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Abstract
The effect of cultivation ofmycorrhizal and non-mycorrhizal plants andmineral fertilization on the arbuscular mycorrhizal fungal
(AMF) community structure of maize (Zea mays L.) plants was studied. Soil samples were collected from two field experiments
treated for 5 years with three fertilization systems (Control – no fertilization; Mineral – NPK fertilization; and Organic –
Farmyard manure fertilization). Soil samples containing soil and root fragments of rapeseed (Brassica napus L., non-
mycorrhizal plant) and wheat (Triticum aestivum L., mycorrhizal plant) collected from the field plots were used as native
microbial inoculum sources to maize plants. Maize plants were sown in pots containing these inoculum sources for four months
under glasshouse conditions. Colonization of wheat roots by AMF, AMF community structure, AMF diversity (Shannon’s
index), AMF dominance (Simpson’s index) and growth of maize were investigated. Sixteen AMF species were identified from
rhizosphere soil samples as different species of genera Acaulospora, Claroideoglomus, Dentiscutata, Funneliformis, Gigaspora,
Quatunica, Racocetra, and Rhizoglomus. Maize plants grown in manure-fertilized soils had a distinct AMF community structure
from plants either fertilized with mineral NPK-fertilizer or non-fertilized. The results also showed that inoculum from non-
mycorrhizal plants combined with mineral fertilization decreased AMF diversity (Shannon’s index), AMF dominance
(Simpson’s index) and growth of maize. Our findings suggest that non-mycorrhizal plants, such as B. napus, can negatively
affect the presence and the effects of soil inoculation on maize growth. Also, our results highlight the importance of considering
the long-term effect of rapeseed cultivation system on the reduction of population sizes of infective AMF, and its effect on
succeeding annual crops.
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1 Introduction

Arbuscular mycorrhizal fungi (AMF) are soil fungi broadly
known for their ability to establish symbiosis with terrestrial
species of flowering plants by forming mycorrhizas into their
roots (Smith and Read 2008). This symbiotic relationship has
been shown to improve growth, nutrient and water supply to
their hosts in several natural and agricultural ecosystems

(Harikumar et al. 2015). It is widely known that non-
mycorrhizal plants, intensive agricultural management prac-
tices and the continuous input of inorganic fertilizers result in
the reduction of AMF diversity and functionality (Belay et al.
2015; Pakpour and Klironomos 2015). For instance, the fam-
ily Brassicaceae has been reported as non-mycorrhizal by
Eltrop and Marschner (1996), Olsson and Tyler (2004) and
Valetti et al. (2016). These authors also highlight that rapeseed
(Brassica napus) cultivation decreases AMF root colonization
by 30% on succeeding cropping of Glicine max L. This non-
mycorrhizal plant does not have the specific cleavage site with
target genes (e.g., miR171b, LOM1, andmiR171 familymem-
bers) that occurs in mycotrophic species and is responsible for
the activation and enhancement of root mycorrhization
(Couzigou et al. 2017).

However, understanding the effects of long-term cultiva-
tion of non-mycorrhizal plants, such as rapeseed (Brassica
napus L. var. H401) under inorganic NPK fertilization, on
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the functioning of local mycorrhizas is essential to explain
how the continuous use of these practices negatively affects
the population sizes of infective AMF that form symbioses
with many annual crops (Zhong et al. 2010; Sharma et al.
2011; Carneiro et al. 2015; Pakpour and Klironomos 2015).

Inorganic fertilization is usually applied to increase crop
productivity in conventional cultivation systems, especially
in soils with a very low P availability, such as a Ferralsol, an
old and severely weathered soil with high concentrations of
oxides and hydroxides of aluminum and iron (Lambers et al.
2010). However, the long-term use of inorganic NPK-
fertilizers may affect both the aboveground (Souza et al.
2015a) and underground ecosystems (Hassan et al. 2013).
Over time, inorganic fertilization may result in a decline of
soil organic matter, soil quality and AMF diversity and func-
tionality (Geisseler and Scow 2014), whereas organic fertili-
zation enhances soil fertility and biodiversity with less input of
inorganic fertilizers, energy, herbicides and pesticides (Mäder
et al. 2000; Mikanová et al. 2013). In organic systems, many
practices improve ecological stability, biodiversity (Lavelle
et al. 2006; Barrios-Masias et al. 2011), and reduce environ-
mental degradation (Jackson et al. 2007).

We hypothesize that the population sizes of infective AMF
are decreasing as a consequence of long-term cultivation of
rapeseed and mineral fertilization on a Ferralsol. Some AMF
species are more sensitive to non-mycorrhizal plant cultiva-
tion and fertilization than others (Hassan et al. 2013, Pakpour
and Klironomos 2015). According to Oehl et al. (2011), some
AMF species respond specifically to the intensity of land use,
agricultural practices, and fertilization, which suggests that
AMF genera, such as Acaulospora, Claroideoglomus,
Funneliformis, and Gigaspora, are bioindicators of both cul-
tivation systems and fertilization effects. Generally, AMF spe-
cies fromOrder Gigasporales (e.g.Gigaspora, Racocetra, and
Scutellospora) are bioindicators of acid soil (soil pH < 6.0)
with low levels of nitrogen (<5 mg kg−1) and available phos-
phorous (<20 mg kg−1) (Ramos et al. 2008a, b, c; Bressan
2001, b; Siqueira et al. 1982, b), whereas AMF species from
Order Diversisporales (e.g. Acaulospora, Diversispora, and
Quatunica) and Glomerales (e.g. Glomus, Funneliformis,
and Rhizoglomus) are bioindicators of soil with neutral pH
(soil pH ranging between 6.5 and 7.2), presence of organic
molecules and high soil fertility (Fracchia et al. 2001, b; Silva
et al. 2005, b; Kiriacheck et al. 2009). It may be argued that the
long-term utilization of inorganic NPK-fertilizer may create
unfavorable conditions to sporulation, root colonization by
AMF, and survival of more sensitive AMF species in cultiva-
tion areas of rapeseed and wheat in the Brazilian Northeast,
thus decreasing soil quality and subsequent annual crop yield.

In fact, AMF are one of the soil microbial groups that are
severely affected by changes in vegetation cover and physico-
chemical characteristics (Belay et al. 2015). However, there is
limited information on how long-term cultivation of rapeseed

and inorganic fertilization systems may affect local mycorrhi-
zas. The main objectives of this study are (i) to evaluate the
effect of long-term cultivation of rapeseed and fertilization on
AMF community structure and AMF root colonization; (ii) to
determine whether a local history of rapeseed cultivation and
fertilization are associated with reduced mycorrhizal coloni-
zation and plant growth of succeeding maize; (iii) to relate the
effect of rapeseed root extract from different fertilization sys-
tems on mycorrhizal fungal spore germination. To accomplish
these, we combined field sampling of two root zone types, i.e.,
mycorrhizal and non-mycorrhizal plants, characterized the
soil chemical characteristics (e.g., soil pH, soil organic carbon,
total nitrogen and available P), mycorrhizal root colonization,
and harvest yield; and performed an inoculum potential bio-
assay with maize under glasshouse conditions. Fungal inocu-
lum was obtained from field samples and used by establishing
a trap culture with maize, a standard host plant used in several
mycorrhizal inoculum potential assays according to the
International Culture Collection of (Vesicular) Arbuscular
Mycorrhizal Fungi, INVAM (http://invam.caf.wvu.edu/).
This plant species produces thin fibrous roots that are
preferred to optimize opportunity for mycorrhiza
establishment. The bioassays allowed us to investigate the
long-term effects of cultivation of mycorrhizal and non-
mycorrhizal plants and mineral fertilization on the AMF com-
munity structure (e.g. number of AMF spores, diversity index,
dominance index, and frequency of occurrence of AMF),
maize root colonization, infectivity potential by AMF, maize
dry biomass, and germination of Acaulospora tuberculata
spores.

2 Materials and methods

2.1 Field experiment

This study was conducted at the Agrarian Science Centre,
Federal University of Paraiba, using two adjacent long-term
field experiments at the BChã-de-Jardim^ Experimental
Station (06°58′12^ S, 35°42′15^ W, altitude 619 m) compris-
ing an old camp of Brachiaria decumbens Stapf., from which
plants had been removed prior to the field experiments. The
climate is Tropical wet and dry type (As′ accordingly Köppen
classification), with average annual precipitation and temper-
ature of 1500 mm and 21 °C, respectively. Data on the climat-
ic conditions of the study area for each year of experimental
work (2007–2011) has been described inmore detail by Souza
et al. (2015a).

The soil at the experimental field site was classified as
Ferralsols (WRB 2006). Soil was collected from two experi-
mental fields, the first one with a mycorrhizal plant (Triticum
aestivum L.) and the second one with a non-mycorrhizal plant
(Brassica napus L.), each treated for 5 years with: (1) no
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fertilization (Control), (2) NPK fertilization according
EMBRAPA’s recommendation for T. aestivum cv. BRS-
Guamirim and B. napus cv. H401, respectively (Mineral);
and (3) organic fertilization according to regional familiar ag-
riculture sustainable systems (Organic) [For more details on
fertilizers, doses, and application mode, see Souza et al.
(2015b, 2016)]. The soil was collected form two long-term
field experiments, three fertilization treatments, and four
blocks per year. In total, 24 soils samples containing root
fragments were collected per year from a depth of 0–20 cm
when rapeseed and wheat plants were in bud formation stage
and heading growth stage, respectively. The soil samples from
each treatment were split into three parts: one part was used
for chemical soil characterization, the second one was used to
extract plant roots for root colonization assessment, and the
last one was used as inoculum for the maize inoculation
bioassay.

2.2 Soil chemical analyses

After removal of roots and soil debris, samples were brought
to the laboratory for chemical analyses. Soil pH, total organic
carbon, total nitrogen and available phosphorous were
assessed. Soil samples were air-dried and passed through a
2 mm sieve. Soil pH was determined in a suspension of soil
and distilled water (Black 1965). Soil organic carbon was
estimated according to the methodology described by
Okalebo et al. (1993). Total soil nitrogen content was estimat-
ed using the Kjeldahl method (Black 1965). Available phos-
phorous (Olsen’s P) was extracted using sodium bicarbonate
for 30 min and the extract was analyzed by spectrophotometer
at 882 nm (Olsen et al. 1954). Soil chemical characteristics are
given in ESM_1. Detailed data on the chemical characteristics
of the soils for each year (2007–2011) is provided in Souza
et al. (2015a).

2.3 Mycorrhizal root colonization

Wheat roots of each studied condition were collected and
stored in 50% ethanol until staining. Roots were cleared in
2% KOH for 1 h at 90 °C. Subsequently, they were left to
acidify overnight in 1% HCl. Staining was done with blue ink
(Parker ink) for 30 min at 60 °C, followed by destaining in
lactoglycerol (Phillips and Hayman 1970). The amount of
colonization was estimated using the grid-intersect method
with examination of 100 intersects under a compound micro-
scope at 200× magnification (Giovannetti and Mosse 1980).
Root-intersects that contained vesicles, arbuscules and hyphae
were scored as mycorrhizal. The decision to score hyphae as
mycorrhizal was based on the cumulative presence of either
vesicles, arbuscules, or spores, and the morphology of the
mycelium. Roots with no cortex were excluded from the
analysis.

2.4 Harvest yield

After 140 days, rapeseed and wheat were harvested. Rapeseed
plants were harvested at 10 cm above the ground level, air
dried and threshed through manual thresher, whereas wheat
plants were harvested at 8–10 cm above the ground level and
threshed through power-operated thresher. Thus, grain yield
of these annual crops was recorded, and used to estimate the
harvest yield in kg ha−1.

2.5 Preparation of inoculum sources for the maize
inoculum potential bioassay

To determine whether a local history of cultivation of mycor-
rhizal and non-mycorrhizal plants and mineral fertilization are
associated with reduced mycorrhizal colonization and a lower
growth rate of maize, soil samples containing roots and soil
debris were brought to the laboratory. During each year
(5 years) soil samples were collected for the maize inoculum
experiment, and during each year 6 inocula were prepared: (1)
soil inoculum from rapeseed field with no fertilization
(Control-Rapeseed field soil); (2) mineral NPK fertilization
(Mineral-Rapeseed field soils); (3) organic fertilization
(Organic-Rapeseed field soil); (4) soil inoculum from wheat
field treated for 5 years with no fertilization (Control-Wheat
field soil); (5) mineral NPK fertilization (Mineral-Wheat field
soil); and (6) organic fertilization (Organic-Wheat field soil).

2.6 Structure of AMF community

Spores from the inoculum for the maize inoculum potential
bioassay were extracted by the wet sieving technique
(Gerdemann and Nicolson 1963) followed by sucrose centri-
fugation (Jenkins 1964). For this, we used 100 g of inoculum
obtained from each of the six treatments. Initially, the extract-
ed spores were examined in water under a dissecting micro-
scope and they were separated based on morphology.
Subsequently, they were mounted in polyvinyl alcohol lacto-
glycerol (PVLG) with or without the addition of Melzer’s
reagent (Walker et al. 2007). Species identification was based
on the descriptions provided by Schenck and Perez (1987),
publications with descriptions of new families and genera
(Oehl et al. 2008), and by consulting the INVAM database
(http://invam.caf.wvu.edu). Here, we followed the
classification proposed by Oehl et al. (2008), including
recently described taxa (Goto et al. 2012; Sieverding et al.
2015). In addition to species identification, we also assessed
spore abundance by counting the total number of spores, spore
abundance of each AMF species by recording the number of
spores of each AMF species recorded in the samples, and the
species occurrence frequency (FOi) of each AMF species. FOi

was calculated using the following equation: FOi = ni/N,
where ni is the number of times an AMF species was
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observed and N is the total of AMF spores observed from each
studied inoculum treatment. After AMF species identification,
we calculated the following ecological indices: diversity index
(H) proposed by Shannon andWeaver (1949), and dominance
index (C) proposed by Simpson (1949).

2.7 Experimental setup of the maize inoculum
potential bioassay

Maize inoculum potential bioassay was conducted in a glass-
house at the Agrarian Science Centre, Federal University of
Paraiba (details provided above) using a 2 × 3 factorial
scheme in a completely randomized design with 24 replicates,
as follows: (1) two long-term annual crop field types: rapeseed
field (Non-host) and wheat field (host), and (2) three long-
term fertilized soil types: unfertilized soil (Control), mineral
NPK- fertilized (Mineral), and farmyard manure fertilized
(Organic). Maize seeds (Zea mays L. cv. AG 1051) were rou-
tinely sterilized (Vincent 1970), germinated in trays contain-
ing autoclaved sand (Twice at 121 °C for 20 min in two con-
secutive days). Seven days after emergence, seedlings (plant
height varying 2–4 cm) were selected and individually trans-
ferred to plastics pots.

Maize plants were grown in plastic pots (4 kg), each with
two plants, containing sterilized sand-field soil (3:1) under
glasshouse conditions for 5 months. All pots were covered
with aluminum wrap around the seedling to prevent dehydra-
tion and external contamination, and the plants were watered
with sterilized water as necessary. Maize plants received,
weekly, 50 mL plant−1 of a nutrient solution (Hoagland and
Arnon 1939) containing (in mg L−1): 202.0 KNO3, 136.0
KH2PO4, 236.0 Ca(NO3)2·4H2O, 493.0 MgSO4·7H2O, 80.0
NH4NO3, 1.81 MnCl2·4H2O, 0.05 CuSO4·5H2O, 0.22
ZnSO4·7H2O, 2.86 H3Bo3, 0.12 Na2MoO4·2H2O, and 15.0
Na–Fe EDTA. The nutrient solution was previously sterilized
by UV radiation to avoid external contamination. The average
temperature in the glasshouse was 28 °C, ranging from 20 °C
to 35 °C, an irradiance of up to 70% of full sun, relative
humidity ranging from 65 to 75%, and photoperiod of
16:8 h L:D. Each treatment involved 24 replicates, each rep-
licate representing an independent soil sample from a long-
term field experiment. In total, we cultivated maize in 144 (6
inoculum sources × 24 replicates) pots during each year, i.e.,
720 pots altogether.

2.8 Infectivity potential by AMF, AMF root
colonization and plant dry biomass

Five months after planting, maize plants were harvested. Roots
were separated from shoots, and fresh roots were weighed im-
mediately. A total of 2.0 g of each fresh root sample was used for
determination of root colonization accordingly to McGonigle
et al. (1990). To estimate shoot and root dry biomass, the

remaining root material and shoots were oven-dried at 72 °C
for 48 h. The mycorrhizal infectivity potential was measured
using soil samples from the maize inoculum potential bioassay
accordingly to Klironomos (1995) and Gai et al. (2015).

2.9 Germination of Acaulospora tuberculata spores

Roots were collected from the rapeseed and wheat fields at
each fertilization system, and brought to the laboratory. Root
extracts obtained by soaking the roots in distilled water for
48 h were prepared from each treatment. We tested the effect
of six root extracts on the spore germination of a common
AMF, Acaulospora tuberculata Janos & Trappe (Silva et al.
2014) using microcosms in the laboratory as described in
Stinson et al. (2006). Each root extract treatment had 24 rep-
licates. A. tuberculata spores from field samples were separat-
ed based on their morphotypes (Acaulosporoid for genus
Acaulospora) and specific morphological characteristics.
This AMF species was selected, because during the character-
ization of the AMF community, we observed that this AMF
species had its frequency of occurrence significantly reduced
by the cultivation of the non-host plant of AMF independently
of the fertilization treatment.

2.10 Statistical analyses

Three-way ANOVA was used to compare data on root colo-
nization by AMF, infectivity potential by AMF, plant dry bio-
mass, and germination of A. tuberculata spores for soil sam-
ples from rapeseed and wheat fields grown under three fertil-
ization systems in a long-term field experiment (2007–2011).
Linear regression was employed to determine relationships
between rapeseed and wheat yield and infectivity potential
by AMF from field samples; and plant dry biomass and infec-
tivity potential by AMF from the maize inoculum potential
bioassay. Data sets not meeting assumptions for ANOVAwere
transformed as required (arcsin square root for percentage
variables and logarithmic for other variables). Results are pre-
sented here in their original scale of measurement (mean and
standard deviation) (Zar 1984). Multiple comparisons of
means were performed by the Bonferroni test (P < 0.05) after
performing three-way ANOVA. Three-way ANOVA, linear
regression, and Bonferroni’s multiple comparison tests were
conducted using SAS 9.1.3 Portable.

3 Results

3.1 Field experiment

Overall, we did not detect any colonization of roots by AMF
in the rapeseed cultivation under the three studied fertilization
systems after five years of their utilization (Fig. 1). Significant
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differences (F8,91 = 21.33, p < 0.001) between long-term fer-
tilization among studied years were found for AMF root col-
onization in wheat field. This variable was significantly en-
hanced in the wheat field upon long-term utilization of organic
fertilizer (e.g. farmyard manure), whereas the continuous use
of mineral fertilization (e.g. NPK fertilizers) and non-
fertilization treatments significantly decreased the coloniza-
tion of roots by AMF in the wheat cultivation (Fig. 1). Root
colonization was improved from 14.5% in the first year to
26.4% in the end of the experiment with continuous use of
organic fertilizer in the wheat field. Conversely, colonization
of wheat roots by AMF was reduced from 14.4 to 5.6% and
5.3 to 4.0% after five years under mineral fertilization and
non-fertilization treatments, respectively (Fig. 1).

Rapeseed andwheat yields showed a significant correlation
with infectivity potential by AMF on maize plants (Fig. 2a)
during the five years of the experiment. Rapeseed yield had a
stronger correlation (r2 = 0.78) than wheat yield (r2 = 0.55)
with infectivity potential by AMF. Moreover, long-term rape-
seed cultivation accounted for a smaller harvest yield in the
mineral fertilization (e.g. NPK fertilizer) and non-fertilization
treatment than in the organic fertilization (Fig. 2b). This is
especially pronounced in treatments of the last three years of
the long-term field experiment where colonization of wheat
roots was reduced (Fig. 1). In both trials, harvest yield de-
creased with the continuous use of mineral fertilization and

non-fertilization treatments (data not shown). Plant dry bio-
mass shows a significant correlation with infectivity potential
by AMF (Fig. 2b), using the data collected during 2007–2011.

3.2 Effect of local history of cultivation of mycorrhizal
and non-mycorrhizal plants combined with mineral
fertilization on AMF community structure

For all studied inoculum sources, the number of spores
(F8,91 = 13.75; P < 0.01), diversity (F8,91 = 24.59; P < 0.001)
and dominance (F8,91 = 10.09; P < 0.01) of AMF species were
significantly different between rapeseed and wheat field soil
samples (Table 1). The number of spores and diversity of
AMF were significantly reduced upon long-term utilization
of mineral fertilization (e.g. NPK fertilizers) and non-
fertilization treatments, whereas the continuous use of organic
fertilizer (e.g. farmyard manure) significantly increased the
number of AMF spores and diversity of AMF in the rapeseed
and wheat cultivation (Table 1). The dominance of AMF spe-
cies was significantly higher in rapeseed field soil samples
from the mineral and non-fertilization treatments compared
with the other treatments (Table 1).

In total, we identified 16 different AMF species corre-
sponding to 8 genera – Acaulospora (1), Claroideoglomus
(2), Dentiscutata (2), Funneliformis (3), Gigaspora (3),
Quatunica (1), Racocetra (3), and Rhizoglomus (1). The most
abundant taxa in all studied treatments were species from the
Order Glomerales. AMF species from the genus Acaulospora,
Claroideoglomus, Funneliformis, andGigasporawere mostly
found in both studied situations, under host and non-
mycorrhizal plants (Fig. 3).

3.3 Maize inoculation bioassay

Soil inoculum from long-term rapeseed and wheat fields as-
sociated with mineral and non-fertilization treatments
accounted for a smaller plant dry biomass than with organic
fertilization. Maize plants showed reduced growth in soil in-
oculum from the rapeseed field, especially in treatments of the
last three years of the long-term field experiment where infec-
tivity potential by AMF was reduced (Fig. 4a and b).
Rapeseed cultivation, fertilization treatments and years of

Fig. 1 Colonization of wheat roots by AMF under field conditions (%,
mean ± SD, n = 24) and under three fertilization system treatments
(Control, Mineral, and Organic) in a long-term experiment (2007–2011).
Different letters indicate significant differences among years assessed by the
Bonferroni test after performing three-way ANOVA (P < 0.05)

Fig. 2 Linear correlations and
Pearson correlation coefficients
between infectivity potential by
AMF on maize plants (%) and (a)
rapeseed (circle) and wheat
(triangle) yields (kg ha−1), and (b)
plant dry biomass. Significant
correlations (P < 0.01) are marked
with two asterisks
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their utilization also influenced infectivity potential by AMF,
plant dry biomass and germination of A. tuberculata spores.
We recorded the best infectivity potential in soil from the
wheat field and the worst in soil from the rapeseed field. We
also observed a positive effect of organic fertilization system
on infectivity potential by AMF in soil from the rapeseed and
wheat fields, whereas mineral fertilization had a negative ef-
fect on this variable (Fig. 4a). The host-plant (maize) was
significantly less productive when grown in soil collected
from the rapeseed field, as well as in soil with the continuous
use of mineral fertilizers. Conversely, we observed that the
continuous use of organic fertilization increased plant dry bio-
mass in both cultivation systems (rapeseed and wheat) (Fig.
4b), but plant dry biomass was larger in soil inoculum from
the wheat field than in soil inoculum from the rapeseed field.
We also found significantly reduced A. tuberculata spore ger-
mination rates when they were exposed to extracts of rapeseed
roots from the long-term experiment under three fertilization
systems compared to when they were exposed to extracts of
wheat roots in the same conditions (Fig. 4c).

4 Discussion

Our results provided evidence for changes in population size
of AMF caused by long-term cultivation of rapeseed and min-
eral fertilization. In fact, rapeseed cultivation may influence
AMF community by phytochemical inhibition, as described
by Lambers et al. (2015). These results support our hypothesis
that rapeseed combined with mineral fertilizers may negative-
ly impact AMF functionality by changing population size of
AMF in a long-term field experiment on a Ferralsol. It is not
usual to report colonization of rapeseed roots by AMF in field
conditions (Souza et al. 2005; Lambers and Teste 2013), but
results herein showed that rapeseed cultivation under mineral
fertilization can have a more negative impact on local mycor-
rhizas than it does under organic fertilization. Pakpour and
Klironomos (2015) reported that plant species from the family
Brassicaceae, such as Brassica nigra L., do not shown any
root colonization by AMF fungi. They also reported negative
effects of this plant on AMF diversity and on the growth of
native plant species from several study sites. Our results on
maize dry biomass indicated that this component experienced
positive effects after organic fertilization, both in soils from
rapeseed and wheat fields. This finding suggests that this treat-
ment include essential nutrients in order to maintain sustained
high production. In a previous study, we found that mineral
fertilization can maintain higher levels of soil N than organic
fertilization over a longer period of time (Souza et al. 2015a).
These results are in agreement with previous works by Gao
et al. (2015) and Zhang et al. (2008), whose concluded that
long-term mineral fertilization causes acidification and degra-
dation of soil structure.Ta
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In addition, the potential for maize to form mycorrhizas was
significantly higher in soil inoculum from the wheat than from
the rapeseed field. According to Lankau et al. (2011) and
Warwick (2011), plant species from the family Brassicaceae
produce antifungal compounds with negative phytochemical
effects on infectivity potential by AMF in soil inoculum, which
might have accounted for the result obtained here. Among the
fertilization treatments, we also found cumulative negative ef-
fects of non-fertilization and mineral fertilization on this vari-
able. The supply of mineral nutrients has a strong influence on
AMF functionality (Eltrop and Marschner 1996; Ramos et al.
2009). The AMF infectivity potential is considerable reduced
by high levels of nitrogen and phosphorous (Smith and Read
2008, Hodge and Storer 2014). Bressan (2001, b) and Siqueira
et al. (1982, b) reported that the metabolites synthesis during
the asymbiotic phase of AMF from genus Claroideoglomus
and Gigaspora was negatively affected in substrate with high
level of N, and Siqueira et al. (1985) reported that high level of
P significantly reduced energy supply and root colonization
during the asymbiotic, pre-symbiotic and symbiotic of AMF
from genus Claroideoglomus, Funneliformis, Gigaspora, and
Glomus. On the other hand, the positive effects of organic fer-
tilization on infectivity potential could be attributed to improve-
ment on mycelium growth, protein synthesis and sporulation
during the pre-symbiotic and symbiotic phases of AMF from
genera Claroideoglomus, Gigaspora, Glomus, and
Scutellospora as described by Siqueira and Hubbell (1986),

Vilariño and Sainz (1997), Fracchia et al. (2001, b) and Silva
et al. (2005, b).

Inoculation with soil inoculum from the rapeseed field de-
creased plant performance measured as plant dry biomass.
Conversely, plant dry biomass was enhanced by inoculation
with soil inoculum from the wheat field combined with organ-
ic fertilization treatment. Soil inoculum from fields where
Brassicaceae species grow has previously been reported to
decrease plant growth, and plant dry biomass in bioassay con-
ditions (Pakpour and Klironomos 2015). Mycorrhizal infec-
tion often leads to increased rates of photosynthesis, P uptake,
N uptake, C demand (Smith and Read 2008, Hodge and Storer
2014), and these changes might be involved in increase plant
growth, as described by Eltrop and Marschner (1996).

Finally, the cultivation of rapeseed might have reduced the
germination of A. tuberculata spores along the five years inde-
pendently of the fertilization treatment. The negative effects of
this treatment suggest that rapeseed plants might produce an
antifungal compound which affects the germination of AMF
spores, as described by Pakpour and Klironomos (2015).
Conversely, the results for the continuous use of organic fertil-
ization in the samples from wheat field suggest that this treat-
ment improves the germination of the spores from this AMF
species. Many works had reported that the germination of AMF
spores depend on favorable biotic and abiotic conditions. These
include appropriate moisture levels, soil pH, mineral nutrient
levels, organic matter, and soil microorganisms (Bécard et al.

Fig. 3 Effects of different
fertilization systems (control,
mineral, organic), cultivation of a
mycorrhizal and a non-
mycorrhizal plants on AMF
frequency of occurrence in
rapeseed field experiments
(Fig. 3a) and wheat field
experiments (Fig. 3b) for each
studied year (2007–2011)
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2004, Dalpé et al. 2005, Bais et al. 2006, Besserer et al. 2006,
and Verdin et al. 2006).

Although our experiment was not designed to directly test
whether fertilization systems affect soil fertility and subse-
quently AMF community through changes in soil pH and
nutrient availability (e.g. available P), the negative effects of
mineral fertilization on local mycorrhizas that we observed
may be related to alterations in soil pH and P availability

after the continuous use of this treatment. In fact, Souza
et al. (2015a) reported negative effects of the continuous use
of mineral fertilization on root colonization, and frequency of
occurrence of Acaulospora species by changes in favorable
soil conditions, such as soil pH, available phosphorous and
soil organic carbon in a long-term field experiment with wheat
plants. Previous studies also have shown that AMF commu-
nity was affected by tilling, temperature, soil pH, soil

Fig. 4 Infectivity potential by
AMF on maize plants (%)
(Fig. 4a); maize dry biomass
(g plant−1) (Fig. 4b); and germi-
nation of A. tuberculata spores
(%) (Fig. 4c) in soil inoculum
from maize inoculation bioassay
under six treatments, soils from
rapeseed and wheat field and
fertilization treatments (Control,
Mineral, and Organic) in a long-
term field experiment (2007–
2011) (means ± SD); Bars of each
parameter labeled by different
letters indicate significant differ-
ences assessed by the Bonferroni
test after performing three-way
ANOVA (P < 0.05)
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moisture, presence of inorganic and organic compounds, and
root exudates (Córdova et al. 2017; Gao et al. 2011; Brady and
Weil 2008; Oliveira et al. 2015).

AMF species from Order Diversisporales (e.g. genera
Acaulospora, Gigaspora and Scutellospora) are very com-
mon in acid soil with low P availability (Ramos et al. 2008a,
b, c). Volante et al. (2005) reported thatGigaspora species are
bioindicators to ethylbenzene presence. According to
Plenchette et al. (2005), high soil P availability and the con-
ventional fertilization are the worst conditions for AMF from
Order Diversisporales. SomeAMF species respond specifical-
ly to the intensity of land use, cultural practices, and type of
fertilization, which suggests that AMF genera, such as
Acaulospora , Claroideoglomus , Gigaspora , and
Funneliformis are a strong bioindicator of the continuous fer-
tilization effects (Oehl et al. 2011). Accordingly, Summuna
et al. (2017), Glomus species are indicators for high phospha-
tase activity on soil with alkaline pH (7.0), whereas
Acaulospora species presence indicate low phosphatase activ-
ity on soil with acid pH (<6.0). To our knowledge, there are no
studies available reporting (1) the effects of continuous use of
mineral and organic fertilizers on genera Acaulospora,
Claroideoglomus, Funneliformis, and Gigaspora diversity;
and (2) the effects of rapeseed root extract on germination of
Claroideoglomus, Funneliformis, and Gigaspora spores.
Thus, further investigation addressing these issues is
desirable.

In conclusion, the long-term rapeseed cultivation combined
with mineral fertilization negatively affected local mycorrhi-
zas in the rapeseed and wheat fields on a Ferralsols during five
years of their utilization. Conversely, the positive effects of
organic fertilization were evident mainly with inoculum from
wheat soil. So, our findings suggest that inputs of organic
matter promoted by organic fertilization system have positive
effects on root colonization by AMF, infectivity potential by
AMF, plant dry biomass and germination of Acaulospora
tuberculata spores. The results of our study highlight the im-
portance of considering the long-term effect of rapeseed cul-
tivation system on the population sizes of infective AMF, and
the beneficial effects of organic cultivation of a host plant,
such as wheat, on the infectivity potential of the succeeding
plant.
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