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Abstract. Some microorganisms, such as filamentous fungi, are capable of solubilizing rock phosphate products,
which are a less costly alternative to conventional P fertilizers used so far in agriculture. However, metabolizable
C compounds must be supplied to the microbes to solubilize rock phosphate (RP). On another hand, huge
quantities of organic materials are produced by cultivated plants every year and their residues became
agrowastes, which may often pose significant environmental problems. An atractive approach to solubilize RP
would therefore, be the application of microorganisms possessing a high acid-producing activity in fermentation
processes based on agrowastes. In this context, Aspergillus niger was successfully cultivated on sugar beet (SB)
waste material supplemented with 3.0 g/1 RP acidifying the medium by releasing citric acid and thus decreasing
the pH to 3.0-3.5. At the end of the solid-state fermentation process, the product contained mineralized (69%)
organic matter, RP solubilized to 224 ug/ml and fungal mycelium. A series of microcosms greenhouse
experiments were then carried out aimed at evaluating the effectiveness of such product, added at a rate of 5%
(v/v), to a neutral, calcareous, P-deficient soil. Clover (Trifolium repens) inoculated or not with an arbuscular
mycorrhizal fungus, was the test plant. It was shown that the product improved plant growth and P acquisition.
Mycorrhizal inoculation further enhanced the effectiveness of the fermentation product. The use of the isotopic
32P dilution technique showed a lowering of the specific activity of the treated plants, thus indicating that plants
benefited from P solublilized from RP by the microbial treatments applied in this experiment. The reported
biotechnological approach offers a potential application for sustainability purposes.

1. INTRODUCTION

In the natural plant environment (the biosphere, including soil) all the biogenic elements are normally
present but not in amounts and availability states required for a high and safe production. In addition,
it is well known that land degradation, with a concomitant deterioration of soil fertility, exacerbates
further the stagnation or decline of agricultural production [1]. This is the situation of the
Mediterranean soils where the combined result of the climate characteristics and the anthropogenic
environmental effects has led to disruptions of the vegetation cover and soil structure. The main
problems of Mediterranean soils are low contents of organic matter and soluble P, and degraded
physical-chemical and biological soil properties, such as soil aggregation and microbial functioning
[2]. In conventional, high input agriculture, nutrient deficiencies are remediated and controlled by
using fertilizers to establish a proper nutrient balance. However, in view of current developments in
sustainability, efforts are concentrated on elaboration of agro-techniques that involve a rational
exploitation of soil microbial activities, organic matter amendments and the use of less expensive,
though less bioavailable, sources of plant nutrients, like rock phosphate (RP) and agrowastes, which
may be made available by microbiologically-mediated processes [3,4].

It is accepted that there is no substitute of RP as a source of P and with the current trend for a reduced
use of agrochemicals; a renewed interest on direct application of RP has arisen [4]. However, and
particularly for non-acidic soils, a minimum processing is required before application. Even when the
soil acidity is below 5.5-6.0 it has been shown that after four years of annual surface application is
when RP could be as effective as superphosphate [5]. Therefore, cropping situations should be
manipulated in a way that will permit an effective use of RP, particularly in soils with neutral to
slightly acid pH values, as the majority of Mediterranean soils.

Based on the extensive literature on RP research, it is postulated that the processing of RP materials
can be approached in two main ways. The first one is to search environmentally mild methods of
solubilization before RP application to the soil. Here, the biological methods are considered as the
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most promising, but more studies should be done using inexpensive organic substrates and highly
metabolically active microorganisms operating in economically-attractive and technologically-
accepted processes. The second line of studies should be oriented towards direct application of RP to
the soil together with microorganisms, both organic acid-producers and mycorrhizal fungi, using
technologies that may permit their large-scale application with the existing agricultural machinery.
Here, the soil management practices should ensure adequate microbial survival and functioning.
Therefore, both approaches are based on the use of natural sources of nutrients and energy.

As the plants grow, besides the harvestable products, huge quantities of residues are also produced.
Some residues, in fact agrowastes, may often pose a significant environmental problem, but also their
lignocellulosic material is a potentially valuable source of energy. Breakdown by acid-producing
microorganisms should be the biotechnological answer allowing using this abundant natural and
renewable material [6].

During recent years several investigations on microbially mediated RP solubilization were carried out
to study the possibility of combining the capability of some fungal microorganisms to grow on
agrowastes and to solubilize simultaneously RP by organic acids released during the fermentation
process [7-12]. The aim of the work reported here was to assess the effect of applying the resulting
fermentation products in a soil-plant system, together with a mycorrhizal inoculum, by using the 32P
dilution techniques.

2. MATERIALS AND METHODS

2.1. Fermentation experiment

2.1.1. Microorganism

The strain NB2 of Aspergillus niger used throughout this study was selected from 20 acid-producing
fungal cultures and shown to produce only citric acid on complex substrates [13].

2.1.2. Treatments, culture media and fermentation conditions

Four treatments were established as follows: [i] sugar beet wastes (SB); [ii] SB with rock phosphate
(RP); [iii] SB with A. niger; [iv] SB with RP and A. niger, all of them mixed with 50 ml Czapek's
mineral solution in 250 ml Erlenmeyer flasks. Sugar beet waste material was ground in an electrical
grinder, passed through a 1 mm sieve and used at a concentration of lOOg/1. Treatments ii and iv were
supplemented with RP [finely ground, 100-mesh, fluorapatite from Morocco with 12.8% total P] at a
rate of 3.0 g/1. All mixtures were sterilized at 120 C for 30 min. Treatments iii and iv were inoculated
with 1.2 x 107 spores of A. wger/flask. All treatments [in triplicate] were incubated statically at 30C
for 20 days and further applied in the soil-plant experiment.

2.1.3. Analytical methods

A. niger mycelia growth was determined by weighing the mycelium, which was carefully separated
from the culture medium, washed, and dried in an oven at 100C. Growth rate change during the
incubation process was determined dividing the difference between the previous and actual mycelia
weight value by the respective time difference [(mycelia growth at day 6th minus mycelia growth at
day 3d)/6-3]. Medium pH was measured with a glass electrode and titratable acidity was determined
by titrating each sample to pH 7.0 with 0.1M NaOH. The weight loss of lignocellulose during the
incubation was calculated on the basis of ash [500°C] content [16] and presented as a percent of
mineralization. Lignin, cellulose and hemicellulose contents were measured [17]. Oxidizable carbon
was measured by a wet oxidation method [18], total carbon was determined from the ash [18], and
total nitrogen was estimated by the Kjeldal method. The citric acid content was determined by a micro
colorimetric method [19]. Phosphorus content was determined by the molybdo-vanadate method [20].
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2.2. Soil-plant experiment

2.2.1. Experimental design, test soil, plant and microbial inoculation

The treatments used in this experiment were as follows: [i] SB: control; [ii] SB with RP; [iii] SB with
A. niger; [iv] SB with RP and A. niger, all of them inoculated or not with the arbuscular mycorrhizal
(AM) fungus Glomus deserticola (total N° of treatments=8). The products from treatments [i-iv] as
described in 2.1.2 were mixed with a steam-sterilized soil-sand mixture (1:1, v/v) and left for
equilibration for 4 weeks at room temperature. The topsoil (0-20 cm) from a field of the Granada
(Spain) province was used. The main characteristics were pH 7.5; 8 Dg P/g [Olsen test]; organic
carbon 0.46%; total N 0.046% and B.C. 1.89. SB and RP (microbially treated or not) were added to
the soil at a rate supplying 5 g SB/100 g soil and 0.15 g RP/100 g soil/sand mixture.

Three seedlings of Trifolium repens were transplanted in each pot (d=12.2 cm; 500 g capacity)
inoculated or not with the AM fungus G. deserticola and all pots received 1 ml (10s cells/ml) of
Rhizobium trifoli suspension. The AM inoculum consisted of 5 g of spores, mycelium and mycorrhizal
root fragments and was applied to each one of the corresponding pots in the bottom of a 5-cm-deep
planting hole. The plants were grown in a green house under day/night cycle of 16/8 h, 21/15C, 50%
relative humidity. Throughout the experiment, the pots were weighed every day and water loss was
replaced by watering on top of the soil.

The 32P isotope dilution technique [14] was utilised for the studies. An aliquot containing 592 kBq 32P
pot"1 was added to obtain sufficient activity in the plant material. To prepare the 32P-labelled carrier
solution the total activity required for the experiments was added as carrier-free 32P to a known
volume of carrier solution (KH2PO4) with 10 mg P kg"1 [15]. Labelling was done by thoroughly
mixing the soil with 10 ml pot"1 of 32P-labelled carrier solution.

2.2.2. Analytical methods

Plants were harvested after 6 weeks. Shoot dry weight was recorded after drying at 70°C. Shoot P
content was determined by a molybdo-vanadate method [20]. The percentage of mycorrhizal infection
was estimated by microscopic examination of stained root samples [21, 22]. The 32P activity in the
plant material was measured using the Cerenkov effect in a liquid scintillation analyser Packard Tri-
Carb 300. Counts were expressed in Bq and corrected for counting efficiency (50%). The specific
activity SA of P in the plant material was then calculated by considering the radioactivity per amount
of total P content in the plant and expressed in Bq mg P"1. Data were processed by analysis of variance
and Duncan's test (P^O.05).

3. RESULTS AND DISCUSSION

3.1. Fermentation stage

Aspergillus niger grew well on medium containing SB waste material as a substrate and a rapid
mycelial growth was recorded at the beginning of the cultivation period followed by a slow growth
phase (Table I). The initial (first 3 days) average growth rate was 0.19 g/flask/day and 0.02 g/flask/day
during the second week. It increased again thereafter and the total biomass produced on medium
supplemented with RP was 20% higher than that of 1.0 g/flask obtained [7] on the medium without
RP. Mycelial growth and titratable acidity production paralleled in the first half of the process
resulting in a maximum solubilization (76%) of the rock phosphate. However, after this period
the fungus started to produce spores, indicating adverse conditions for acid productivity. This caused
a slow decrease in titratable acidity with a corresponding decrease in soluble P production.

Biomass growth on the lignocellulosic substrate tested in this study was higher than that under liquid
culture conditions using the same strain of A. niger [13]. Other authors applying sugarcane bagasse
[23] and vinasse [24] have reported similar results. The most likely explanation is the the presence of
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TABLE I. MYCELIAL GROWTH, TITRATABLE ACIDITY AND ROCK PHOSPHATE
SOLUBILIZATION BY Aspergillus niger CULTIVATED ON SUGAR BEET WASTE

Time
(days)

3
6
10
15
20

Biomass
(g/flask)

0.57+0.12
0.68+0.08
0.77+0.05
0.89+0.05
1.20+0.10

Titratable
acidity

(mmol/1)

38.2+1.4
60.6+0.7
72.2+0.6
58.8+1.1
48.1+0.2

Citric acid (%
of total acidity)

100
98
92
87
71

Phosphate
cone.

(Dg/ml)

47.4+1.6
172.6+0.8
292.2+2.3
276.8+3.1
224.0+0.9

Soluble P/
total P (%)

12
44
76
71
58

TABLE II. COMPOSITION OF SUGAR BEET WASTE1 SUSPENSION
TREATED WITH Aspergillus niger AFTER A 20-DAY CULTIVATION

Initial

20 d

Cellulose
(%)

29.0

17.0

Hemicellulose
(%)

23.0

4.2

Lignin
(%)

5.0

4.2

pH

7.2

3.2

Mineralization
(%)

-

69

1 Total carbon: 55%; Oxidizable carbon: 16%; Total nitrogen: 1.7%

sufficient amounts of nutrients in the initial period of cultivation and some lignocellulolytic activity
(Table II) bearing in mind the ability of A. niger to degrade such kind of substrates [23]. The specific
conditions provided by the microorganism/air/water interface during this type of cultivation [23],
determined a level of acidity, which was sufficient to overcome the neutralizing effect of RP and its
solubilization.

It should be noted that the measured phosphate concentration in the solution probably
corresponded to the amount that was not consumed by the mycelium. The addition of RP to the
cultivation medium affected the behavior of A. niger, particularly its growth and citric acid production.

Although a high percentage of mineralization of SB waste was achieved, a careful assessment and
further studies should be done in order to find a better compromise between the level of degradation
and concentration of soluble phosphate before the resulting system is applied in soils with different
characteristics.

3.2. Soil-plant experiment

Dry matter responses and P content of shoots of non-mycorrhizal and mycorrhizal T. repens after the
addition of microbially-untreated SB with or without RP and previously cultivated SB (with or without
RP) by A. niger are presented on Fig. 1 and Fig. 2, respectively.
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• Control • Mycorrhizal inoculation

Control RP Aspergillus (Asp) Asp+KP
Treatment of sugar-beet waste

Fig. 1. Shoot dry weight ofTrifolium plants grown for 42 days as affected by fermentation-resulting
products and mycorrhizal inoculation. * Denotes significant differences in mycorrhizal response.
A Denotes significant differences in RP response.

• Control • Mycorrhizal inoculation

250

200 H

H 150

B 100 -

50 -

0
Control RP Aspergilius (Asp) Asp+RP

Treatment of sugar-beet waste

Fig. 2. Shoot P content of Trifolium plants grown for 42 days as affected by fermentation-resulting
products and mycorrhizal inoculation. * Denotes significant differences in mycorrhizal response.
A Denotes significant differences in RP response.

The addition of SB alone or in combination with RP in the absence of A. niger did not have
a significant effect on plants weight of either, non- and mycorrhizal soil-plant system. However, plant
P acquisition was favored by G. deserticola in the respective treatments. The addition of microbially
precultivated SB without RP increased plant weight of T. repens and almost doubled its P content
compared with the control and SB with RP treatments. These effects could be related to the low pH of
the mixture due to the presence of citric acid. Although the soils in Southern Spain have a high
phosphate-fixing capacity, it was reported recently that the addition of citric acid increased phosphate
concentrations in solutions of alkaline soils, this effect being detectable even after 140 days [25].
A significantly high growth and P shoot content was found in plants grown in soil amended with the
lignocellulosic substrate with RP and A. niger mixture. This observation was even more pronounced in
plants inoculated with G. deserticola. The triple combination between A. niger, R. trifoli and G.
deserticola caused a response in plant growth and P uptake of both non-mycorrhizal and mycorrhizal
plants, respectively, but the inclusion of RP in the system enhanced this effect. The assumption that
A. niger can provide additional nutrient amounts derived from the mycelium cannot explain the lower
plant growth and P uptake in the treatment without RP and AM inoculation. This work confirms the
important role of mycorrhizal fungi and particularly their synergistic effect in combination with
P-solubilizing microorganisms, as reported previously [26].
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The effects of certain combinations of treatments produced a lowering in the SA of the clover plants
(Fig. 3). This lowering was clearer in AM-inoculated plants, particularly when RP was a component of
the fermentation mixture. It could be argued that the treatments having the lower SA values suggest
that the plant is using extra 31P released from otherwise unavailable P sources [14]. The phosphate-
solubilizing activity of A. niger, could in part release P ions from the added RP and the AM external
mycelium was transferring to the plant 31P released from RP particles, therefore inducing a lowering in
the 32P/31P ratio [26, 27]. Therefore, the lowering in the specific activity is indicating solubilization of
RP by the microbial activities applied in the reported biotechnological approach.

• Control • Mycorrhizal inoculation

120

100 -

HH 80 -

-I 60 -
m 40 -

20 -

0

•

*

•
*

1

Control RP Aspergillus (Asp) Asp+"RP
Treatment of sugar-beet waste

Fig. 3. Specific activity of Trifolium plants grown for 42 days as affected by fermentation resulting
products and mycorrhizal inoculation. * Denotes significant differences in mycorrhizal response.
A Denotes significant differences in RP response.

4. CONCLUSIONS

The biological solubilization of RP using the metabolic, acid-producing activity of the filamentous
fungus A. niger during its cultivation on sugar beet waste material and further application of the
resulting mixture appears to be effective in a neutral, calcareous soil as shown by the isotopic (32P)
dilution technique. The interaction between a biotechnological practice (triple inoculation with
R. trifoli, A. niger and G. deserticola) and a low-input technology (RP addition to the system)
demonstrates the potential application of such combined approaches in improving sustainable nutrient
supply to plants.
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