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Abstract This study analyzed the interaction between the
phosphate-solubilizing fungus (PSF) Talaromyces flavus and
the arbuscular mycorrhizal fungus (AMF) Gigaspora rosea
in vitro, and whether the in vivo application of 7. flavus
was able to stimulate the efficiency of the symbiosis between
G. rosea and wheat (Triticum aestivum). In vitro, the soluble
chemical substances released by 7. flavus promoted the devel-
opment of pre-infective mycelium from germinating AMF
spores, increasing the length of each branch and the number
of branches. In vivo, the inoculation of 7. flavus increased
plant wet and dry weight of mycorrhizal plants, regardless of
the P conditions. AMF root colonization was inhibited under
high P conditions but was promoted by 7. flavus inoculation.
The inoculation of 7' flavus also improved the symbiotic
efficiency of mycorrhizal plants, measured as APA, and in-
creased the total plant phosphate content and shoot:root phos-
phate ratio in mycorrhizal plants. To our knowledge, this is the
first report where exudates produced by a PSF as 7. flavus
promote pre-infective development, root colonization and
symbiotic efficiency of G. rosea in wheat. Finally, the role
of T_ flavus in rthizosphere interactions is discussed.
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1 Introduction

Phosphorus (P) is one of the essential nutrients required by
plants and microorganisms for their growth and development.
This nutrient has low bioavailability in the soil because phos-
phate anions may be immobilized through sorption and precip-
itation with cations (Garg and Bahl 2008; Antoun 2012).
Immobilized anions can be released into the soil through bio-
logical solubilization processes, such as the production of or-
ganic acids and a decrease in pH by some bacteria and fungi,
the latter known as P-solubilizing fungi (PSF) (Rodriguez and
Fraga 1999; Antoun 2012). Several studies have shown that the
application of PSF as bioinoculants can improve plant P nutri-
tion and growth (Richardson 2001, 2007; Richa et al. 2007).
Arbuscular mycorrhizal fungi (AMF) are mutualistic sym-
bionts that colonize plant roots. By means of the interaction,
plants increase the absorption surface and AMF receive pho-
tosynthates (Landeweert et al. 2001). AMF also transport
soluble P from the soil solution to the roots, thus improving
P plant nutrition (Richardson et al. 2009). The symbiotic
efficiency is an important factor that determines the final effect
on plant growth and P nutrition. Tisserant et al. (1993) pro-
posed the intraradical alkaline phosphatase activity (APA) as a
marker of the symbiotic efficiency of plant root colonization
by AMF. It is known that the development of the mycorrhizal
symbiosis is modified by the exudates of rhizospheric micro-
organisms, such as PSF which indirectly modify the fungal
colonization of plants (Fracchia et al. 2004; Scervino et al.
2008). PSF solubilize P and modulate mycorrhizal coloniza-
tion (Barea et al. 1997; Arshad and Frankenberger 1998).
Gigaspora rosea is an AMF that promotes the growth of
various plant species (Hernandez-Martinez et al. 2006; Khan
et al. 2007), and has relatively large spores that facilitate
in vitro microbial interaction studies. Talaromyces flavus is a
PSF that can increase soluble P, act as a biocontrol fungus and
protect plants against microbial diseases (Naraghi et al. 2010a,
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b). However, the in vitro and in vivo interaction between
T. flavus and G. rosea is not well studied.

The aim of the present study was to analyze in vitro the
relationship between the PSF 7. flavus and the AMF G. rosea
and verify in vivo whether the application of 7. flavus is able
to stimulate the symbiotic efficiency in Triticum aestivum.

2 Materials and methods

2.1 T. flavus: growth, P release and fungal P solubilization
capacity

A strain of T flavus isolated from wheat rhizospheric soil by
Rodriguez (2004) and selected for its P-solubilizing activity
by Scervino et al. (2010) was used in this study. This strain
was cultured in Malt Extract Agar (MEA) for 5 days at 28 °C
in darkness.

To characterize the growth of 7. flavus and to quantify the
amount of soluble P, a growth curve was performed. Erlen-
meyer flasks (100 mL) were filled with 20 mL of liquid
National Botanical Research Institute’s phosphate growth me-
dium (NBRIP, Nautiyal 1999) with the addition of MES
buffer (pH 6.5) in triplicate. This medium contains (L™"):
glucose 10 g, MgS0O, 0.12 g, KC1 0.2 g, MgCl,.6H,O 5 g,
(NH4),S04 0.1 g and Ca3(PO,), 5 g as an insoluble P source.
The inoculated Erlenmeyer flasks were placed on an orbital
shaker at 250 rpm and 28 °C.

Cultures were harvested at 6, 12, 18, 24, 48, 72, 120 and
144 h. At each sample time, mycelium was obtained by
filtering the culture on a Whatman No. 1 paper. Mycelial dry
weight (MDW) was measured by drying the samples for 48 h
at 80 °C until constant weight. To remove Ca;(POy), excess,
supernatants were centrifuged at 10,600 g for 20 min. The pH
was measured by means of a pH meter and the soluble P
quantified by spectrophotometric measurement at 405 nm
using the ascorbic acid molybdenum blue method (Murphy
and Riley 1962). The fungal solubilization capacity (SC) was
calculated with the following formula: SC=pug P / ¢ MDW,
where SC: solubilization capacity (ug Pxg MDW '), P:
amount of soluble P released, and MDW: mycelial dry weight.
If the SC ratio is constant over time, there is a direct relation-
ship between the amount of P released and fungal biomass.

2.2 Effect of T. flavus exudates on the development
of mycelium from G. rosea spores

G. rosea spores were isolated (Gerdemann 1955) from an
open pot culture grown with 7. aestivum as a host. Spore
surfaces were sterilized using a Chloramine-T 2 %, Strepto-
mycin 0.1 % and Tween 80 0.04 % solution for 13 min, rinsed
with sterile distilled water (Mosse 1962) and transferred to
Petri dishes (5 cm) containing 10 mL of sterile Phytagel semi-

@ Springer

liquid medium (0.4 % Phytagel, Sigma-Aldrich P8169)
amended with different concentrations (0, 0.1, 0.5, 1 and 3
%V/V) of sterile T flavus exudates or culture medium (as
control). 7" flavus was grown in standard medium (Fracchia
et al. 2003) for 144 h under agitation. The standard medium
consisted of (L™'): PO4H,K 0.5 g, glucose 10 g and L-
asparagine 4 g, and was used due to the lack of interference
in normal development of mycelium from AMF spores. The
supernatants were sterilized using Millipore filters (0.22 pm).
Five Petri dishes were prepared for each concentration, with
10 spores each, and placed in the dark at 25 °C. The dishes
were checked for spore germination under the microscope
every 2 days for 2 weeks, then dried at 60 °C and stained with
Trypan Blue-lactic acid (0.05 %) to estimate the percentage of
germination, hyphal length and number of hyphal branches
(Scervino et al. 2005). Hyphal length was measured using the
intersection method (Brundrett et al. 1994). Mycelium mor-
phology was characterized by means of the ratio between
hyphal length and number of branches, to test for changes in
the spatial distribution of the AMF.

2.3 Effect of T flavus inoculation on the G. rosea-T. aestivum
symbiosis

A greenhouse experiment was performed to analyze the in vivo
effect of 7. flavus on the G. rosea-T. aestivum symbiosis. The soil
used was collected from the Experimental Field of the Facultad
de Ciencias Exactas y Naturales of the University of Buenos
Aires (—34° 32’ 47.04' S, —58° 26' 24.83" W), Argentina, and
sieved with a 1-cm” mesh. The soil composition was: total C
12.08 gxkg ', total N 1.10 gxkg ', P 34.2 mgxkg ', and
cationic exchange capacity (CEC) 13.4 cmolxkg .

The experiment was carried out in 1-L pots filled with a sterile
mix of soil and perlite at 2:1 77V (1 h at 121 °C for 3 days), one
half supplemented with (+P) and the other half without (—P)
tribasic calcium P. Insoluble P was added to a final concentration
of 30 mg Pxkg ' (Omar 1998). Treatments were: non-inoculat-
ed, inoculation with G. rosea, inoculation with 7. flavus and co-
inoculation with G. rosea and T. flavus, under two P levels (—P
and+P) with five replicates per treatment. Wheat seeds (bread
wheat cultivar, provided by Rizobacter Argentina S. A.) were
surface-sterilized with a sodium hypochlorite 30 % and Triton
X-100 0.01 % solution for 3 min, rinsed with sterilized distilled
water and sown in moistened chambers. After 3 days, uniform
seedlings were transplanted to the pots.

Plants were inoculated with 5 mL of an aqueous suspension
containing 10° xmL ™" conidia of 7. flavus (Omar 1998) and/or
5 g of the G. rosea inoculum. The G. rosea inoculum
consisted of rhizospheric soil from a 7. aestivum open pot
culture, which contained G. rosea spores (21 sporesxg '),
mycelia and colonized root fragments. Soil filtrate (Whatman
Ne°l filter paper) from the rhizosphere of mycorrhizal plants
was added to the treatments without G. rosea inoculation. The
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filtrate contained common soil microorganisms, including
bacteria and fungi, but no propagules of G. rosea.

The greenhouse experiment was conducted under con-
trolled light and temperature (16/8 h light/dark, 25/
18 °C day/night) conditions. During the experiment, the soil
was kept at 80 % of field capacity by weight and
supplemented with 50 mL of Hewitt (1966) solution without
P every 20 days. Plants were grown for 9 weeks and harvested
at the end of this period. Two hundred samples of each root
(1 cm) were taken randomly before drying. The percentage of
root length colonization (Phillips and Hayman 1970) was
quantified and the percentage of APA associated with the
intraradical mycelium (Tisserant et al. 1993) measured.

Total wet and dry plant weight (TWW and TDW respec-
tively), total plant P content (TPP), shoot:root P ratio and soil
water-extractable P (WEP) were measured. To estimate TDW,
the plants were dried at 80 °C for 48 h until constant weight.
TPP was estimated by drying the plants at 80 °C, which were
then powdered (<1 mm). After that, samples were calcinated
at 500 °C for 5 h. The remaining ashes were moistened with
distilled water (1 mL). P was extracted by adding 10 mL HCI
2 M and heating up to the boiling point. After cooling, the
extract was filtered through a 0.45-pum membrane and P was
quantified by spectrophotometric measurement at 405 nm
(Sadzawka et al. 2007), using the ascorbic acid molybdenum
blue method (Murphy and Riley 1962). Soil WEP was
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measured using the Water Extractable Phosphate method
(Kovar and Pierzynski 2009).

2.4 Data analysis

Data obtained were compared by two-way analysis of vari-
ance (ANOVA), one-way ANOVA and correlation tests using
the statistical software Statistica 7. All assumptions were
tested before ANOVA analysis. When significant differences
(»<0.05) as a result of the treatments were found, post-hoc
comparisons were made to analyze the differences among
treatments. Means were compared by Fisher’s least significant
differences (LSD) test, and main effects were studied every
time when no differences were found (experiments of root
length colonization and shoot P:root P ratio).

3 Results

3.1 T flavus: growth, P release and fungal P solubilization
capacity

During the P solubilization assay, fungal biomass ranged from
0.014+0.003 g to 0.102+0.001 g of MDW. The amount of P
released followed the fungal growth, showing the highest
solubilization at 96 h (Fig. la). The fungal SC (pg P
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Fig. 1 Phosphorus solubilization as a result of Talaromyces flavus activity. a) Mycelial dry weight (MDW) and P solubilization over time. b) Fungal P
solubilization capacity (SC). ¢) pH recorded over time. d) Correlation test between pH and amount of P released
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releasedxg ' MDW) was constant along the entire experi-
ment (Fig. 1b). The pH values decreased from 6.49+0.01 to
5.33£0.09 throughout the experiment (Fig. 1c) and the statis-
tical analysis showed a negative correlation between the pH
values and the amount of P released (Fig. 1d).

3.2 Effect of T flavus exudates on the development
of mycelium from G. rosea spores

The presence of 7. flavus exudates had no effect on G. rosea
spore germination (data not shown) but showed a significant
effect on G. rosea pre-infective mycelial development (one-
way ANOVA p<0.05; Fig. 2).

Sterile exudates of T flavus (1 and 3 % V/V) increased four-
fold the hyphal length of germinating G. rosea spores (F=
5.23; p=0.001) (Fig. 2a) and three-fold the hyphal branching
(as the number of hyphal tips) compared with the control at
concentrations above 0.5 % (F=7.19; p=0.0001) (Fig. 2b).
G. rosea mycelium morphology changed with 1 and 3 % of
T flavus exudates compared with the control (F=2.57; p=
0.04) (Fig. 2c). Development of G. rosea mycelium from
germinating spores under different 7. flavus culture medium
concentrations (0.1, 0.5, 1 and 3 %) did not differ from those
with 0 % fungal exudates (data not shown).

3.3 Effect of 7. flavus inoculation on the G. rosea-T. aestivum
symbiosis

We found no significant interaction (F=4.35; p=0.07) be-
tween the fungal inoculation (G. rosea, T. flavus and co-
inoculation) and the P condition (—P and+P) for AMF root
colonization. The main effects showed that the absence of P
amendment led to an increase in the mycorrhizal root length
colonization (F=12.8; p=0.007) (Fig. 3a). On the other hand,
the inoculation of 7. flavus increased AMF root colonization
(F=22.75; p=0.001) (Fig. 3b). AMF colonization was only
present in treatments with G. rosea inoculation (data not
shown).

The symbiotic efficiency of G. rosea-T. aestivum, mea-
sured as the percentage of intraradical APA, increased with
T flavus inoculation, regardless of the P conditions. This
difference was still greater when P was added to the soil (F=
6.48; p=0.03). The amendment with insoluble P did not
modify the mycorrhizal APA only when G. rosea was present.
Furthermore, 7. flavus inoculation increased soil WEP when
insoluble P was added (F=75.21; p<0.0001), while in the
absence of 7. flavus this parameter did not change (Fig. 4).

TPP and plant growth measured by means of TWW and
TDW showed significant differences with the factors’ combi-
nation. Under -P conditions, the co-inoculation of both micro-
organisms led to an increase in plant TWW compared to
plants inoculated only with 7. flavus and non-inoculated
plants. Also, the plants with the lowest TWW values were
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Fig. 2 Effect of Talaromyces flavus exudates on Gigaspora rosea pre-
infective development. a) Hyphal length (mm) (F=5.23; P=0.001). b)
Number of hyphal branches (F=7.19; P=0.0001). ¢) Mycelial
morphology calculated as hyphal length per branch (F=2.57; P=0.04).
Vertical bars are SD. Columns with the same letters above them indicate
column values that are not significantly different, as determined by
Fisher’s LSD test (P<0.05)

those without inoculation (regardless of the P condition) or
inoculated only with G. rosea and grown in+P conditions (F=
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Fig. 3 Effect of Tularomyces 37 38 b
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5.32; p=0.02). TWW increased with the co-inoculation of
both microorganisms in —P conditions. When 7. flavus was
added to+P soil, TDW increased (F=11.65; p=0.001). The
presence of both microorganisms in —P conditions increased
TPP. Under+P conditions, 7. flavus produced the highest TPP
values, while G. rosea inoculation showed the lowest values
for all plant parameters (F=8.86; p=0.04; Table 1).

The results showed no significant interaction (F=0.48; p=
0.6) between the fungal inoculation (G. rosea, T. flavus and
co-inoculation) and the P condition (—P and+P) for the sym-
biotic efficiency measured as the shoot P:root P ratio. There-
fore, regardless of the P condition, the combination of G. rosea
and 7. flavus led to a synergic increase in the shoot P:root P
ratio (F=9.13; p=0.003). On the other hand, the inoculation of
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Fig. 4 Effect of Talaromyces flavus inoculation on alkaline phosphatase
activity (APA) and water extractable phosphate (WEP). Columns show
the %APA associated with intraradical mycorrhizal mycelia (F=6.48; P=
0.03). The secondary axis shows the soil WEP under two P conditions:
—P (dotted line) or+P (filled line) (F=75.21; P<0.0001). Columns with
the same letters above them (APA) or asterisk absence (WEP) indicate
values that are not significantly different, as determined by Fisher’s LSD
test (P<0.05)

T. flavus or G. rosea did not change the shoot P:root P ratio
compared to control (non-inoculated, Fig. 5).

4 Discussion

T’ flavus enhances the dissolution of inorganic insoluble P by
releasing organic acids such as lactic, fumaric and gluconic
and by lowering the medium pH (Scervino et al. 2011). Our
results showed a negative correlation between the pH values
and the amount of P released when 7. flavus was grown in
NBRIP medium, confirming the hypothesis that the availabil-
ity of soluble P may be related to a decrease in pH and the
production of organic acids through fungal exudates.

AMF pre-infective development could be modulated by
several factors including substances released by roots like

Table 1 Plant growth parameters obtained under experimental
conditions (PxTreatments): Total wet and dry weight (TWW and
TDW) and total plant phosphate (TPP)

P x Treatments TWW TDW TPP
(& () (ngP)
Non Inoculated 427+04°%  0.82£0.04%  0.30+0.04
P T flavus 459+036 %  0.87+0.06® 0.38+0.01 %
G. rosea 495+044°%  097+0.09°¢  0.29+0.03
G. rosea/ T flavus  542+043°  1.15+0.06¢  0.49+0.08 °
Non Inoculated ~ 4.15£0.19%  0.83£0.06°  0.32+0.06
+P T flavus 486+0.05°  0.95+0,03% 0.45+0.03 ®
G. rosea 4.09+0.01*  0.84+0,02%  0.29+0.01 %
G. rosea/ T flavus  4.96+021%  095+0.03* 0.360.04 >

Values given are the mean+SD of 5 independent replicates per treatment

abcde Within each Plant parameter, column values with the same letter
are not significantly different as determined by Fisher’s LSD test
(P<0.05)
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Fig. 5 Effect of Talaromyces flavus inoculation on the shoot P:root P
ratio (SP:RP). Main effect of the Treatments factor (F=9.13; P=0.003).
Treatments are: non-inoculated (NI), Gigaspora rosea, Talaromyces
flavus and their co-inoculation. Vertical bars denote 0.95 confidence
intervals. Values with the same letter are not significantly different, as
determined by Fisher’s LSD test (P<0.05)

flavonoids and strigolactones (Scervino et al. 2005;
Steinkellner et al. 2007), abiotic soil status (Vivas et al.
2003) and presence of other microorganisms (Frey-Klett
et al. 2007). Previous studies have reported that various con-
centrations of rhizospheric microbial exudates modulate the
development of the pre-infective state of mycorrhizal fungi,
indirectly affecting the establishment of the AMF symbiosis
(Fracchia et al. 2004; Scervino et al. 2008; Nagahashi and
Douds 2011). Our assays showed that 7. flavus exudates
change the mycelial morphology of G. rosea spores by in-
creasing the length of each branch and increasing the number
of hyphal branches. These results suggest that the stimulation
of G. rosea hyphal development is not due to direct cell-cell
interaction, but to the secretion of soluble chemical substances
produced by the metabolism of 7. flavus. Moreover, AMF
colonization is decreased by high P concentrations in the soil,
an effect observed in our experiments. This could be the
consequence of a delay in colonization produced by high P
levels due to direct effects on hyphal growth from spores and/
or reduction in growth of external hyphae and/or the develop-
ment of entry point hyphae (Guillemin et al. 1955; Schwab
etal. 1983; Amijee et al. 1989; Smith and Gianinazzi-Pearson
1990). The increase in the mycorrhizal status with 7. flavus
inoculation observed in plants could be due to the increase in
the development of the pre-infective state of G. rosea, which
counteracts the delay by high-P inhibition of the root
colonization.

Co-inoculation of mycorrhization-helper bacteria and AMF
increased the root colonization probably due to released bacte-
rial effectors that could be plant cell wall-digesting enzymes
(Frey-Klett et al. 2007), which would enhance penetration and
spreading of AMF within the root tissues (Mosse 1962), or
suppressors of plant defense responses (Lehr et al. 2007). It is
possible that some of these mechanisms are also present in
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fungi. Indeed, fungi are well known as extracellular enzyme-
producing organisms. Unlike bacteria, direct cell-cell contact
between PSF and AMF is not required to produce a beneficial
effect on the mycorrhizal colonization (Aspray et al. 2006).

The APA of intraradical mycelia is a useful parameter to
assess symbiotic efficiency (Tisserant et al. 1996). APA is
induced by high soluble P concentrations and calcium ions
(Van Aarle et al. 2002; Tran et al. 2011). In our experiments,
the symbiotic efficiency increased in both P conditions. This
increase could be explained by the increased soluble P (WEP)
and calcium in the soil caused by the P solubilization of
T flavus. Interestingly, APA was also increased without P
addition when 7. flavus was inoculated. These results suggest
that the chemical substances produced by T. flavus metabo-
lism also act as mycorrhizal APA activators, increasing the
symbiotic efficiency. However, molecular studies are needed
to support this hypothesis. In addition to the level of APA as
an efficiency indicator, the increase in P uptake by AMF-
colonized plants has been consistently used as an index of
symbiotic efficiency. In this work, 7. flavus inoculation in-
creased the P uptake of mycorrhizal plants under both P
conditions. Although the sole PSF addition led to an increase
in TPP, as reported by Mittal et al. (2008), our results showed a
greater effect under fungal co-inoculation (AMF+PSF) with-
out P amendment. These results suggest that the inoculation of
T. flavus caused a synergic effect on the G. rosea- T. aestivum
symbiotic efficiency by increasing both APA and mycorrhizal
colonization. The co-inoculation of these microorganisms led
the plant-microbe interaction to use the soil P more efficiently
through PSF activity and to improve the transport performed
by the AMF, resulting in an increase in biomass production.

Under P limitation, plants increase their root system, relo-
cate P from older leaves, and deplete the vacuolar stores of P
(Mimura et al. 1996). In soils with available P, most of the P
absorbed by the roots is transported through the xylem to
younger leaves (Schachtman et al. 1998). In our study, the
shoot P:root P ratio was used as an additional tool to estimate
AMF symbiotic efficiency. The shoot P:root P ratio increased
with 7. flavus inoculation, suggesting that this microorganism
benefited the plant P status, regardless of the P level. Although
P translocation is not the only parameter to estimate the
symbiosis efficiency, it should be used along with APA and
TPP in future studies to provide a more complete picture.

To our knowledge, this is the first study in vitro and in vivo
of the effect of 7. flavus on G. rosea development and symbi-
otic efficiency with 7. aestivum. The results obtained contrib-
ute to a better understanding of the microbial interaction in the
rhizosphere and its effect on plant nutrition and growth.

They reveal a close tripartite relationship between the PSF
T flavus and the AMF G. rosea in symbiosis with 7. aestivum
plants. Our experiments support the hypothesis that there are
microorganisms in the rhizosphere that play multiple roles as
P solubilizers, AMF helpers and biocontrol microorganisms.
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The study of these roles will contribute to a better understand-
ing of the soil ecology and are a challenge for further research.
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