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Abstract

The need to reduce the use of chemical fertilizers demands the creation of alternative strategies that
maintain competitive plant production without deteriorating the environment. In this study, the
effectiveness of the inoculation of mycorrhizal fungi and phosphorus solubilizers (alone and in
consortia) on mycorrhization, the phosphorus content in the aerial part, the height, and root length
of tomato plants was evaluated. Treatments included three strains of solubilizing fungi (Aspergillus
niger, Penicillium brevicompactum and Penicillium waksmanii), a consortium of mycorrhizae and
all possible combinations including a control (without fungi). After four months, the mycorrhizal
colonization, the phosphorus content of the aerial part was quantified by the molybdate blue
method and the variables height and root length. The results obtained showed a colonization range
of 48-66%; the highest values were detected with the AMF and AMF + An treatments. The
consortium treatments of PSF and PSF + AMF showed a 191% increase in foliar phosphorus
compared to the controls. The height of tomato plants was significantly greater in all treatments
compared to the control. For the root length the AMF treatment and the control presented the
highest values. The phosphorus solubilizer fungi consortiums in combination with the mycorrhizal
fungi consortium have a high potential to be used as tomato biofertilizers in the greenhouse.
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Introduction

In the soil, the amount of P available to plants depends on the modification of the dynamic
equilibrium that maintains the dissolution of insoluble inorganic compounds and the decomposition
of organic matter (Navarro, 2003). These processes are carried out by soil microorganisms, through
a series of physical-chemical and biological reactions. Approximately 10% of the soil microbial
community actively transforms the P through the processes of mineralization, solubilization,
immobilization and oxidation (Alexander, 1980; Coyne, 2000; Reyes, 2011).

Rhizospheric microorganisms such as arbuscular mycorrhizal fungi (AMF) and phosphorus
solubilizing fungi (PSF) are of particular importance for plants and soil fertility, on the one hand,
PSF promote phosphorus availability (Jeffries and Barea 2001), while AMF facilitate their
transportation to the plant (Ferrol et al., 2002). Inoculation of solubilizing fungi is a promising
technique, since increases in the yield of wheat (Whitelaw et al., 1997), onion (Vassilev et al.,
1997) and soybean (EI-Azouni, 2008) have been reported.

Additionally, other studies show a better development and productivity of plants using mixtures or
consortia of phosphorus solubilizing fungi (Shin et al., 2006; Mittal et al., 2008). Studies on AMF
have shown that these fungi not only act in the development and growth of the plant, but also
contribute to the protection against pathogens (Bafiuelos et al., 2014). Several investigations
(Fernandez et al., 2006; Mujica, 2012; Mujica and Batlle, 2013; Velazquez et al., 2017) have
described that the synergism between these two groups of fungi (PSF and AMF), can have a better
development of the plants that when inoculated alone.

The cultivation of tomatoes in Mexico is one of the most important, during 2015, tomato was the
most important product in the value of Mexican agricultural exports, with a 13% share, being
located at 1 665.8 million dollars and 1.43 million tons. The volume exported during that year was
equivalent to 53.3 percent of the national production of this vegetable. The availability of new
types and varieties, new cultivation methods and the growing demand for vegetables have
encouraged the global production of red tomatoes.

The volume harvested worldwide, the total consumption, as well as the average per capita
consumption register an upward trend during the recent decade. China remains the leading producer
and consumer. The United States of America is the main world importer, while Mexico is the main
external supplier (SAGARPA, 2018). This vegetable demands large amounts of nitrogen,
phosphorus and potassium; these fertilizers, when applied in doses higher than the crop
requirements, lead to low utilization (Pefia-Cabriales et al., 2001), contamination of the soils
(Castellanos and Pefia-Cabriales, 1990) and of the aquifers, as well as the eutrophication of surface
waters (Nebel and Wright, 1996).

In this context, the use of microorganisms duly selected for their efficiency and generated from
local resources, constitutes an ecologically acceptable alternative to reduce external inputs and
improve the quantity and quality of internal resources. This study arises from the interest of
investigating at greenhouse level the interactions of native PSF and AMF for the biofertilizer
approach; from fungal consortia that promote the availability and transport of insoluble phosphorus
to tomato plants.
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Materials and methods

Tomato seeds (Lycopersicon esculentum Mill.) prior to germination were disinfected with 50%
commercial Cloralex® (15 min). The seedlings were transferred to 250 g pots with sand and sterile
perlite 1:1 (v/v), each one was added tricalcium phosphate as an insoluble source of phosphorus
(0.125 g), the inoculum of AMF (10 g) and the inoculum of each of the PSF strains (1 x 108 CFU
mL1) as proposed by Souchie et al. (2010). The inoculants were applied directly to the substrate
and to the plant’s root system.

An experimental design of two factors with five levels was established, in total 10 treatments with
three repetitions, this is 30 experimental units. Treatments included: a consortium of AMF, three
strains of PSF (Aspergillus niger Tiegh, Penicillium brevicompactum Dierckx and Penicillium
waksmanii K.W. Zaleski) and all possible combinations including a control (without fungi).

The strains of PSF used: A. niger (An), P. brevicompactum (Pb) and P. waksmanii (Pw) belong to
the collection of the Micromycete Laboratory of the Institute of Ecology, which were isolated from
soils in the center region from the state of Veracruz, Mexico and were selected for their high
capacity to solubilize tricalcium phosphate. The AMF consortium belongs to the collection of the
laboratory of beneficial organisms of the Faculty of Agricultural Sciences of the Veracruzana
University. The species that make up this consortium were isolated from soils in the Xalapa region
and its surroundings in the state of Veracruz.

The AMF inoculum contained 60 spores g of substrate integrated with root fragments with 79%
colonization, composed of the species of Acaulospora morrowiae (Spain and NC Schenck), A.
spinosa (C. Walker and Trappe), A. scrobiculata (Trappe), Gigaspora rosea (TH Nicolson and NC
Schenck), Scutellospora pellucida (TH Nicolson and NC Schenck) C. Walker and FE Sanders,
Glomus macrocarpum (Tul. and C. Tul.), Funneliformis mosseae (TH Nicolson and Gerd.) C.
Walker and A. SchuBler, F. geosporum (TH Nicolson and Gerd.) C. Walker and A. Schufler and
Rhizophagus aggregatus (NC Schenck and GS Sm.) C. Walker.

The experiment was maintained for four months (May-August 2015) in a greenhouse at the Institute
of Ecology, AC. Watering was done by capillarity and 25 mL of Hewitt's nutrient solution (Hewitt
1969) without phosphorus was added weekly. After that time, the plants were harvested, to measure
the height and root length, percentage of mycorrhizal colonization and total phosphorus of the area
part of the plants.

Mycorrhizal colonization. The clearing and staining of roots were carried out using the technique
of Phillips and Hayman (1970). To do this, the roots were washed with plenty of water, then cut
into small pieces and placed in tubes with 10% KOH, immediately subjected to a water bath for 15
min. After that time the KOH was removed and washed with water. They were then added 10%
HCI and kept in that reagent for 10 min. Then, they were washed with water and 0.05% trypan blue
was added and left in a water bath for 10 min.

Excess trypan blue was removed and placed in tubes with lactic acid until observation. To

determine the percentage of plant root colonization, the technique described by Giovannetti and
Mosse (1980) was used, which consisted of placing the roots stained with trypan blue in a squared
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Petri dish (1 cm x 1 cm) with lactic acid and fungal structures were observed under the stereoscopic
microscope. The percentage of mycorrhizal colonization was calculated by dividing the total
number of mycorrhized root interactions, over the total number of intersections, multiplying the
result by 100.

Measurement of total foliar phosphorus. 0.25 g of dried foliar plant material were taken and
calcined in a muffle at 500 °C for 2 h (Mckean, 1993). The ashes were dissolved in distilled water
and the phosphorus concentration was determined through the molybdate blue method (Murphy
and Riley 1962). The samples were measured on a spectrophotometer at 660 nm absorbance.

Plant growth variables. Height was measured from the root neck to the apical meristem and the
root length from the root neck to the root meristem.

Statistical analysis

First, the assumption of normal distribution and homogeneity of variance of the data was verified
by Kolmogorov-Smirnov and Bartlet tests. To detect differences in mycorrhization between
treatments, a one-way analysis of variance and Tukey’s means tests were used. In addition, in order
to detect a significant interaction between the phosphorus solubilizing fungal factor and the
mycorrhizal factor, factorial variance analyzes were performed. When the interaction data were
significant, Tukey’s means tests were performed. All analyzes were performed in the Statistica
version 10.0 program for Windows.

Results and discussion

The results of mycorrhizal colonization in this study show a significant variation between the
different treatments evaluated (p= 0.000) (Figure 1). Mycorrhizal colonization in tomato plants
inoculated with mycorrhizal fungi and phosphorus solubilizers was in the range of 48-66%
colonization, which confirms the high micotrophy of the plant, as demonstrated in other studies.
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Figure 1. Percentage of mycorrhizal colonization of tomato plants after 4 months inoculated with
treatments. T= control; AMF = arbuscular mycorrhizal fungi; An= Aspergillus niger; Pb=
Penicillium brevicompactum; Pw= Penicillium waksmanii; and PSF= phosphorus
solubilizing fungi. n=3; £ standard deviation. Identical letters between the columns indicate that
there are no significant differences between treatments (Tukey LSD, p< 0.05).
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Compared to other investigations in which mycorrhizal colonization was evaluated in tomato plants
inoculated with AMF, this work found greater colonization than that reported by Velazquez et al.
(2005), who detected 30-50% mycorrhizal colonization; Mujica and Fuentes (2012) of 40-47% and
Mujica and Batlle (2013) 58% of colonization. The mycorrhizal colonization in this study was
analyzed by the presence of arbuscles, vesicles and spores; it is important to note that high
sporulation was observed inside and outside the roots (Figure 2).

Figure 2. Mycorrhized tomato roots at four months after inoculation. A) germinated spores inside
and outside the roots; B) spores; C) vesicle; and D) arbuscles.

The tomato plants inoculated with the AMF + An treatment was significantly larger than the Pw
(t=0.006), Pb (t= 0.0002) and PSF + AMF (t= 0.002) treatments (Figure 1). This result suggests a
synergism between the AMF consortium and the phosphorus solubilizing strain A. niger.

There are studies that confirm that inoculation of saprobic fungi favors the colonization of AMF in
crops such as chili with Claroideoglomus claroideum with Penicillium albidum and Penicillium
frequentans (Castillo et al., 2013), in tomato with Glomus mosseae (Funneliformis mosseae) and
A. niger (Velazquez et al., 2005), in clover with Glomus clarum (Rhizophagus clarus) and Glomus
geosporum (Funneliformis geosporum) with A. niger (Souchie et al., 2010); in bamboo with
Glomus spp. Aspergillus tubingensis (Babu and Reddy, 2011).

In this work with tomatoes, an increase in mycorrhizal colonization was not observed in the
presence of A. niger, P. brevicompactum and P. waksamnii so it is recommended to continue
evaluating the effectiveness of other strains of PSF in order to detect any that favor greater
mycorrhizal colonization.
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Total foliar phosphorus

For the total foliar phosphorus of tomato plants, a significant interaction was detected between the
PSF and AMF factors (p= 0.000). All treatments had a higher concentration of total phosphorus
with respect to the control (t< 0.05). The PSF treatment was significantly higher than the rest of
the treatments (t< 0.05) (Figure 3). The total phosphorus concentration in the aerial part of tomato
plants ranged from 450 to 700 mg kg*. Consortium treatments (PSF and PSF + AMF) exhibited
the greatest increases (191%) in phosphorus compared to the control.
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Figure 3. Total foliar phosphorus of the aerial part of tomato plants after four months inoculated with
the treatments. T= control; AMF = arbuscular mycorrhizal fungi; An= Aspergillus niger;
Pb= Penicillium brevicompactum; Pw= Penicillium waksmanii; and PSF= phosphorus
solubilizing fungi. n = 3; £ standard deviation. Identical letters between the columns indicate that
there are no significant differences between treatments (Tukey LSD, p< 0.05).

This increase was higher than those reported in other similar studies under greenhouse conditions.
Souchie et al. (2006) did not detect increases in foliar P in Trifolium after inoculating G. mossae
(Funneliformes mosseae) and Aspergillus niger. On the other hand, Rodriguez-Cabral et al. (2012)
found a 20% increase in this variable in cashew nuts, also inoculated with these fungi, Velazquez
et al. (2005).

They report a 78% increase in total foliar phosphorus in tomato inoculated with G. mosseae
(Funneliformes mosseae) and A. niger; Zhang et al. (2014) obtained 100% increases in a
herbaceous plant (Kosteletzkya virginica) inoculated with G. mosseae (F. mosseae) and Mortierella
sp., Babu and Reddy (2011) detected 115% increase in foliar phosphorus in bamboo plants after of
the co-inoculation of a consortium of AMF and Aspergillus tubingensis, Zhang et al. (2014), on
the other hand, detected a greater increase (300%) in foliar phosphorus in castor plants inoculated
with G. mosseae (F. mosseae) and Mortierella sp.

The combination of the inoculation of these two groups of fungi (AMF and PSF) can produce
greater phosphorus absorption (Barea et al., 2008) and increase the development of the plants
mainly due to the nutritional effect that this combination provides, however there are other
mechanisms by which fungi could affect plant development, such is the case of an improvement in
soil structure (Khan, 1993), increase in soil moisture (Camargo-Ricalde, 2002), stress tolerance
induction environmental (Cantrell and Linderman, 2001), higher photosynthetic rate (Finlay,
1992), among other effects than the nutritional ones reported.
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Plant growth variables

For the height variable, a significant interaction between the PSF and AMF factors (p= 0.01) and
a significant effect of the PSF factor (p= 0.004) were detected. However, the effect of the AMF
factor was not significant (p= 0.35). The height was significantly higher in all fungal treatments
with respect to the control (Figure 4). The range of average values of the heights (51-81cm) are
higher than those reported by Veldzquez et al., 2005 in tomato plants (42.3 cm) with double
inoculations of G. mossae (Funneliformes mosseae) and a strain of A. niger.
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Figure 4. Height of tomato plants after four months of inoculation with treatments. T= control, AMF=
arbuscular mycorrhizal fungi, An= Aspergillus niger; Pb= Penicillium brevicompactum;
Pw= Penicillium waksmanii; and PSF = phosphorus solubilizing fungi. n = 3; +standard
deviation. Identical letters between the columns indicate that there are no significant differences
between treatments (Tukey LSD, p< 0.05).

In other studies, it has also been observed that double inoculations of AMF and PSF favor plant
height (Babu and Reddy, 2011; Castillo et al., 2013). For the root length of tomato plants, a
significant interaction between PSF and AMF factors was detected (p= 0.03). No significant effect
of the AMF factor was observed (p= 0.93); however, if there is with the PSF factor (p= 0.000).
Plants with AMF and control treatments showed significantly longer roots than with Pb + AMF,
Pw + AMF and PSF (t< 0.05) (Figure 5).

The high root length values of the control plants could be due to the fact that, given the low
availability of nutrients in which the plants were found, the roots extended in search of nutrients
(Barea et al., 2008). The root length of the plants inoculated with the PSF consortium (better
treatment in the availability of phosphorus in the aerial part) presented lower values, probably due
to the inoculation with the PSF consortium by providing a higher concentration of nutrients to the
plant, elongation of the root was not necessary since the nutrients were found directly for the plants
(Barea et al., 2008).

The strains used are native to the region, the AMF consortium had already been tested and
demonstrated its efficiency in other crops (Ferrera et al., 2007; Sangabriel-Conde et al., 2010;
Bafuelos et al., 2012; Zulueta- Rodriguez et al., 2013; Bariuelos et al., 2014). On the other hand,
the strains A. niger, P. brevicompactum and P. waksmanii are also native to the soils of the central
region of Veracruz, their capacity as solubilizers of calcium phosphate under in vitro conditions
had already been demonstrated (Perea, 2019).
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Figure 5. Root length of tomato plants after 4 months of inoculation with treatments. T= control;
AMF= arbuscular mycorrhizal fungi; An= Aspergillus niger; Pb= Penicillium
brevicompactum; Pw= Penicillium waksmanii; and PSF= phosphorus solubilizing fungi. n =
3; #, standard deviation. Identical letters between the columns indicate that there are no
significant differences between treatments (Tukey LSD, p< 0.05).

It is important, to influence producers on the use of these native fungi as an alternative for the
application of biofertilizers, thus adopting new strategies that will increase awareness of
environmental care, a reduction in production costs, soil conservation and recovery, as well as
maintaining biodiversity (Fernandez and Rodriguez, 2005).

Conclusions

The inoculations of the PSF and AMF consortiums worked synergistically, the AMF and AMF +
An ratio led to a high percentage of mycorrhization, the interaction of PSF and AMF increased
phosphorus availability and transport in tomato plants and the heights of the plants were increased
with all fungal treatments.
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