant species grown in soil
fertilized with two P sources after 60 days in a greenhouse experiment
(means ± standard error). Means followed by different lower and

uppercase letters denotes statistical differences between different
fertilizer and cereal plant species respectively, as determined by
Duncan’s test (P ≤ 0.05). TSP triple superphosphate, RP rock phosphate

Cereal Plant Fertilizer pH Olsen P NaHCO3-Pi NaHCO3-
Po

NaOH-Pi NaOH-Po HCl-Pi Residual P

mg kg−1

Wheat Control 5.17 ± 0.01 aA 2.0 ± 0.2 aA 9.6 ± 0.8 bAB 19 ± 1.0 aA 338 ± 20 bB 601 ± 29 aB 168 ± 18 aA 617 ± 57 bB

TSP 5.15 ± 0.01 bB 2.1 ± 0.2aA 12.2 ± 1.1 aA 21 ± 0.2 aA 490 ± 8 aB 502 ± 15 bA 142 ± 11aA 724 ± 11 bB

RP 5.14 ± 0.01 bB 2.2 ± 0.2aA 13.2 ± 0.3 aA 15 ± 1.1 bB 535 ± 17 aB 426 ± 36 bAB 138 ± 4 aB 854 ± 27 aA

Oat Control 5.17 ± 0.02 aA 2.2 ± 0.2 aA 10.8 ± 0.1 aA 8 ± 0.2 cB 323 ± 19 bB 708 ± 4 aA 145 ± 2 aA 725 ± 9 cAB

TSP 5.16 ± 0.01aB 2.1 ± 0.1aA 10.0 ± 0.4 aA 16 ± 0.7 bB 494 ± 39 aB 459 ± 24 bA 136 ± 4 aA 775 ± 6 bA

RP 5.17 ± 0.02 aAB 2.1 ± 0.1aA 9.4 ± 0.6 aB 20 ± 1.4 aA 451 ± 16 aC 458 ± 18 bA 132 ± 6 aB 859 ± 2 aA

Barley Control 5.15 ± 0.01 bA 2.3 ± 0.1 aA 7.4 ± 1.1 aB 4 ± 0.4 cC 565 ± 22 bA 545 ± 40 aB 164 ± 5 aA 832 ± 13 aA

TSP 5.21 ± 0.02 aA 2.4 ± 0.1aA 7.3 ± 1.0 aC 11 ± 0.5 aC 701 ± 44 aA 360 ± 32 bB 161 ± 6 aA 740 ± 12 bB

RP 5.20 ± 0.01 aA 2.0 ± 0.1aA 7.8 ± 0.6 aB 8 ± 0.8 bC 664 ± 13 aA 324 ± 41 bB 173 ± 7 aA 855 ± 5 aA

Means of soil Control 5.16 a 2.1 a 9.3 a 10 c 409 b 618 a 159 a 725 b

TSP 5.17 a 2.2 a 9.9 a 16 a 562 a 441 b 146 a 746 b

RP 5.17 a 2.1 a 10.1a 14 b 550 a 402 b 148 a 856 a

Table 2 Selected upper compartment soil (soil+R) properties and
phosphorus Hedley fractionation for cereal plant species grown in soil
fertilized with two P sources after 60 days in a greenhouse experiment
(means ± standard error). Means followed by different lower and

uppercase letters denotes statistical differences between different
fertilizer and cereal plant species respectively, as determined by
Duncan’s test (P ≤ 0.05). TSP triple superphosphate, RP rock phosphate

Cereal Plant Fertilizer pH Olsen P NaHCO3-Pi NaHCO3-
Po

NaOH-Pi NaOH-Po HCl-Pi Residual P

mg kg−1

Wheat Control 5.42 ± 0.10 bA 1.6 ± 0.1 cB 8.1 ± 0.2 cB 31 ± 1.8 aA 421 ± 7 cB 651 ± 35 aA 130 ± 9 bB 555 ± 29 aB

TSP 5.55 ± 0.08 abB 8.4 ± 0.5 aA 33.5 ± 1.0 aA 14 ± 1.4 bB 637 ± 12 aA 404 ± 4 bB 129 ± 6 bB 600 ± 50 aB

RP 5.72 ± 0.05 aA 5.0 ± 0.1 bA 21.4 ± 0.4 bA 14 ± 1.9 bC 532 ± 22 bB 631 ± 28 aA 196 ± 11 aB 550 ± 28 aB

Oat Control 5.33 ± 0.08 bA 1.7 ± 0.1 cB 11.3 ± 0.8 cA 31 ± 2.2 bA 448 ± 9 bB 523 ± 12 aB 146 ± 1 bB 822 ± 19 aA

TSP 5.44 ± 0.03 bB 8.8 ± 0.5 aA 36.5 ± 1.1 aA 38 ± 2.7 bA 688 ± 36 aA 501 ± 19 aA 175 ± 17 bA 766 ± 29 aAB

RP 5.64 ± 0.02 aA 6.1 ± 0.6 bA 23.5 ± 0.3 bA 70 ± 4.3 aA 604 ± 35 aAB 469 ± 30 aB 243 ± 4 aAB 770 ± 13 aAB

Barley Control 5.48 ± 0.03 cA 2.4 ± 0.3 cA 9.0 ± 0.3 bB 23 ± 3.1 bA 520 ± 18 bA 548 ± 7 aAB 172 ± 8 bA 825 ± 17 aA

TSP 5.78 ± 0.01 aA 8.6 ± 0.7 aA 28.8 ± 1.6 aB 41 ± 4.2 aA 708 ± 24 aA 518 ± 26 abA 200 ± 8 bA 862 ± 15 aA

RP 5.66 ± 0.01 bA 6.5 ± 0.5 bA 23.7 ± 2.7 aA 40 ± 3.5 aB 656 ± 27 aA 475 ± 12 bB 288 ± 20 aA 828 ± 31aA

Means of soil Control 5.41 c 1.9 c 9.5 c 28 b 463 c 574 a 149 b 734 a

TSP 5.59 b 8.6 a 32.9 a 31 b 678 a 474 c 168 b 743 a

RP 5.67 a 5.8 b 22.9 b 59 a 597 b 525 b 243 a 716 a
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and an inverse relation between P-ase activity and NaHCO3-Pi
(Fig. S1b) for P-amended soils.

The effect of P source on soil P forms was confirmed by
principal component analysis (PCA) (Fig. 2). The most strik-
ing feature is that wheat is distinct from the other two cereal
crops and displays a greater separation between the two fertil-
izers. For barley and oat, RP was more strongly associated
with organic forms of soil P, whereas TSP fertilizer led to a
strong association with inorganic P forms (NaHCO3-Pi and
NaOH-Pi). Regarding P sources, both TSP and RP were
grouped together at eucleidean distance of 3 but different be-
havior in wheat plants was found. Soil P-ase activity did not
appear to be important for any of the treatments as shown by
Anova analysis (Table 6).

Cereal plant species also affected the soil P distribution in
NaHCO3-Pi and Po fractions. Looking at Tables 2 and 3, P
speciation was affected by fertilization only in soil under
wheat, which presented a reduction of the NaHCO3-Po frac-
tion in soil+R. This tendency was not observed in the rest of
species. However, barley presented the highest Pi fractions
(NaOH-Pi and HCl-Pi) at soil+R in both fertilizer treatments.
On average, barley showed an 18% higher NaOH-Pi concen-
tration compared to wheat (Tables 2 and 3). Soil under barley
had the highest residual P. PCA analysis confirms the different
behavior of the three cereal plant species (Fig. 2).

4 Discussion

4.1 Phosphatase Activity and P Utilization

It is widely reported that plants may increase available Pi by
the phosphatase mineralization of organic P (Balemi and
Negisho 2012). Our results indicate greater soil P-ase activity
in soil+R compared to soil−R except in barley, as reported by
several authors for various plant species (reviews by Balemi
and Negisho 2012). There are two factors that contribute to
this, firstly the release of phosphatases from roots and second-
ly the presence of microbial phosphatases reflecting the great-
er microbial activity in the rhizosphere. There was a weak
positive relationship between root and soil (soil+R) phospha-
tase activity. The relationship is weak because root P-ase ac-
tivity may vary during the plant and root life-time whereas the
soil activity results from the accumulation of root and micro-
bial enzymes throughout the culture period. Therefore, our
study underlines the role of plants for controlling the P-ase
activity and hence P availability to moderate Pi deficiency and
increase the plant productivity in Andisol (Ciereszko et al.
2017).

A close correlation between root and soil P-ase is thus not
necessarily to be expected, and so the absence of any strong
correlation in this study is not surprising. For example, wheat
showed the greatest root P-ase activity, but this was notTa
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reflected in P uptake. However, we observed a clear correla-
tion between root P-ase and shoot P concentration (Fig. S1a),
which could be attributed to plant adaptation to low P, en-
hanced root P-ase activity being related to P-ase root secretion
followed by hydrolysis of organic P (Machado and Furlani
2004). The increase in root P-ase activity on addition of P
fertilizer may reflect the role of P-ase in the cycling of stored
P in plants, rather than a strategy to obtain P from soil. Thus,
root P-ase plays an important role in the storage of P after root
take-up and may not be synthesized primarily to mineralize
soil P (Margalef et al. 2017). In general, the addition of RP to

soil led to enhanced P-ase activity in roots, soil+R and soil−R
of three cereal plant species. This may reflect the slow release
of P that enhanced microbial activity thereby increasing P
availability for plants and microbes (Margalef et al. 2017).
Due to the slow release effect and consequently less P fixation
byminerals (Calabi-Floody et al. 2012), P uptake in soil under
barley was higher for RP fertilization as compared to TSP.

4.2 Interaction Between Crop Species and P
Speciation in Soil

Soil under oat showed the highest Po/Pi ratio for the NaOH-P
fraction in control soil, especially in soil−R, as reported for a
previous study (Redel et al. 2007). Wheat was the only crop,
which showed lower NaHCO3-Po with P fertilizer application
than the other crops. This underlines the importance of root
released P-ase for P mineralization in wheat. Similarly, we
found that the fertilization had an effect on NaOH-Pi fractions
in soil+R and soil−R, probably because of high Pi retention on
Al and Fe compounds, particularly strong in Andisols (Redel
et al. 2016).

4.3 Effect of Fertilizers on Soil P Speciation

As expected, P fertilization increased mineral P, as indicated
by higher contents of NaOH-Pi fraction. The two fertilizer
types showed contrasting effects with TPS showing greatest
increases of the NaOH-Pi fraction (46% as compared to 29%
for soils fertilized with RP, Table 2). Regarding the less avail-
able P fractions, RP fertilizer showed an important effect on
the HCl-Pi accumulation. Both these effects could result from
the acid solubility of remaining undissolved rock phosphate.
A similar tendency was reported by Mutuo et al. (1999) for
corn plants grown on acidic soils, where TSP was initially
more effective than RP in increasing NaHCO3-Pi and

Fig. 2 Principal component analysis (PCA) performed on Euclidean dis-
tance matrix of soil+R for cereal plant species and Hedley P fractionation
after 60 days in a greenhouse experiment

Table 5 Selected plants parameters in soil fertilized with two P sources
after growth 60 days in a greenhouse experiment (means ± standard
error). Means followed by different lower and uppercase letters denotes

statistical differences between different fertilizer and cereal plant species
respectively, as determined by Duncan’s test (P ≤ 0.05). TSP triple
superphosphate, RP rock phosphate

Cereal Plant Fertilizer Shoot DW Root DW Shoot P concentration Root P concentration P uptake ΔP uptake P uptake efficiency(1)

g pot−1 g pot−1 g kg−1 g kg−1 mg pot−1 mg pot−1 %

Wheat Control 1.84 ± 0.36 b 0.37 ± 0.04 a 1.1 ± 0.1 b 0.8 ± 0.1 a 2.3 ± 0.4 b

TSP 3.12 ± 0.04 a 0.40 ± 0.07 a 2.0 ± 0.1 a 1.2 ± 0.1a 6.7 ± 0.5 a 4.4 3.9

RP 3.21 ± 0.35 a 0.45 ± 0.03 a 2.3 ± 0.3 a 1.2 ± 0.1a 7.9 ± 0.1 a 5.6 5.0

Oat Control 2.51 ± 0.18 b 0.36 ± 0.03 b 0.8 ± 0.1 b 0.8 ± 0.1 b 2.3 ± 0.4 b

TSP 4.15 ± 0.29 a 0.69 ± 0.11 a 1.6 ± 0.1 a 1.4 ± 0.1 a 7.6 ± 0.8 a 5.3 4.7

RP 4.33 ± 0.13 a 0.40 ± 0.08 b 1.6 ± 0.1 a 1.3 ± 0.1 a 7.4 ± 0.5 a 5.1 4.5

Barley Control 3.56 ± 0.19 c 0.76 ± 0.04 a 0.9 ± 0.1 c 1.0 ± 0.1 a 4.0 ± 0.4 c

TSP 4.31 ± 0.11 b 0.77 ± 0.05 a 1.3 ± 0.1 b 1.2 ± 0.1a 6.5 ± 0.5 b 2.6 2.3

RP 5.69 ± 0.21 a 0.85 ± 0.04 a 1.8 ± 0.1 a 0.9 ± 0.1a 11.0 ± 0.7 a 7.0 6.2

(1) Calculated as follow: P uptake efficiency = Δ P uptake / P input as fertilizer × 100
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NaOH-Pi fractions, while differences were no longer detect-
able after 18 months. Zoysa et al. (1997) also report differ-
ences between species in the soil P fractions depleted with and
without rock phosphate fertilization; in general, the NaOH-Po
fraction was least depleted, but in the case of tea plants, a net
accumulation was observed. Additionally, we found an in-
crease in the soil+R pH as compared to soil−R probably due
to the influence of an excess of anions over cations because of
root input in acidic soils (Álvarez et al. 2012) and the chemical
dissolution of fertilizer P. Thus, the variation in the sum of P
fractions was of the same order as the amount of fertilizer P
and variation in P fractionation in soil+R respect to soil−R
was observed. Zoysa et al. (1997) using a similar experimental
device detected changes in P fractions over a distance of only
about 3 mm of distance from the roots.

The understanding of cereal plant species behavior against
fertilizer P application in soils with low P availability as an
Andisol is needed in order to improve the fertilization strate-
gies to sustainable agriculture.

5 Conclusions

In this study, we investigated the effect of TSP and PR fertil-
ization on P-ase activity and P speciation in soil in the pres-
ence (soil+R) and absence of roots (soil−R) under three cereal
plant species (wheat, oat, and barley). All three species
showed different P-ase activity, with wheat showing the
highest activity in roots. A close relation between P-ase activ-
ity and P uptake underlines the importance of this enzyme for
P nutrition and for P dynamics within plants. Wheat was more
sensitive to P nutrition (greatest values of root P-ase), whereas
barley was most influenced by the type of fertilizer applied.

Application of RP, enhanced the P-ase activity in soils
(soil+R and soil−R) and roots. Soil P fractionation was found
to be different in soil fertilized with TSP and RP. RP appeared
to be a better source of P than TSP as the fertilizer use effi-
ciency was greater for barley and phosphatase activity was
more often maintained or even enhanced. Significant differ-
ences between crop-fertilizer type combinations indicate that
cereal plant species will be affected differently by manage-
ment practices including fertilization due its different patterns
of P-ase activity. Longer-term experiments and trails with dif-
ferent levels of P fertilization would be required to establish
the best sustainable management system to optimize soil and
fertilizer P availability.
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