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ABSTRACT
This study evaluated the synergism between several P-solubilizing fungi isolates and arbuscular mycorrhizal fungi to
improve clover (Trifolium pratense) growth in the presence of Araxa apatite. Clover was sown directly in plastic pots
with 300g of sterilized washed sand, vermiculite and sepiolite 1:1:1 (v:v:v) as substrate, and grown in a controlled
environment chamber. The substrate was fertilized with 3 g L~! of Araxa apatite. A completely randomized de-
sign, in 8 x 2 factorial scheme (eight P-solubilizing fungi treatments with or without arbuscular mycorrhizal fungi)
and four replicates were used. The P-solubilizing fungi treatments consisted of five Brazilian P-solubilizing fungi
isolates (PSF 7,9, 20, 21 and 22), two Spanish isolates (4spergillus niger and the yeast Yarowia lipolytica) and control
(non-inoculated treatment). The greatest clover growth rate was recorded when Aspergillus niger and PSF 21 were
co-inoculated with arbuscular mycorrhizal fungi. Aspergillus niger, PSF 7 and PSF 21 were the most effective isolates
on increasing clover growth in the presence of arbuscular mycorrhizal fungi. Greater mycorrhizal colonization resulted
in greater clover growth rate in most PSF treatments. PSF 7 was the best isolate to improve the establishment of

mycorrhizal and rhizobia symbiosis.
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INTRODUCTION

Soil microorganisms play an important role in supply-
ing nutrients to plants. Phosphorus (P) is the least mo-
bile and available to plants in most soil conditions, in
comparison to other major nutrients (El-Azouni 2008).
Nevertheless, some microorganisms are able of miner-
alizing and solubilizing P from the organic and inor-
ganic soil pools (Richardson2001). Souchieetal. (2006)
stated that P is the most limiting nutrient in tropical
soils; in contrast, P-solubilizing microorganisms (PSM)
and the arbuscular mycorrhizal fungi (AMF) are among
the most relevant soil microorganisms.
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The inoculation of PSM is a promising technique
in order to increase P availability in soils fertilized with
rock phosphates (Reyes et al. 2002). Several authors
reported yield increases on maize (Reyes et al. 2002),
sorghum (Kumar et al. 1999), and wheat (Whitelaw et
al. 1997, Wahid and Mehana 2000) by inoculation of
P-solubilizing fungi (PSF). Rodriguez et al. (1999) re-
ported a greatest alfalfa growth in soil fertilized with
rock phosphate and sugar beet waste through inocula-
tion of Aspergillus niger (an isolate with high P solubi-
lization potential) and Glomus deserticola. The syner-
gism between these microorganisms also promoted con-
siderable increases in P absorption and growth in clover
(Trifolium repens) (Vassileva et al. 1998). Similarly, the
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co-inoculation of Yarowia lipolytica (a P-solubilizing
yeast) increased mycorrhizal colonization by Glomus
deserticola in tomato roots (Vassilev et al. 2001). Ravn-
skov et al. (1999) also observed mycorrhizal coloniza-
tion increasing forage leguminous roots after the inoc-
ulation of Saccharomyces cerevisiae. Nowadays, it is
widely accepted that several PSM, besides solubilizing
P, also increase mycorrhizal colonization, produce vi-
tamins, amino acids and phytohormones (Barea et al.
1997, Arshad and Frankenberger Jr. 1998). Therefore,
more studies to establish the functional compatibility
among these microorganisms on improving plant growth
of several species are required.

The PSF efficiency changes according to isolate
and phosphate type (Souchie et al. 2005). Therefore,
studies about P solubilization of rock phosphates in sys-
tems involving plants inoculated with PSM and AMF
should be done. This study evaluated the synergism be-
tween several PSF and AMF isolates in improving
clover growth fertilized with Araxa apatite.

MATERIALS AND METHODS

The experiment was done at Estacion Experimental del
Zaidin, Granada, Spain, in a controlled environment
chamber. Clover (Trifolium pratense) was sown in plas-
tic pots containing 300 g of substrate (washed sand, ver-
miculite and sepiolite, 1:1:1, v:v:v). Each component
was autoclaved (120°C, 20 min) separately. Araxa ap-
atite (12 g of P kg~!) was mixed to the substrate at
3gL™l

A completely randomized design, in 8 x 2 facto-
rial scheme (eight inoculation treatments and presence
or absence of AMF) and four replicates were used.
The inoculation treatments were: 1) control (non-inocu-
lated); 2) PSF 7; 3) PSF 9; 4) PSF 20; 5) PSF 21; 6) PSF
22; 7) Aspergillus niger and 8) Yarowia lipolytica. The
isolates Aspergillus niger and Yarowia lipolytica belong
to the Estacion Experimental del Zaidin collection and
are considered to be isolates with high P-solubilization
potential (Vassileva etal. 1998,2000). PSF 7 and 9 were
isolated from the rhizosphere of Mimosa caesalpiniifo-
lia grown in an Argisol collected at an Atlantic For-
est area in Paraty, Rio de Janeiro, Brazil. PSF 20, 21
and 22 were obtained from the rhizosphere of Acacia
holosericea grown in Planosol collected at Seropédica,
Rio de Janeiro, Brazil.
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The mycorrhizal inoculum consisted of soil con-
taining spores, mycelia and root fragments colonized by
Glomus clarum and Glomus geosporum. Equal propor-
tions were prepared by mixing 300 mL of soil containing
8 and 20 spores per mL~! of soil of G. clarum and G.
geosporum, respectively. Both AMF were multiplied
in sorghum and maize trap plants and maintained as a
stock culture. Prior to sowing, an amount of 5 mL of
inoculum was added to each pot and homogenized with
the substrate. In the control, 2 mL of an inoculum fil-
trate, obtained by mixing 1 mL of both G. clarum and
G. geosporum inoculum filtrates without AMF propag-
ules, were added to the plant basis in each pot.

Four days after emergence, seedlings were thinned
to one plant per pot. Each plant was inoculated with
1 mL of Rhizobium trifolii (strain 2152). This strain was
incubated in Ty liquid medium (Beringer 1974), to 10%
CFU mL~!. Two days after R. trifolii inoculation, the
plants were inoculated with PSF treatments. These PSF
isolates were grown in Petri dishes (four days, 28°C,
darkness), with GL solid medium (Sylvester-Bradley et
al. 1982) covering the Petri dish basis. Spores were sus-
pended in water + tween (1%) solution, quantified fol-
lowing the successive dilution technique till 103 CFU
mL~! and, subsequently, 1 mL of spore suspension was
applied to each pot.

The experiment lasted 60 days in a controlled en-
vironment chamber with 50% relative humidity, day and
night temperature of 27 and 18°C, respectively, and a
photoperiod of 14 hours, with photosynthetic photon
flux density of 503umol m? s~!. Twice a week, 25 mL
of a modified nutrient solution (Hewitt 1966) (without
N, 10% of P and pH 5.5) were added to each pot.

Forty days after emergence, shoot dry matter was
determined. Sixty days after emergence, plants were
harvested and shoot dry matter, colonized root length
(Tennant 1975, Giovannetti and Mosse 1980), number
of nodules, N and P shoot contents were evaluated. Data
were submitted to ANOVA and the averages compared
by the F and Tukey tests (p < 0.05).

RESULTS

AMF and PSF inoculation increased shoot dry matter
in most treatments, except for plants inoculated with
PSF 7, PSF 22 and Y. lipolytica (Fig. 1). PSF 7 and
PSF 21 stimulated the greatest shoot dry matter pro-
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Fig. 1 — Shoot dry matter (two cuts) of clover inoculated with P-solubilizing fungi from
Paraty, Rio de Janeiro, Brazil (PSF 7, 9, 20, 21 and 22) and from Granada, Spain (4. niger
and Y. lipolytica), in the presence or absence of AMF. (Lower-case and upper-case letters
compare PSF treatments in the absence and presence of AMF inoculation, respectively, by
the Scott-Knott test (p < 0.05). *: indicates AMF effect by the F test (p < 0.05).
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Fig. 2 — Shoot P content of clover inoculated with P-solubilizing fungi from Paraty, Rio de
Janeiro, Brazil (PSF 7, 9, 20, 21 and 22) and from Granada, Spain (4. niger and Y. lipolytica), in
the presence or absence of AMF. (Lower-case and upper-case letters compare PSF treatments in
the absence and presence of AMF inoculation, respectively, by the Scott-Knott test (p < 0.05).
*: indicates AMF effect by the F test (p < 0.05).

duction in the absence of AMF. Aspergillus niger and
PSF 21 with AMF inoculation were the best treatments
to increase shoot dry matter. In contrast, plants inoc-
ulated with Y. lipolytica showed little shoot dry matter
production both in the presence and in the absence of
AMF (Fig. 1).

No interactions were observed between AMF and
PSF when N shoot content was evaluated since AMF
inoculation did not affect this parameter. The PSF in-
oculation yielded the greatest shoot N content (3.2 g N
kg™!), which was similar to the control (3.1 g N kg™!).

Similar values of shoot P content were found in plants
inoculated or not with AMF in the presence of PSF 7,
PSF 21 and A. niger (Fig. 2). AMF inoculation in-
creased the shoot P content on the other treatments. No
significant differences were found among plants inocu-
lated with PSF, without AMF inoculation, and the con-
trol treatment (Fig. 2).

Although PSF 7 and PSF 21 increased the number
of nodules in plants, AMF inoculation affected neither
this parameter nor the interaction between PSF and
AMF (Fig. 3). However, an enhancement on mycor-
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rhizal colonization was observed in plants inoculated
with AMF in the presence of PSF 7 and PSF 20 (Fig. 4).
The other treatments were similar to the control.

DISCUSSION

Since plants were grown in an inert substrate where a
nutritive solution with low P concentration was period-
ically amended, PSF contribution on growth promotion
was probably due to an effective Araxa apatite solubi-
lization (Souchie et al. 2005) and/or by phytohormone
production (Barea et al. 1997), or even to the increase
of rhizobia and AMF symbiosis (Omar 1998, Zaidi et
al. 2004). In the case of PSF 21, growth promotion can
be related to greater nodulation or release of stimulat-
ing substances since this isolate did not increase AMF
colonization. Similarly, Cabello et al. (2005) reported
that mycorrhizal colonization in Mentha piperita was
not affected by inoculation with the PSF Penicillium
thomii, despite this isolate increased other analyzed vari-
ables. Zaidi et al. (2004) reported some incompatibil-
ity when Glomus fasciculatum, Bradyrhizobium sp. and
Penicillium sp. were inoculated in mung bean without
any improvement on plant growth. Otherwise, Valdene-
gro et al. (2001) reported that the inoculation of plant
growth promoting rhizobacteria was effective only when
Glomus mosseae and a native strain of Rhizobium meli-
loti were also inoculated. The success of the inocula-
tion technique is directly related to the functional com-
patibility among the chosen microorganisms. Therefore,
more research is required to discover the best combi-
nations among them in order to increase nutrition and
growth of plant species.

Yarowia lipolytica inoculation yielded similar re-
sults to the control treatment for almost all the analyzed
variables. However, several authors (Vassileva et al.
2000, Vassilev et al. 2001, Medina et al. 2004) reported
considerable improvement on plant growth with Y. lipo-
Iytica inoculation. Probably, in this study, the main lim-
iting factor was the substrate since no source of organic
matter was used. Consequently, the establishment of
Y. lipolytica was negatively affected.

PSF 7 increased clover shoot dry matter in the ab-
sence of AMF similarly to plants inoculated with AMF
(Fig. 1). Since this isolate is capable of solubilizing
Araxa apatite in liquid medium, and aluminum phos-
phate in solid and liquid media (Souchie et al. 2005),
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it has probably greater solubilization ability in compari-
son to the other isolates. Moreover, PSF 7 was the one
that stimulated the greatest nodulation and mycorrhizal
colonization (Figs. 3 and 4). Reyes et al. (2002) also
reported that all Penicillium rugulosum P-solubilizing
strains were able to stimulate maize growth as indicated
by 3.6 to 28.6% increases in dry matter yield. Peix
et al. (2001) observed a greater number of nodules in
common bean plants inoculated with a P-solubilizing
Burkholderia cepacia strain. Similarly, Fracchia et al.
(2004) reported an increased mycorrhizal colonization
in soybean after inoculation with the PSF Aspergillus
niger. Since biological nitrogen fixation depends on the
available forms of phosphorus, the combined inocula-
tion of nitrogen fixers, P-solubilizing microorganisms
and AMF may benefit plant growth more than any or-
ganism group alone.

In this study, although all PSF isolates belonged to
the Aspergillus genus, it is possible that PSF 7 is a dif-
ferent species, explaining its different effect on clover
growth. Also, Nguyen et al. (1992) reported that the
P solubilization ability can vary among microorganisms
within the same species. Silva Filho et al. (2002) re-
ported that the most efficient P-solubilizing fungi belong
to Aspergillus and Penicillium genera. Future research
should be done to determine the organic acids released
by these PSF, especially by PSF 7. Moreover, evalua-
tion of the ability to improve plant growth and rhizobia
and AMF symbiosis under non-sterilized substrate con-
ditions should be done.

CONCLUSIONS

1 — Aspergillus niger, PSF 7 and PSF 21 were the best
isolates to increase clover growth in the presence of
AMF.

2 — High mycorrhizal colonization resulted in greater
clover growth rate in most PSF treatments.

3 — The greatest clover growth rate was recorded when
Aspergillus niger and PSF 21 were co-inoculated
with AMF.

4 — The isolate PSF 7 was the best isolate to increase
clover growth and to establish rhizobia and AMF
symbiosis.
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Fig. 3 — Number of Rhizobium nodules of clover inoculated with P-solubilizing fungi from
Paraty, Rio de Janeiro, Brazil (PSF 7, 9, 20, 21 and 22) and from Granada, Spain (4. niger and
Y. lipolytica). (Lower-case letters compare PSF treatments by the Scott-Knott test (p < 0.05).
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Fig. 4 — Mycorrhizal colonized root length of clover inoculated with P-solubilizing fungi from
Paraty, Rio de Janeiro, Brazil (PSF 7, 9, 20, 21 and 22) and from Granada, Spain (4. niger and
Y. lipolytica). (Lower-case letters compare PSF treatments by the Scott-Knott test (p < 0.05).
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RESUMO

Este estudo avaliou o sinergismo entre diversos isolados de
fungos solubilizadores de fosfato e micorrizicos arbusculares
para beneficiar o crescimento de trevo (7rifolium pratense) na
presenga de apatita de Araxa. A cultura foi semeada direta-
mente em potes plasticos com 300 g de substrato esterilizado
formado por areia lavada, vermiculita e sepiolita 1:1:1 (v:v:v)
e cultivada em camara climatica. O substrato foi fertilizado
com3g L1 de apatita de Araxd. O experimento foi insta-
lado em delineamento completamente casualizado, esquema
fatorial 8 x 2 (oito tratamentos de inocula¢do de fungos solu-

bilizadores de fosfato com ou sem fungos micorrizicos arbus-

culares) e quatro repeti¢cdes. Os tratamentos de fungos solubi-
lizadores de fosfato consistiram em cinco isolados brasileiros
de fungos solubilizadores de fosfato (FSF 7, 9, 20, 21 e 22),
dois isolados procedentes da Espanha (Aspergillus niger ¢ a
levedura Yarowia lipolytica) e o controle (tratamento nao ino-
culado). A maior taxa de crescimento da cultura foi obtida
quando Aspergillus niger e FSF 21 foram co-inoculados com
fungos micorrizicos arbusculares. Aspergillus niger, FSF 7
e o FSF 21 foram os isolados mais efetivos para incremen-
tar o crescimento de trevo na presenga de fungos micorrizicos
arbusculares. A maior taxa de colonizagdo micorrizica resultou
em alta taxa de crescimento de trevo na maioria dos tratamen-
tos com fungos solubilizadores de fosfato. O isolado FSF 7 foi
o melhor para favorecer o estabelecimento das simbioses com

fungos micorrizicos e com rizdbio.

Palavras-chave: apatita de Araxd, solubilizacdo de fosfato,

co-inoculagdo, promogao do crescimento vegetal, rizosfera.
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