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Available soil phosphate (P) deficiency has been widely 
recognized as a factor that severely impairs soil quality 
and plant performance in agriculture and forestry 
ecosystems in the tropics (Turner et al., 2006; León and 
Osorio, 2014). To overcome this problem, it is necessary 
to apply high amounts of P fertilizers; however, this is 
inefficient and costly. Although rock phosphates (RP) can 
be used effectively in high P fixing soils (Gyaneshwar et 
al., 2002; Osorio and Habte, 2013), the low reactivity of 
most RP restricts their widespread use (Shrivastava et al., 
2007; Ojo et al., 2007). The use of phosphate solubilizing 
microorganisms (PSM) to enhance RP dissolution has 

been considered a viable approach to improve the 
efficacy of RP as a source of P for agricultural purposes 
(Osorno and Osorio, 2014; Singh and Reddy, 2011; Vyas 
et al., 2007; Delvasto et al., 2006; Welch et al., 2002). 
Many authors have reported positive effects on the P 
uptake and yield response of several plant species from 
inoculation of the soil with PSM (Osorio and Habte, 
2013; Barea et al., 2002; Whitelaw, 2000). Most of these 
positive responses have been obtained in low P sorbing 
soils, such as Mollisols and sandy soils (Peiz et al., 2001); 
however, in the high P sorbing soils of the tropics and 
volcanic ash soils (Loaiza-Usuga et al., 2013), where 
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Effectiveness of a rock phosphate solubilizing fungus to increase soil solution phosphate 
impaired by the soil phosphate sorption capacity

La capacidad de adsorción de fosfato del suelo limita la efectividad de microorganismos solubilizadores de 
roca fosfórica para incrementar la concentración de fosfato en solución
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Abstract. Available phosphate (P) deficiency in tropical soils 
has been recognized as a major factor that limits soil quality 
and plant performance. To overcome this, it is necessary to add 
high amounts of soluble P-fertilizers; however, this is inefficient 
and costly. Alternatively, rock phosphates (RP) can be used, 
but their low reactivity limits their use. Phosphate solubilizing 
microorganisms (PSM) can enhance RP dissolution and, thus, 
improve the RP agronomic effectiveness as fertilizer. Nonetheless, 
their effectiveness may be impaired by the soil P fixation capacity. 
An experiment was carried out to assess the in vitro effectiveness 
of the fungus Mortierella sp. to dissolve RP in an axenic culture 
medium and, thus, enhance the solution P concentration in the 
presence of aliquots of soils with contrasting P fixation capacity. 
The results showed that the fungus was capable of lowering the 
medium pH from 7.7 to 3.0 and, thus, dissolving the RP. The 
presence of soil aliquots in the medium controlled the effectiveness 
of the fungus to increase the concentration of the soluble P. In the 
presence of soils with a low or medium P sorption capacity, the 
concentration of the soluble P was high (63.8-146.6 mg L-1) in 
comparison with the inoculated (soilless) treatment (50.0 mg L-1) 
and the uninoculated control (0.7 mg L-1). By contrast, with very-
high P fixing soil aliquots, the concentration of the soluble P was 
very low (3.6-33.1 mg L-1); in addition, in these soils, the fungus 
immobilized more P into its mycelia than in soils with a low or 
medium P fixation capacity. The capacity of a soil to fix P seems to 
be a good predictor for the effectiveness of this fungus to increase 
the soluble P concentration via RP dissolution.

Key words: Mortierella, apatite, phosphorus, Mollisol, Oxisol, 
Ultisol, Andisols.

Resumen. Se realizó un experimento de laboratorio para evaluar 
la efectividad del hongo Mortierella sp. para disolver in vitro 
roca fosfórica (RP) en un medio de cultivo axénico y así aumentar 
la concentración de P soluble, en presencia de alícuotas de siete 
suelos con capacidad contrastante para adsorber P. Los resultados 
mostraron que el hongo fue capaz de disminuir el pH del medio 
de 7.7 a 3.0 y de esta manera disolver la RP. La presencia de 
alícuotas de suelo en el medio controló la efectividad del hongo 
para incrementar el nivel de P soluble. En presencia de suelos con 
baja y media capacidad de fijación de P el hongo fue efectivo para 
aumentar la concentración de P soluble del medio (63.8-146.6 mg 
L

-1
) en comparación al tratamiento inoculado sin suelo (50.0 mg 

L
-1

) y el control no-inoculado (0.7 mg L
-1

). En contraste, con los 
suelos de alta capacidad para fijar P la concentración de P soluble 
fue muy baja (3.6-33.1 mg L

-1
); adicionalmente, en estos suelos 

el hongo inmovilizó en su micelio mayor cantidad de P en suelos 
que en los suelos con baja y media fijación de P. La capacidad 
de fijación de P por el suelo parece ser un buen predictor de la 
efectividad del hongo para aumentar la concentración de P soluble 
vía disolución de RP.

Palabras claves: Mortierella, apatita, fósforo, Mollisol, Oxisol, 
Ultisol, Andisol.
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cost-effective approaches are needed to overcome the 
effects of high P fixation by soils, PSM have been little 
studied. The effectiveness of these microorganisms in 
enhancing plant P uptake may be limited because the 
solubilized P would be rapidly re-fixed by the soil 
constituents (Osorno and Osorio, 2014). However, 
there are no published data to refute or confirm this 
argument. The objective of the current investigation was 
to determine the effectiveness of the fungus Mortierella 
sp. at increasing the soluble P by dissolving RP in the 
presence of soil samples that differed in their P sorbing 
capacity.

MATERIALS AND METHODS

The in vitro experiments were conducted in the Soil 
Microbiology Laboratory of the Universidad Nacional 
de Colombia at Medellín (6º15´ N, 75º35´ W). 250 mL 
Erlenmeyer flasks had 75 mL of a liquid medium added 
that contained, per liter: NH4NO3 1.0 g, NaCl 1.0 g, 
CaCl2.2H2O 0.2 g, MgSO4.7H2O 0.4 g, glucose 10.0 g, 
and Huila RP 3.5 g as the only source of P. The empirical 
formula of the Huila RP was Ca9.69 Na0.22Mg0.09(PO4)5.14
(CO3)0.86F2.34 (Osorio, 2008). which was passed through 
a 0.5 mm aperture sieve and had a P content of 130 g 
kg-1. The liquid medium was also amended with soil 

samples (0.5 to 2.0 mm diameter) at the rate of 0.6 g/
flask. The soil samples were collected from different 
places of Colombia (Table 1) and were selected due to 
their widely differing P sorption capacities. The medium 
was then autoclaved (120°C, 0.1 MPa, 30 min).

The medium was either not inoculated or inoculated with 
two mL of a three-day-old suspension of Mortierella sp. 
containing 3x105 colony forming units (CFU=spores and 
mycelial fragments) per mL, which was determined in a 
Petri dish culture with a selective medium (PDA+ 100 µg 
mL-1 cycloheximide +  100 µg mL-1 benomyl) (Osorio and 
Habte, 2013). The fungus was originally isolated from an 
Andisol of Hawaii (Osorio and Habte, 2001) and multiplied 
and stored on yeast mannitol agar (YMA) slants (KH2PO4 
0.5 g, MgSO4.7H2O 0.2 g, NaCl 0.1 g, mannitol 10.0 g, 
yeast extract 1.0 g, agar 15.0 g L-1) at 4°C. Then, it was 
multiplied in Petri dishes on a YMA medium for three 
days at 28°C; the mycelium was removed from the surface 
of the agar with a sterile loop and suspended in sterile, 
deionized water and shaken by hand until the mycelial 
clumps and spores were dispersed. The uninoculated 
flasks received two mL of sterile, deionized water. The 
flasks were continuously shaken with an orbital shaker 
(model Innova 4400, New Brunswzc Scientific Co., Inc., 
Edison, NJ) at 100 rpm and 25 °C for seven days.

Soil Location Department USDA Soil 
taxonomy

Soil pH 
(w, 1:1)

Soil CEC
(cmolc kg-1)

P0.2 value 
(mg kg-1)*

Soil 
P sorption 
category**

Guarne 6°15´N, 75°30´W Antioquia Melanudand 5.4 0.7 4000 Very High 
(VH)

La Selva 6°08´N, 75°25´W Antioquia Endoaquand 5.8 11.1 2222 VH
Naranjal 4°58´N, 75°39´W Caldas Melanudand 5.7 0.95 1429 VH
Caucasia 8°03´N, 75°07´W Antioquia Paleoudult 4.3 14.2 714 High (H)
Carimagua 4°34´N, 71°20´W Vichada Haplustox 4.9 3.4 417 Medium (M)
Letras 5°02´N, 75°22’W Caldas Vitrand 5.4 0.9 123 M
Neira 5°08´N, 75°35´W Caldas Haplustoll 5.4 6.4 45 Low (L)

Table 1. Soil location, classification, pH, and P sorption characteristics.

* P0.2 value= amount of P required (mg kg-1) to obtain a soil solution P concentration of 0.2 mg L-1

** According to the Juo and Fox (1977) classification.

After the incubation period, the medium was filtered 
through a Whatman No. 42 filter paper fitted to a 
Buchner funnel; a vacuum was exerted at 350 mm 
Hg. The fresh fungal matter was collected on the filter 
paper and then dried in an oven at 60°C for 30 h for 
dry mass determination after correcting for the weight 
of the remaining RP and soil particles. The filtrate 
was centrifuged at 5000xg for 15 minutes and passed 

through a Millipore membrane filter (0.45 µm) for the 
solution pH determination by means of a pH-meter and 
for the solution P concentration by the molybdate blue 
method (Murphy and Riley, 1962). The net solution gain 
for each soil sample was calculated by subtracting the 
P released in the absence of the PSF from that released 
in the presence of the PSF. In order to determine the 
fungus P content and concentration, the fungal samples 
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(5 mg) were oven-dried and then ashed in a muffle 
furnace at 500°C for 3 hours. The ash was dissolved in 
one mL of 0.1 M HCl and then brought up to 10 mL with 
deionized water. The fungal P content was determined 
by the molybdate blue method (Murphy and Riley, 1962).

The experiment design was completely randomized; the 
treatments were arranged in an 8x2 factorial with three 
replicates per treatment. The data were subjected to 
analysis of variance (F-test) and mean separation was 
achieved by employing the Duncan´s multiple range test 
at a P-value of 0.05. Regression models were estimated 
to fit the relationship between the soil P sorption capacity 
and the net P solubility by the fungus; the analyses of 
data were achieved by employing the statistical package 
Statgraphics Centurion XV (StatPoint Technologies, Inc.). 

RESULTS AND DISCUSSION

The fungus exhibited a strong capacity to reduce pH even 
in the presence of soils with a high pH buffer capacity 
(Table 2). The decline in the pH produced by the activity 

of the fungus was significantly higher in the presence 
of some soils (Letras, Naranjal, Carimagua, Caucasia, 
and Guarne, pH values ≤ 3.0) than in their absence 
(no soil: pH 3.7) (Figure 1). It is very well documented 
that a major mechanism for the microbial dissolution 
of RP is acid production (Osorio and Habte, 2013; Vyas 
et al., 2007; Chen et al., 2006; Radersma and Grierson, 
2004; Welch et al., 2002; Whitelaw et al., 1999; Illmer 
and Schinner, 1995). The presence of Mortierella sp. 
was associated with decreases in the pH of the growth 
medium despite the presence of soil samples that were 
expected to buffer the medium pH (Bolan et al., 1999; 
Prabhakaran, 1996). 

The lowest pH observed in the presence of these soil 
samples was 2.75 (Figure 1), which was lower than 
what is commonly reported in the literature (pH 3.5-
4.5) (Pandey et al., 2006; Cerezine et al., 1988). This 
reduction in the pH of the growth medium indicates 
that the RP dissolution was related to a microbial 
induced acidification of the growth medium. An inverse 
relationship between pH and solution P concentration 

Table 2. Significant P-values for the studied variables in the experiment involving soils suspensions.

Source Solution pH Solution 
P

Fungus 
dry mass*

Fungus P 
content*

Fungus P 
concentration*

Microbial and  
soluble P*

Soil (A) 0.0182 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PSF inoculation (B) <0.0001 <0.0001
AxB 0.0180 <0.0001
CV (%) 1.5 24.9 14.8 30.8 29.6 15.1

* Only inoculated experimental units were considered.
(CV= coefficient of variation).

Figure 1. Solution pH of a liquid medium containing rock phosphate and soils seven days after inoculation with 
Mortierella sp. Each value was the mean of three replicates; the bars indicate the standard error. Columns with 
different lower case letters are significantly different according to the Duncan test (P≤0.05). 
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was previously obtained by Osorio and Habte (2001, 
2013) under similar experimental conditions without 
soil samples.

The quantity of P observed in the solution was 
significantly affected by the presence of soil samples in 
the liquid medium. In this way, the soluble P detected 
in the growth medium was significantly lower in the 
presence of soils than in their absence (Table 2). 

This effect was much more pronounced in the presence 
of soils with a very high P sorbing capacity (Guarne, 
La Selva, and Naranjal) than with soils with a lower P 

sorbing capacity (Figure 2). In fact, the P released into 
the solution in the presence of the rest of the soils was 
significantly higher than that observed in the absence 
of the soils. The extent of this stimulatory effect of the 
soils was had the following order: Letras > Carimagua, 
Caucasia > Neira. 

The mechanism of Mortierella sp. for the RP dissolution 
was likely by means of oxalic acid production, as 
mentioned by Osorio (2008). However, the presence 
of soil samples controlled, to different degrees, the 
amount of P that remained in solution. For instance, 
in the presence of soil samples with a very high P 
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Figure 2. Solution P concentration of the liquid medium containing rock phosphate and soil seven days after 
inoculation with Mortierella sp. Each value was the mean of three replicates; the bars indicate the standard error. 
Columns with different lower case letters are significantly different according to the Duncan test (P≤0.05). 

sorption capacity (P0.2 >1000 mg kg-1), less P was left 
in solution; conversely, more P remained in solution in 
the presence of soil samples that exhibited a lower P 
sorption capacity. Thus, although the RP dissolution 
occurred in the presence of all of the soil samples, the 
effectiveness of Mortierella sp. in increasing the solution 
P varied widely. The active surfaces of the soil samples 
controlled the extent to which the P released by the 
fungus stayed in solution. The presence of samples of 
Andisols with a very high P sorbing capacity (Guarne, 
La Selva, and Naranjal) was particularly effective in 
lowering the concentration of P measured in the liquid 
medium. These results are understandable in light 
of the tendency of allophanes to strongly sorb large 
quantities of P in volcanic ash soils (Bolan et al., 1994; 
Shoji et al., 1993). These types of soils are very well 
known for their very high P sorbing capacity (Jackman 
et al., 1997; Shoji et al., 1993) due to the large active 
surface area they have coupled with the high binding 

strength they exert on P (Osorio and León, 2013). These 
properties appear to be responsible for the low level 
of P detected in the solution when Mortierella sp. was 
incubated in the presence of soils compared to the level 
of P observed in their absence. Among the very high P 
sorbing soils studied, Guarne and La Selva were more 
effective at adsorbing the P released from RP due to 
the solubilization activity of Mortierella sp. To obtain a 
soil solution concentration of 0.2 mg L-1 in the presence 
of these two soils, it was necessary to add 4126 and 
2222 mg of P kg-1 to the growth medium (i.e., P0.2 of 
4126 and 2222, respectively). Naranjal was the Andisol 
with lowest P sorbing capacity (P0.2= 1429 mg kg-1); 
apparently, this lower capacity (among Andisols) was 
reflected in a lower reduction in the concentration of P 
detected in the medium in the presence of Mortierella 
sp. (Figure 2). The results obtained with these three 
Andisols support the hypothesis of Tinker (1980) and 
Osorio (2008), regarding the low or nil effectiveness of 
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PSM in the presence of high P sorbing soils. However, the 
presence of Mortierella sp. was associated with higher 
levels of P in solution if soils with high to moderate 
P sorbing capacities were present than if they were 
absent. For instance, in the presence of the Caucasia 
soil, an Ultisol with a high P sorbing capacity (P0.2=714 
mg kg-1), the P concentration in the liquid medium 
was more than twice that noted in the absence of the 
soil. The effect of the Carimagua soil (an Oxisol with 
a medium P fixing capacity (P0.2= 417 mg kg-1) was 
similar to that of the Caucasia soil; kaolinite was the 
dominant soil mineral in these two soils, a soil mineral 
that did not reduce the P concentration  measured in 
solution after the growth of Mortierella in the medium 
in the presence of RP. 

The positive effects on the amount of P released after 
dissolution of RP by Mortierella sp. activity observed in 
the presence of Neira (Montmorillonite as the dominant 
soil mineral) and the Letras soils were not unexpected 

because of their low P-sorbing capacities (Letras P0.2= 
123, Neira P0.2= 45). However, the magnitude of the 
positive effect they had is surprising, particularly 
regarding the Letras soil (Vitrand). This soil had a sandy 
texture, 94% sand and only 2% clay, which explained, 
at least in part, why it did not impair the effectiveness 
of Mortierella sp. in increasing the soluble P in the 
liquid medium.

On the other hand, the Mortierella sp. dry matter was 
significantly higher (P≤ 0.05) in the presence of soils 
than in their absence, except in the presence of the 
Letras soil (Figure 3). The highest fungus dry matter 
yield was observed in the presence of the Neira soil 
(the soil with the lowest P sorbing capacity and highest 
value of cation exchange capacity) (Table 1).

The fungus P uptake was significantly stimulated by 
the presence of some soils (Guarne, Naranjal > La 
Selva, Neira, Carimagua), but not by others (Letras and 
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Figure 3. Mortierella sp. dry mass in a liquid medium containing rock phosphate and soils seven days after 
inoculation with the fungus. Each value was the mean of three replicates; the bars indicate the standard error. 
Columns with different lower case letters are significantly different according to the Duncan test (P≤0.05). 

Caucasia) (Figure 4). Surprisingly, the fungus took up 
significantly more P in the presence of high P-fixing soils 
(Guarne and Naranjal) than in the presence of lower 
P-fixing soils. The lowest fungus P content was observed 
in flasks not amended with soil and in those amended 
with the Letras soil. Similar results were obtained for 
the tissue P concentration of the fungus (data not 
shown). The relative proportions of microbial-P and 
soluble-P in the growth medium varied depending 
on the type of soil present in the medium (Figure 
5). In the absence of soil samples in the medium, the 
fungus mobilized only 3.9 mg of the P, leaving 96% of 

the P in solution (Figure 5). In the two soils with the 
higher P-sorbing capacity (Guarne and La Selva), the 
proportion of orthophosphate was only 27-31% of the 
total P, the balance being immobilized in the fungus 
mycelium. In the Naranjal soil, also a soil with a very 
high P sorption capacity, but lower than the other two 
Andisols, the distribution of the P was significantly 
different: orthophosphate constituting 62% of the total 
P and microbial-P constituting the balance. 

The values observed in the presence of soils that 
stimulated the effectiveness of the fungus at 
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 b

 a

increasing the P in solution were comparable to those 
observed in the soil-free medium. In the absence 
of soil, the solution P ranged 84-99%, while the 
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Figure 4. Mortierella sp. P content (µg) in a liquid medium containing rock phosphate and soil seven days after 
inoculation. Each value was the mean of three replicates; the bars indicate the standard error. Columns with 
different lower case letters are significantly different according to the Duncan test (P≤0.05). 

microbial-P amounted to only1-16% of the total P 
(Figure 5).  It is hard to explain the positive effect that 
soil minerals and the presence of soils had on the 
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fungal dry mass, P content, and P concentration of 
Mortierella sp. However, some explanations may lie 
in the growth characteristics exhibited by the fungus. 
First, Mortierella sp. has a tendency to grow on solid 
surfaces, its mycelium tending to adhere to internal 
flask walls, RP particles, minerals, soil particles, and 
also on root surfaces, forming a biofilm-like pattern 
(Atlas and Bartha, 1997). This ability to grow on soil 
mineral surfaces may be advantageous for the fungus 
because these surfaces contain large quantities of 
sorbed P. The capacity of this fungus to produce 

oxalic acid could help this fungus to desorb P for 
its own uptake, as reported by Osorio and Habte 
(2013, 2014) using the same soils. The fact that some 
PSM can utilize sorbed P was also demonstrated by 
Hoberg et al. (2005) and He and Zhu (1997). The fact 
that Mortierella sp. can grow on these P-adsorbent 
surfaces is an advantage since it can remove P from 
the immediate vicinity of these surfaces. It is probable 
that some essential nutrients were also concentrated 
on these surfaces. The fungus could displace and utilize 
these anions with the oxalic acid that it excretes. The 
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fungus could make them available to meet its own 
demands without the need to leave behind much 
soluble P in solution (Figure 6). 

The auto-immobilization of Mortierella sp. cells on 
surfaces might explain the better performance of the 
fungus in the presence of some soil samples. Vassilev 
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Figure 6. Relationship between the solubilized P (mg L-1) and the P0.2 value in a liquid medium containing rock 
phosphate, soil, and Mortierella sp.

et al. (2001) observed that immobilized cells of PSF 
were more effective in dissolving RP under in vitro 
conditions than if freely suspended. The higher ability 
of Mortierella sp. to absorb P in the higher P fixing soils 
suggests that P ions were present on the soil surfaces 
(Figure 7). This alternative pool of P for uptake by the 
fungus explains how the fungus was able to grow despite 
the very low P concentration in the growth medium. 

The results of the regression analysis revealed that the 
net amount of P measured in solution was inversely 
related to the P0.2 value (r2= 0.67) (Figure 6). On the 
other hand, the amount of microbial-P (immobilized) 
was directly related to it (r2= 0.82) (Figure 7). 

The data on the relative distribution of P between the 
fungal cells and the growth medium (Figures 5 and 6) 
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clearly showed that, under limited P availability (as when 
the very high P fixing soils were present), the tendency 
of Mortierella sp. was to accumulate P in its cells instead 
of releasing it into the growth medium. Notice that the 
relative amount of microbial-P (69-73%) was higher 
than that of P in solution (27-31%) in the presence 
of the Guarne and La Selva soils (the higher P fixing 
soils). In the soil that was ranked third for its P fixing 
capacity (Naranjal soil), the proportion of the total P 
immobilized by the fungus was only 38%. Likewise, 
the presence of soils with a much lower P sorbing 
capacity was associated with a proportionally lower 
immobilization of P into the microbial cells (0.8-16%) 
and, consequently, a lower fungal dry mass. The soil in 
which Mortierella released the highest quantity of P in 
solution (11 mg/flask, 99.2% of which was in solution) 
was the Letras soil, but it was the worst regarding P 
uptake by Mortierella sp. (0.8% in fungal cells).  As 
mentioned before, the Letras soil was very sandy 
(94% sand and only 2% clay) and, hence, had a very 
low capacity to sorb P on its limited active surfaces, 
making it unfavorable for the growth of Mortierella sp., 
but highly favorable for the accumulation of soluble 
P in the growth medium. The results of this study 
concurred with earlier observations that PSM can be 
effective in increasing soil P availability in soils that 
have a low P fixing capacity (P0.2<100 mg kg-1) (e.g., 
Mollisols and sandy soils), as reported by many authors 
(Osorio and Habte, 2013, 2015; Osorio, 2008; Peix et 
al., 2001). In the presence of soils with a very high P 
sorbing capacity (P0.2>1000 mg kg-1), most of the P 
released from the RP was removed from solution by 
the extremely high P adsorption activity of the soils.

The in vitro approach employed in the present study 
represented a simple, rapid, and relatively inexpensive 
approach for predicting whether or not a PSM can 
release P into solution in sufficient quantities for plant 
growth. This approach made it abundantly clear that the 
P released by a PSM may not remain in solution long 
enough to be taken up by plants in soils characterized 
as having a high to very high P fixing capacity. It is 
probable that the presence of arbuscular mycorrhizal 
fungi might considerably change the picture if the 
fungi succeed in capturing the P solubilized by a PSM 
before it is re-immobilized by P adsorbing sites.
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