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ABSTRACT: Arbuscular mycorrhizal fungi (AMF) play an important role in plant growth. However, there are no reports of legally
commercialized AMF-based inoculants for agricultural crops in Brazil. The objective of this research was to evaluate the agronomic efficiency
of a Rhizophagus intraradices inoculant in combination with phosphate fertilization in grain yield of corn under different edaphoclimatic
conditions in Brazil. Experiments were conducted in five Brazilian states (Goids, Mato Grosso, Minas Gerais, Rio Grande do Sul and Santa
Catarina) in a 2 x 3 factorial scheme, with two inoculation treatments (inoculated and non-inoculated seeds) and three doses of phosphate
fertilization (0, 50 and 100% of the recommended P). At the end of the crop cycle (stages R4-R5), inoculation provided increases in biomass
(average of 48%) regardless of the applied dose of P, higher P absorption, and 54% average increase in grain yield. In conclusion, the
mycorrhizal inoculant increases biomass yield, P uptake and corn grain yield under different edaphoclimatic conditions in Brazil, especially
in soils that originally had low or medium levels of available P.
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Rendimento de griaos da cultura do milho com inoculante
micorrizico arbuscular comercial no Brasil

RESUMO: Os fungos micorrizicos arbusculares (FMA) desempenham um papel importante no crescimento das plantas, no entanto, ndo
ha relatos de inoculantes legais baseados em AMF para culturas agricolas no Brasil. O objetivo deste trabalho foi avaliar a eficiéncia
agronomica de um inoculante a base de Rhizophagus intraradices em combinagdo com a adubagdo fosfatada no rendimento de grdos de milho
sob diferentes condi¢des edafoclimdticas no Brasil. Os experimentos foram conduzidos em cinco estados brasileiros (Goias, Mato Grosso,
Minas Gerais, Rio Grande do Sul e Santa Catarina) em esquema fatorial 2 x 3, com dois tratamentos de inoculacdo (sementes inoculadas e ndo
inoculadas) e trés doses de adubacdo fosfatada (0, 50 e 100% do P recomendado). No final do ciclo da cultura (estdagios R4-RS5), a inoculacdo
proporcionou aumentos na biomassa (média de 48%), independentemente da dose aplicada de P, maior absor¢do de P e aumento médio de
54% no rendimento de grdos. Conclui-se que o inoculante micorrizico arbuscular aumenta a producdo de biomassa, a absor¢do de P e a
produtividade de grdos de milho em diferentes condigoes edafoclimaticas no Brasil, especialmente em solos que originalmente apresentavam
niveis baixos ou médios de P.

Palavras-chave: Rhizophagus intraradices, micorriza arbuscular, adubagdo fosfatada, inoculagdo de sementes.

INTRODUCTION

Arbuscular mycorrhizae represent
a symbiotic relationship between arbuscular
mycorrhizal fungi (AMF) and plant roots of various
species with attested benefits for plant growth (SMITH
& READ, 2008). The AMF are obligatory biotrophic
microorganisms, as they require association with plant
roots to complete their life cycle. In this relationship,

the AMF transfer water and nutrients from the soil to
the plant, while the plant provides photoassimilates
to the fungi (BI et al., 2005). The AMF hyphal
network penetrates the roots and spreads into the soil,
becoming an extension of the root system, increasing
the volume and nutrient absorption efficiency of the
soil (SMITH & READ, 2008).

The AMF provide a number of benefits to
surrounding plants and the environment (BERRUTI et
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al., 2015). Among the direct benefits, the best known
is the largest nutrient uptake, notably phosphorus
(P), due to the low mobility of this nutrient in the
soil (SMITH & READ, 2008). In addition to the
higher P contribution, it is recognized that AMF can
contribute to plant growth through other mechanisms,
such as greater tolerance to water deficit (GARG &
CHANDEL, 2010), nutrient supply (SHARIF et
al.,, 2011; HART & FORSYTHE, 2012; DANIA et
al., 2013), root protection against pathogen attack
(JUNG et al., 2012), soil organic matter (SOM)
accumulation through the formation and aggregation
of soil (RILLING et al., 2002; RILLIG, 2004),
and stimulation of the metabolic activity of other
microorganisms (RILLIG & MUMMEY, 2006).

While AMF have effects on plant
growth and nutrition, physical, chemical and
biological characteristics of the soil also influence
the establishment of the symbiosis. Several
researchers have explored the effect of different soil
P concentrations on the potential of AMF (SMITH
et al.,, 2011; CELY et al., 2016) and showed the
existence of signaling occurring between plants and
different AMF species, which vary according to soil
characteristics.

Currently, more than 300 species of AMF
are described (SCHUBLER & WALKER, 2019).
Rhizophagus intraradices (NC Schenck & GS Sm.)
C. Walker and A. Schiiller (until recently classified as
Glomus intraradices) is a generalist AMF species, and
the list of plants that benefits by the association with R.
intraradices includes important crops such as corn (GUO
et al., 2014), soybeans (SPAGNOLETTI & LAVADO,
2015), beans (TAJINI et al., 2012), wheat (ARDAKANI
et al., 2011) and cotton (ORAK & DEMIR, 2011).

Despite the potential of AMF for the
application in agriculture, the production process
bumps into its obligatory symbiotic character, which
makes it difficult to produce large volumes of
propagules in a short period, an essential feature to
enable the application in annual crops that represent
large areas of agricultural production such as maize.
Traditional models of multiplication of AMF are
based on the use of trap plants or plant tissue culture
(VOSATKA et al., 2012; BERRUTI et al., 2015),
but there are still few reports in the literature about
an efficient production process that would be able
to supply the Brazilian agricultural market with
arbuscular mycorrhizal inoculants. Therefore,
evaluating the agronomic efficiency of inoculants
based on FMA in different edaphoclimatic conditions
and management systems is important, since the
chemical, physical and biological conditions of the

soil influence the life cycle of AMF and the symbiotic
establishment of plants of interest in agricultural
production (SMITH & READ, 2008).

The technical and scientific community and
farmers have shown interest in sustainable practices.
In that respect, studies to introduce, maintain, and
increase AMF populations in production systems,
seeking to ensure higher yields for more sustainable
agricultural production are required to prove the
effects of AMF inoculants.

Thus, the objective of this research
was to evaluate the field agronomic efficiency of a
commercial AMF-inoculant containing propagules of
R. intraradices, in combination to different phosphate
fertilization levels, in the growth and yield of corn in
five different edaphoclimatic locations in Brazil.

MATERIALS AND METHODS

Experiments were carried out in the field
to validate the efficiency and viability of the AMF-
based inoculant, following the protocols imposed
by MAPA (Ministry of Agriculture, Livestock and
Supply) for product registration of plant growth
promoting microorganisms, following the IN SDA
13 from 03/25/2011 (BRASIL, 2011) and IN SDA 53,
from 10/24/2013 (BRASIL, 2013). Among the main
requirements for the registration of microbial inoculants,
there is the need to demonstrate the agronomic efficiency
of the product in at least four locations of the country
with distinct edaphoclimatic conditions.

Experiments were conducted in the
2016/2017 crop cycle (September 2016 to March
2017), considering the planting dates, cultivars and
agricultural driving practices of each tested location.
For this, five representative locations with distinct
edaphoclimatic characteristics were selected (Table 1).

All fertilization procedures (based on soil
analysis and expected corn yield) (SBCS, 2004), and
crop treatment followed the recommendations for
each location. The experiments were conducted until
the plants completed the grain pre-maturation cycle.
Harvest was done when corn grains were in the kernel
dough to kernel dent stages (R4-R5), that is, the
phase immediately before physiological maturation
(MAGALHAES & DURAES, 2006).

In the municipality of Xanxeré (SC), the
experiment was implemented in randomized blocks,
since sowing was manual. In the other locations,
where sowing was mechanized, the experiments were
implemented in split plots. In all cases the experiments
followed a 2 x 3 factorial scheme (inoculated and non-
inoculated seeds in the plots), with three phosphate
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Table 1 - Information on sowing, harvesting, cultivar, soil characteristics, chemicals and agronomic practices employed in each location.

VT Sowing Harvesting Plant density . . .
State/ municipality date (2016)  date (2017)  (working area)’ Cultivar =~ -=--==-=--m=—-| Soil characteristics--------------
Clay p N'-P,05-K,0
(gkg")  (mgdm™)" (kg ha™)
GO —Padre Bernardo
(15°12'29.9"S Nov 23 Mar 07 40 LG 6038 600 6.71 (M) 120-80-40
48°26'28.6"W)
MG - Ritapolis
. ct ar . -100-

(20°5939.1"S Oct 26 Mar 09 62 \]/)11"(1]3113303 230 1.10(VL)  120-100-70
44°24'15.4"W)

MT — Tangara da Serra

. Nov 07 Feb 15 .80 (M -100-7

(14°26'43.7"S 0 b 1 84 \?%(51{309% 680 4.80 120-100-70
58°02'14.4"W)

RS — Cachoeira do Sul

5.7 ep Mar 0 H -110-

30°16'35.7"S Sep 04 01 96 D(i\(;leA 260 16.0 110-110-90
52°53'07.4"W)

SC — Xanxeré

(26°55'09.2"S Sep 23 Feb 28 68 LI(’}R%);3 340 5.70 (M) 120-50-115

52°22'50.8"W)
P determined by Mehlich 1.

SOf the recommended, 20 kg were applied at sowing and the remaining broadcasted 45 days after planting.

*Evaluations were based on the same number of plants per working area (30 plants).

"Levels of P in the soil. VL: very low; M: medium; H: high. Classes determined according to fertilizer recommendation system for each

location.

fertilization treatments (no fertilization, 50%, and
100% of the recommended P) in 6 replications.

The experimental plots (36 plots per
location) were assembled with an area of 24 m? (4 m
x 6 m), occupying a total area of 1,333 m? (already
considering 1 meter spacing between plots). The
working area of each plot consisted of the central 10
m? portion of each plot (6 lines spaced by 0.5 m x 4
linear meters).

The tested product, under the trade name of
Rootella BR (registered under No. 22902 10000-0), is
obtained through a hybrid system of fungal propagule
production using trap plants (BERRUTI et al., 2015)
and tissue culture (DIOP, 2003; SRINIVASAN et
al., 2014; SCHUESSLER, 2015), and the production
process employed in the formulation cannot be
presented because it is under industrial secrecy.

The product was characterized and its purity
certified. The number of propagules, the exclusive
presence of propagules of R. intraradices and the strain
ID was also determined in this study in the laboratory
of microorganisms and biotechnological processes
at UFSC. The identification approach considered
characteristics inherent to fungal spores, such as
number, thickness, coloration, and ornamentation of the

layers that cover the spore (https:/invam.wvu.edu/). For
the inoculant quantification, the Most Probable Number
(MPN) method (OBLINGER & KOBURGER, 1975)
was adopted to prove the concentration of 2,500
propagules per gram of product (Rootella BR), as
indicated in the product label.

Seeds were inoculated with the initial addition
of a liquid adhesive (Symbiosis Pro) and subsequent
incorporation of the inoculant at the time of sowing
following the adhesive manufacturer’s recommendation
(Lider Agronegdcios). The recommended amount of
inoculant tested in the study (Rootella BR) was 1 kg
ha!, regardless of plant stand used, which assured a
concentration of 2,500,000 propagules ha'', a quantity
confirmed by the MPN assays. The inoculant tested
contains a mixed composition of spores and other fungal
propagules (hyphae), and is formulated using sterile
ultrafine vermiculite as inert vehicle. The non-inoculated
treatment consisted of sowing the seeds using only the
inert vehicle. For the inoculated treatments, seeds were
homogenized with the mycorrhizal inoculant with the
aid of plastic containers previously disinfected.

Crop management adopted in each
location is described in table 2. For two of the
evaluated states (RS and SC), seeds were treated with
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Table 2 - Edaphoclimatic characteristics and fungicides applied in each location.

State tsy(;; pH (H;0) tem}i\r/:trjie(%)
GO RL! 53 229
MG ScL? 53 19.2
MT RYL® 6.0 24.8
RS RU* 5.1 19.4
SC BLS 5.4 16.3

Precipitation

Fungicides applied Fungicides applied during
(mm/year) via seed plant growth
1431 No application No application
1456 No application No application
1830 No application No application
1692 Maxim XL Fox*
2373 Maxim XL No application

'Red Latosol; *Sandy Clay Loam; *Red-yellow Latosol; *Red Udult; *Brown Latosol.

"Maxim XL: Fludioxonil + Metalaxyl—M.
fFox: Trifloxystrobin + Protioconazol.

specific fungicides before planting. In addition to
seed treatment, fungicides were also used during the
crop cycle in the state of RS. The choice of products
was based on the fungal disease identified in each
evaluated location. Weed and insect control were
carried out using specific herbicides and insecticides
for each situation, respectively.

In compliance with the minimum
requirements established by IN SDA 13 from
03/25/2011 (BRASIL, 2011) and IN SDA 53, from
10/24/2013 (BRASIL, 2013), dry biomass of
shoots, grain yield, P content and accumulation in
the shoot biomass were evaluated. For that purpose,
30 plants were collected at the R4-R5 phenological
stages from the four central lines of each plot
(10 m? working area). The biomass was dried in
a forced air circulation oven at 60 °C until weight
stabilization. Grain yield was determined from the
grain yield of the working area of each plot, based on
the yield obtained for the 30 plants evaluated per plot.

The contents and accumulation of P were
determined from a sample composed of 10 leaves
collected in different portions of plants randomly
selected in the working area of each plot following
the method described by TEDESCO et al. (1995).
The leaf closest to the last ear was collected at the
time of the appearance of female inflorescences.
Two-way analysis of variance was performed and the
separation of means obtained by Tukey’s test at 5%
probability using the software SISVAR v.5.3.

RESULTS AND DISCUSSION
In this experiment, the mycorrhizal

inoculant significantly increased com biomass in all
sampled locations regardless of P rates applied (Table 3),

confirming that proposed by CAVALCANTE et al.
(2009) that corn is a species with high responsiveness
to the inoculation of arbuscular mycorrhizal fungi.
There was an average increase of 48% in biomass
in the inoculated plants compared to the non-
inoculated, with an amplitude of 13 to 122%. In
most places, corn biomass increase in the low and
medium P inoculated treatment-locations was equal
to or higher than the non-inoculated treatment with
the recommended dose of P.

As observed in the present study, CELEBI
et al. (2010) demonstrated the positive effect of AMF
for the growth of maize, with an average increase of
31% in dry biomass for the AMF-inoculated maize
varieties. SHARIF et al. (2011) verified average
increases of 14% in shoot biomass, while KHALIL
et al. (1994) demonstrated up to 400% increases in
growth for the AMF-inoculated maize varieties.
These results demonstrate the effects that AMF exert
on plants, such as higher absorption of N (up to 75%)
and P (up to 80%).

There is well-documented evidence
that AMF contribute to increase the availability
and uptake of P, N and micronutrients (KRISHNA
& BAGYARAJ, 1991; SMITH & READ, 2008).
The mycorrhizal symbiosis, by linking the biotic
and geochemical portions of the ecosystem, can
be regarded as the bridge between roots and the
surrounding soil microhabitats, allowing for the
partition of soil nutrients, including N and P, in the
ecosystems (TORO et al., 1997).

Arbuscular mycorrhizal symbiosis is a
widespread phenomenon and there is evidence of
direct effects of mycorrhizal fungi on inorganic N
metabolism and on N acquisition and assimilation
by symbiotic systems (AZCON et al., 1982; TOBAR
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Table 3 - Effect of mycorrhizal inoculant application and phosphate fertilization on the dry biomass of corn (Mg ha™).

Applied
State.
P (%)
MT (Mg ha™) GO (Mg ha') RS (Mg ha') SC (Mg ha™) MG (Mg ha™)
NI AMF? NI AMF AMF NI AMF NI AMF
0 10.84b  20.07°b  15.65b 20.30"b 21.76 a 25.67"a 19.40 a 36.20"a 332¢ 6.16"b
50 17.72a  2232°b  15.76b 23.10"ab 23.06 a 26.217a 19.89 a 34.67a 7.51b 16.69" a
100 1524a 25517a 19.86 a 24.60" a 2291 a 27.13"a 24.05a 33.55"a 10.78 a 1845 a

"Significant effect of inoculation at 5% probability by F test. The mean values followed by the same letter within the same inoculation
treatment do not differ from each other by Tukey’s test at 5% probability.

'NI: non-inoculated.
2AMF: arbuscular mycorrhizal fungi.

et al., 1994a, 1994b; ATUL-NAYYAR et al., 2009).
Mycorrhizal status may alter the number and activity
of N-transforming microorganisms, since changes in
the soil environment are expected to affect microbial
groups present in the soil.

As for N, there are several studies that
show the importance of AMF on the availability
and distribution of P within plants in different
ecosystems (SMITH & READ, 2008; SMITH &
SMITH, 2011; WALDER & VAN DER HEIJDEN,
2015). These studies clearly establish that AMF
mediate the phosphate uptake of plants and, in
many cases, improve nutrition and productivity
(BUCHER, 2007). Phosphate primarily uptake
is mediated by the AMF arbuscules through the
expression of host phosphate transporter genes
(PUMPLIN et al., 2012), and high phosphate
conditions significantly decrease the level of AMF
colonization (BAYLIS, 1967; MOSSE, 1973; NAGY
etal., 2009; BREUILLIN et al., 2010; BALZERGUE
et al., 2011). It is even hypothesized that defense
mechanisms participate in limiting AMF colonization
in plants cultivated in phosphorus-sufficient
conditions (LEHNERT et al., 2017). A recent study
has shown that the supply of exogenous phosphate
leads to a rapid (<5 h) suppression in arbuscule
development and temporarily inhibits the growth
of intraradical colonization (KOBAE et al., 2016).

The literature also showed that different
results of AMF may be obtained in different
management conditions. For instance, areas with
high levels of soil organic matter (SOM) may
benefit from AMF by altering the levels of nutrient
metabolism and assimilation (AZCON et al., 1982;
TOBAR et al., 1994a, b; ATUL-NAYYAR et al.,

2009). It is also known that other practices and
variables have direct effects on the performance of
AMF in agricultural systems. Among them, variations
in soil type, indigenous AMF community and diversity,
environmental changes, crop species and cultivars,
and cultivation management (VAN GEEL, 2016;
HART et al., 2017; JACOBY et al., 2017; SAWERS
etal., 2017; KOBAE, 2019).

Leaf P content ranged from 0.8 (Ritapolis
-MG)to 2.8 gkg! (Cachoeirado Sul - RS) (Table 4),
and positive effects of the inoculation were observed
in the treatments with 0% P in three locations, and
with 100% P in the municipality of Xanxeré (SC).
The P content in the leaves may vary depending
on factors such as light, temperature, soil texture,
pest and disease attack (SMITH & READ, 2008),
not depending solely on P supply. Therefore, the
benefits of phosphate fertilization and AMF
inoculation can be better observed and discussed by
aggregating factors such as increments in biomass
(Table 3), accumulation of P (Table 4) and grain yield
(Figure 1).

The accumulation of P, determined
based on P content as a function of the biomass
yield, increased with the AMF inoculation (Table
4). Except for the area of Cachoeira do Sul (RS) in
the treatment with 50% P (location that originally
had high soil available P), the positive effect of
the inoculation can be observed in all treatments,
where the plants inoculated presented, on average,
80% increase of P accumulation in relation to the
non-inoculated plants (Table 4). Increments ranged
from 0 to 266% for the inoculated treatments, being
considered significant increases equal to or greater
than 26%.
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Table 4 - Effect of mycorrhizal inoculant application and phosphate fertilization on corn leaf.

State
Applied MT GO RS SC MG
P (%) NI' AMF? NI AMF AMF NI AMF NI AMF
P content (g kg™)
0 0.95a 1.17a 0.72b 1.67"a 1.96 b 2.72"a 0.89b 1.65"ab  0.75a 0.92 a
50 126 a 139a 1.80a 197 a 294a 259a 1.75a 197 a 0.82a 0.94a
100 135a 148a 1.37 ab 1.50 a 3.03a 332a 1.08 b 1.43"b 0.79 a 0.70 a
State
P (%) NI AMF NI AMF AMF NI AMF NI AMF
P accumulation (g working area™)

0 1037 b 23.45"b 1125b  3325"a  4271b  7050°ab  17.04a  6237°a 242b 5.53"b
50 22.62a 31.10°ab  2826a 4540°a  67.76a 67.78 b 3453a  68.56°a 623a  15357ab
100 19.70 ab 37.69" a 2651a  36.66°a  68.86a 90.18" a 26.19a  47.59"a  8.62a 12917 a

*Significant effect of inoculation at 5% probability by F test. The mean values followed by the same letter within the same inoculation
treatment do not differ from each other by Tukey’s test at 5% probability.

'NI: non-inoculated.
2AMF: arbuscular mycorrhizal fungi.

Grain yield presented significant increases in
all locations where there was no phosphorus application,
in four locations where 50% P was applied (Tangara
da Serra — MT, Padre Bernardo — GO, Xanxeré — SC,
e Ritadpois — MG), and in three locations where 100%
of the recommended P was applied (Tangard da Serra
— MT, Padre Bernardo — GO, and Ritapois — MG.)
(Figure 1). Grain yield for the inoculated over the non-
inoculated plants was 54% (on average) higher, ranging
from 11 to 138%. In treatments where grain yield of
the inoculated plants was equal to or higher than the
control (100% P and not inoculated), the increases
were up to 80% (Tangara da Serra-MT). Inoculated
plants with 0% P in the experimental area of Ritapolis
(MG) did not reach the control average (100% P and
not inoculated), but presented a 90% higher grain yield
when compared to the non-inoculated plants of the
same dose of P. Regarding the effect of inoculation on
grain yield among the different levels of available P,
the largest increments were observed in the locations
with the lowest P availability. In the municipality of
Cachoeira do Sul (RS), the highest soil P available of
them all, inoculation responses were less expressive,
and at doses of 50 and 100% P, the inoculation did not
provide significant increases in grain yield (Figure 1).
Although, not providing significant increases in yield
for the doses of 50 and 100% P, inoculation in the 0% P
in RS increased grain yield by 30%, equaling the control
treatment of that location (100% P and not inoculated).

The 50% P inoculated treatments
presented, on average, grain yields 1,490 kg ha
'greater than the non-inoculated 100% P treatment
(7,100 kg ha' vs. 5,610 kg ha'!, average of all locations).
This represents a direct net gain of U$ 226.48 ha'
(current market values). If we add to that the reduction
in fertilizer application (100% P to 50% P), there is an
additional gain of U$ 77.10 ha’', bringing the total net
gain to U$ 303.58 ha'. In an overall estimation, the
50% P inoculated treatments, presented, according to
the study, an average (current market prices) of 35%
greater economic income (net gain) than the 100% P
non-inoculated treatments.

As seen previously in the aforementioned
works, such as that of DANIA et al. (2013),
inoculation with AMF promoted increases of up
to 32% in corn grain yield. In the present study,
the inoculant promoted even higher increments,
reaching an average of 54% increment (local average,
regardless of phosphate fertilization level). These
results showed that the addition of the inoculant,
especially in soils with low or medium available P,
results in significant gains in grain yield for corn
under different edaphoclimatic conditions.

CONCLUSION

The mycorrhizal inoculant Rootella BR
based on R. intraradices increases the biomass
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Figure 1 - Effect of mycorrhizal inoculant application and phosphate fertilization on grain
yield of corn (Mg ha™'). * Significant effect of inoculation at 5% probability by F test
within P doses; ns = non-significant effect of inoculation. Vertical bars represent the
standard error. Averages followed by the same letter within the same inoculation
treatment do not differ by Tukey’s test at 5% probability.

yield and P uptake by corn. Inoculation with this
fungus increases the yield of corn under different
edaphoclimatic conditions in Brazil, especially in
soils that originally had low or medium levels of
available soil P.
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