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A B S T R A C T

Arbuscular mycorrhizal fungi (AMF) are a key component of soil microbiota in natural and anthropogenic
ecosystems. Even though soil type and climate conditioned land uses in the past, soybean cultivation has
overrode such limitations and replaced the earlier diverse agro- and natural ecosystems in many countries of
South America. We investigated whether actual diversity patterns of local AMF communities were determined by
previous land uses and their intrinsic environmental conditions. We sequenced AMF DNA from root and soil
samples collected from current soybean fields with three historical land use situations (HLU): agricultural fields,
livestock farming and forest sites. We detected overall high AMF richness: 87 virtual taxa (VT) in soil and 69 VT
in soybean roots. Mean number of VT per sample ranged from 8.1 to 19.2; it was not affected by HLU nor type of
sample, but correlated with soil texture, pH, and plant density. Conversely, AMF community composition did
significantly diverge among HLU and type of sample. A distinctive community composition was observed in
roots of historical agricultural fields which differed from any other soil and root sample evaluated in this study.
We attribute this finding to variations in the abundance pattern of predominant AMF taxa (Glomeraceae and
Gigasporaceae). Our results indicate that soybean cultivation supports relatively high AMF diversity, with ap-
parent legacies from earlier management and natural habitats in the composition of resident AMF communities.

1. Introduction

Arbuscular mycorrhizal fungi (AMF, Glomeromycota; Schüßler
et al., 2001) are a key component of the soil microbiota forming ob-
ligate symbiosis with roots of ca. 80% of terrestrial plant species (Smith
and Read, 2010). It is one of most common and widespread terrestrial
plant symbioses and contributes towards plant nutrition, soil structure
and other ecosystem services (van der Heijden et al., 2015). AMF di-
versity and functioning is affected by environmental conditions (Powell
and Rillig, 2018) such as altitude and habitat type (Kotilínek et al.,
2017), and edaphic and climatic properties (Alguacil et al., 2016).
Furthermore, anthropogenic activities have considerable influence on
AMF (García de León et al., 2018b). In agroecosystems, soil disturbance
(e.g., ploughing), chemical inputs (fertilization, use of pesticides), and
limitations on host availability (e.g., continuous monoculture) can

negatively affect diversity of AMF (Druille et al., 2013; Säle et al., 2015;
Williams et al., 2017). In addition, grazing and cattle induced changes
in soil properties can also have negative impact on AMF diversity in
livestock farms (van der Heyde et al., 2017).

Several studies have demonstrated that symbiotic associations be-
tween resident AMF species and plant host are related to the identity of
both partners (Vályi et al., 2016). Although AMF generally exhibit low
host specificity some mutual preferences exist (Davison et al., 2015;
Werner and Kiers, 2015; Horn et al., 2014; Martínez-Garcia et al., 2015;
Vandenkoornhuyse et al., 2002). Sepp et al. (2018) observed that AMF
communities in different habitat types were more similar in the roots of
a single host plant species than in soil samples, suggesting a non-
random pattern in host-fungal interaction. Further, López-García et al.
(2017) found that plants with ruderal traits tended to associate with
phylogenetically clustered AMF communities. Therefore, the identity of
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the crop species may result in the predominance of certain AMF species,
leading to the decline or the loss of other species and decrease in overall
diversity and mycorrhizal functioning.

During the last decades, many American countries have undergone
a drastic expansion of agricultural lands. Soybean (Glycine max (L.)
Merr.), a legume oilseed crop originating in South Asia and currently
one of the most important food crops of the world, is adapted to suc-
cessful cropping. Indeed, Americas’ harvest 84.5% of worldwide soy-
bean production every year (FAO, 2015). In Argentina, the area under
soybean cultivation soared from 9.8 mln ha in 1995 to 26 mln in 2016
(SAGPyA, 2017). Concurrently, during the same period, the area used
for livestock farms has decreased by 10 mln ha, and forest and shrub-
land areas’ annual decrease has reached 1% (297,000 ha per year; FAO,
2015; SAGPyA, 2017). Subsequently, former livestock farms and nat-
ural areas have been gradually converted to soybean fields, and the
historical agricultural lands have experienced a strong intensification in
management.

The change in land use towards soybean cultivation brings about
consequences for above and belowground organisms. Even though no-
tillage is the dominant sowing practice in Argentina, and it is less dis-
turbing than conventional ploughing (Albertengo et al., 2013), the use
of pesticides and fertilizers coupled with low crop rotation constitute
the basis of the intensification of soybean production. In such scenario,
local surveys have revealed declining diversity of several groups of soil
biota, including ants, prostigmatid mites, earthworms and collembolans
(Bedano et al., 2016), bacteria (Ferrari et al., 2015; Figuerola et al.,
2015), AMF (Cofré et al., 2017), and saprophytic fungi (Ferrari et al.,
2015). In addition, a recent study from Argentinean soybean fields
shows somewhat lower AMF diversity and shifted community compo-
sition compared to native Espinal vegetation (Garcia de Leon et al.,
2018a). Such alteration of biodiversity can alter ecosystem level pro-
cesses and the ecosystem resilience to further environmental changes
(Powell and Rillig, 2018).

In contrast to the developed countries where agriculture was es-
tablished hundreds of years ago, the change in land use to agriculture in
Americas is only a few decades old and its impacts on AMF diversity
and functioning are little understood. For example, González-Cortés
et al. (2012) observed that the conversion of natural/native forests to
avocado plantations and maize fields in Mexico generates a shift in the
composition but do not alter the richness of AMF. However, to the best
of our knowledge, in Argentina there is a lack of local empirical evi-
dence regarding the consequences of change in land use as well as the
intensification of existing agricultural fields on AMF diversity patterns.
Surveys based on root-colonizing and soil-borne communities might
allow revealing the potential impact of soybean cultivation on AMF
communities.

Here we explored AMF diversity in three areas in Argentina that
differ in terms of time since land use conversion towards soybean cul-
tivation, and have different historical land uses (HLU), namely,

Agricultural (more than 28 years of intensive soybean cropping),
Livestock (28-18 years of soybean cropping in rotation with pastures)
and Forest (less than 18 years of intensive soybean cultivation after
clearing mountainous native shrub-lands). In order to disentangle the
effect of soybean cropping on resident AMF, we addressed AMF both in
soil and root samples. While the first allows to gather fungal spores and
hyphae contributing towards locally available AMF diversity, in-
traradical AMF represent the fungi involved in active symbiosis with
the plant host (Varela-Cervero et al., 2015; Osborne et al., 2018; Sepp
et al., 2018). We expected to find different AMF community composi-
tion in soil samples from each HLU because of the combined effect of
local conditions and the legacy of earlier land uses. We also expected
that AMF communities in soybean roots represent a subset of locally
available AMF because of mutual partner preferences.

2. Materials and methods

2.1. Field sites and sampling

The study sites were located in Cordoba province, central Argentina.
We targeted current soybean fields in three areas with different edaphic
and climatic conditions, which had dictated the predominant historical
land uses (HLU): agricultural, livestock farming and forest. Agricultural
sites have been under intensive agricultural production for more than
60 years, and 28 under soybean cultivation. The predominant soil type
is Argiudoll (USDA, 2014) with high fertility and productivity (INTA,
1978, 1985) (Table S1). Livestock farming sites had been under crop
production in rotation with perennial pastures, with a gradual inclusion
of soybean cultivation since 1990, and a continuous cultivation since
early 2000´s. Soil type is mainly Haplustoll with moderate fertility
(INTA, 2004). Forest sites had been native shrub forests that were
turned into soybean fields during the last 18 years after clearing the
native vegetation (Prosopis spp., Acacia spp., Zanthoxylum coco Engl.,
Schinopsis marginata Engl., Festuca spp, Stipa spp., Setaria spp.). They are
located in a mountainous area at 500–900m a.s.l., mainly on Haplustoll
soils with high fertility (INTA, 1996, 2004) (Tables 1, S1). Ten sites
were sampled in each of the three areas (total of 30 sites). The sites
within each HLU were located 10 km (min) to 30 km (max) from each
other; HLU regions were located 320 km from each other.

Sampling was conducted when soybean crops were at vegetative or
initial reproductive stage (from V3 to R4). We collected roots, rhizo-
sphere soil and bulk soil. Roots were sampled from a set of 20 plants per
site and pooled to form one composite sample per site. Briefly, after
removing shoots, we collected roots by loosening the soil on the sides of
the sowing line with a shovel from 0 to 20 cm of depth. This was pos-
sible because soybean root system consists of a coarse primary root with
abundant, and superficial secondary roots. Collected root samples were
stored on ice until processed within 24 h. In the laboratory, roots were
cleaned with tap water, then finest and not lignified secondary roots

Table 1
Soil, crop, and climatic variables and root AMF colonization levels in the studied soybean fields with different historical land uses (HLU). Mean values and standard
deviation (± SD) are shown (n=10). Different letters indicate significant differences among HLU according to Tukey test (p≤ 0.05).

HLU Soil Soybean Geographical

USDA P N C pH EC Water Sand Clay Root
AMF

Plant density MAP Altitude

Classif. mg kg−1 % μS cm−1 % % pl m−2 mm m.a.s.l.

Agricultural Argiudoll 14.6 b 44.6 3.1 a 6.0 b 186.5 6.9 a 24.0 a 76.0 a 67 a 29.3 900 119.8 b
(± 6.0) (± 22.8) (± 0.4) (± 0.2) (± 265.5) (± 0.77) (± 8.2) (± 8.2) (± 16) (±6.4) (± 14.9)

Livestock Haplustoll 37.9 a 29.7 1.6 b 6.5 a 80.0 1.5 b 66.0 c 34.0 c 57 ab 27.7 700 203.3 b
(± 23.4) (± 23.0) (± 0.6) (± 0.2) (± 20.5) (± 0.34) (± 12.4) (± 12.4) (± 15) (±7.9) (± 53.4)

Forest Haplustoll 22.0 ab 55.6 3.2 a 6.4 ab 155.0 6.5 a 41.2 b 58.8 b 48 b 37.9 800 638.6 a
(± 19.7) (± 47.1) (± 1.0) (± 0.6) (± 164.8) (± 0.84) (± 14.2) (± 14.2) (± 18) (±14.4) (± 135.8)

MAP: mean annual precipitation.
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were individually selected, separated from the main root, washed with
ddH2O and cut into 1 cm length pieces. One set of 10 g fresh weight
(FW) of roots was stored at -20 °C for DNA extraction. A separate 1 g FW
was used for assessing AMF root colonization. After removing the roots,
rhizosphere soil samples, i.e. soil immediately surrounding soybean
roots in the sowing line, were sampled with a garden trowel from a
depth of approximately 0–10 cm, bulked to form one sample per site,
sieved (2mm mesh) and stored at -20 °C for DNA extraction. Finally, in
the same area of root sampling, 10 bulk soil samples from depth of
0–20 cm were taken randomly with a 2 cm diameter soil corer for
chemical and physical analyses and pooled to form one sample per site.

2.2. Mycorrhizal colonization

Immediately after sampling, 1 g FW of washed roots were cleared
(10% KOH, 60 °C, 30min) and stained (50 °C, 15 min) with trypan blue
(0.05%) in a lacto-glycerol solution (lactic acid: glycerol: distilled water
1:1:1: ratio) according to the modified method described by Phillips
and Hayman (1970). Root mycorrhizal colonization level was assessed
microscopically from 120 fields of view per sample at 400x magnifi-
cation (McGonigle et al., 1990).

2.3. Soil properties

The following properties were measured for bulk soil samples: ex-
tractable phosphorus (Bray and Kurtz, 1945); nitrate nitrogen
(Bremmer, 1965); organic carbon (Walkey and Black, 1934); pH;
electrical conductivity at 25 °C; and textural fractions corresponding to
particles of clay and silt (< 53 μm) and sand (> 53 μm), respectively
(Gee and Bauder, 1986).

2.4. Molecular analyses

2.4.1. DNA extraction
Rhizosphere soil samples (50 g FW) were wet sieved and decanted

(Gerdemann and Nicolson, 1963), followed by 80% sucrose gradient
centrifugation (Walker, 1992), and the material retained on the sieve of
74-μm mesh was recovered for DNA extraction. Collected material
contained AMF hyphae and spores, debris, and soil particles. Still on the
sieve, the material was thoroughly rinsed with sterile water and gently
dried with a tissue paper from underneath the mesh. DNA was extracted
from a subsample of 200 ± 20mg of the frozen material which was
crushed with a sterile micro-pestle in a 1.5 ml Eppendorf tube in the
Lysis Buffer, provided by the Power Soil DNA isolation kit (MO BIO Lab.
Inc., USA). From this step onwards, manufacturer's instructions were
followed.

Soybean root samples (10 g FW) were homogenized in liquid N2

with a mortar and pestle, and genomic DNA extraction was performed
with NucleoSpin® Plant II kit (Macherey-Nagel GmbH and Co, Düren,
Germany) with modifications of the original protocol in order to obtain
more uniform DNA from AMF: a) the root sample aliquot was increased
from 100mg to 200mg ± 10mg FW; b) because of the larger volume
of root material, volumes of PL1 Buffer (cell lysis), RNase A, and PC
(binding buffer) were two times larger; c) lysis incubation at 65 °C was
conducted for 30min instead of 10min.

2.4.2. PCR and 454-sequencing of AMF
The identification of Glomeromycota in root and soil samples was

performed using PCR with SSU rRNA gene primers followed by 454
sequencing. A semi-nested PCR approach was carried out in order to
increase the yield of target AMF amplicon. The first PCR reaction was
conducted with the AMF specific primers AML1 and AML2 yielding an
approximately 800bp fragment of the 18S rRNA gene (Lee et al., 2008).
The PCR reactions were run under the following conditions: 2.5 units
Taq DNA polymerase (Promega), 200 μM each of the primers, 200 μM
each of the four deoxynucleoside triphosphates (dNPTs), 1.8 mM MgCl2

buffer, 1 μl dimethyl sulfoxide (DMSO), and 3 μl of DNA extract in a
volume of 25 μl. The reactions were run on a T9600-G thermal cycler
(Applied Biosystems, NY, USA) as follows: 4 min initial denaturation at
94 °C, 40 cycles of 95 °C for 30 s, 58 °C for 40 s; and 72 °C for 1min,
followed by 72 °C for 5min. PCR products were checked by electro-
phoresis on a 1.5% agarose gel in 0.5 x TBE using GelRed™ (Biotium)
stain.

The semi-nested PCR reaction was conducted with primers NS31
(Simon et al., 1992) and AML2 yielding an amplicon of c. 560 bp. This
amplicon is widely used in ecological studies of AMF, and therefore
provided us with a larger dataset of environmental sequences than
other marker regions (Öpik and Davison, 2016). According to the
guidelines for sequencing on a Roche GS-LX 454 platform, the fusion
primers called universal tail A (Univ-A) and universal tail B (Univ-B)
were linked to each of the specific primers. Thus, the composite forward
primer was: 5′-CACGACGTTGTAAAACGACTTGGAGGGCAAGTCTGGT
GCC-3′; and the reverse primer was: 5′- CAGGAAACAGCTATGACCGA
ACCCAAACACTTTGGTTTCC-3′, where Univ-A and Univ-B are under-
lined and the specific primers NS31 and AML2 are shown in italic. Each
PCR reaction contained 1 μl of 1:10 diluted product of the first PCR, 2.5
units Taq DNA polymerase (GoTaq, Promega), 200 μM each of the four
dNTPs, 1.8mM MgCl2 buffer, 1 μl DMSO, and 200 μM of each of the
composite primers in a volume of 20 μl. The reactions were run on a
T9600-G thermal cycler (Applied Biosystems, NY, USA) as follows:
95 °C for 15min; five cycles of 42 °C for 30 s, 72 °C for 90 s, and 92 °C
for 45 s; 35 cycles of 65 °C for 30 s, 72 °C for 90 s, and 92 °C for 45 s;
followed by 65 °C for 30 s and additional extension at 72 °C for 10min.
Amplification products were checked on agarose gel as above and
purified with Fast Pure PCR Product Purification Kit (Roche). Amplicon
library preparation and subsequent steps to sequencing were carried
out in INDEAR (Instituto de Agrobiotecnologia de Rosario, Argentina)
following the Roche’s instructions for Universal Tailed Amplicon Se-
quencing (Sections 4 and 8 in the Method Manual, http://454.com/
my454/). During this process, a MID sequence (multiplex identifier)
was attached to the forward primer of each sample as a barcode.

2.5. Bioinformatical analyses

Analysis of 454 sequence reads was performed using a series of Java
programs as in Davison et al. (2012).Briefly, it consisted of successive
steps of filtering and cleaning the sequences before performing further
analyses. First, filtering with exact match was applied to retain se-
quences with the correct MID tag and forward primer. MID tags and
primer sequences were removed and the reads were cleaned with fol-
lowing parameters: average quality score ≥25; minimum length ≥170
bp; and longer sequences trimmed to 520 bp to remove reverse primer.
Potential chimeras were detected and removed using UCHIME
v7.0.1090 (Edgar, 2010) in reference database mode (MaarjAM, http://
www.maarjam.botany.ut.ee/, Öpik et al., 2010) with the default set-
tings. MaarjAM database contains 6115 sequences (status February
2015, 352 V T) covering the NS31/AML2 amplicon from identified
spores and environmental samples. These sequences have been clus-
tered with blastclust v2.2.26 (Altschul et al., 1990) on the basis of
phylogenetic similarity threshold ≥97% (frequently 99%), in order
that each cluster would roughly correspond to species level taxon (Öpik
et al., 2010). MaarjAM database was used for taxonomic assignment of
the obtained reads using BLAST v2.5.0+ search (Camacho et al., 2009)
with following parameters for a match: sequence similarity ≥97%;
alignment length not differing from the length of the shorter of the
query (454-read) and subject (reference sequence) by more than 5%;
and BLAST e-value ≤1e−50. Sequences not finding a match in the
MaarjAM database according to these criteria (so-called no-hits; 21038
reads) were subjected to a further BLAST against the INSDC database
(sequence similarity ≥90%, alignment length not differing from the
shorter query and subject by 10% of the length, and BLAST e-value
≤1e−50). Putative Glomeromycota sequences represented by more
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than 100 reads were aligned with MaarjAM sequences using MAFFT
(version 7) multiple sequence alignment web service in Jalview v2.8
(Waterhouse et al., 2009) and subjected to a neighbor joining analysis
in TOPALi v2.5 (Milne et al., 2009). Novel VTs were defined on the
basis on sequence similarity and phylogenetic clustering (Öpik et al.,
2010). Finally, one representative sequence from each novel VT was
included in the reference database and a new BLAST was conducted
with 454-reads against the updated set. Representative sequences of
novel VT and hits against MaarjAM database were deposited in the
NCBI nucleotide collection under accession numbers KU708516-
KU708528 and KY588141-KY588335.

2.6. Statistical analyses

Sequencing efficacy was assessed with rarefaction analysis using
rarefy () function, and sampling efficacy using specaccum () function
from R package VEGAN (Oksanen, 2013). For further analyses, the data
matrix was standardized by rarefaction to the median read count per
sample (3644). This approach, which consists of randomly selecting
reads in each sample until the median read count is reached, has been
shown to represent an optimal approach for reducing bias due to dif-
ferences in sample size while retaining information (de Cárcer et al.,
2011). Afterwards, the proportion of VT reads in a sample was esti-
mated with decostand () function (standardization method =“total”)
from R package VEGAN (Oksanen, 2013).Linear models were used to
test for differences in AMF VT richness per sample among HLU and type
of samples using lm () function from R package STATS (R Development
Core Team, 2018).

The effect of HLU on AMF community composition in root and soil
samples was assessed by permutational multivariate analysis of var-
iance (Anderson, 2001) using Adonis () function with 9999 permuta-
tions. Variation in AMF taxonomic community composition was vi-
sualized by non-metric multidimensional scaling (three-dimensional
NMDS, with 50 iterations) using metaMDS () function and Bray-Curtis
distance from R package VEGAN (Oksanen, 2013). We plotted ellipses
representing communities belonging to the different HLU and type of
sample with ordiellipse () function using the standard deviations of
weighted averages. Linear correlations between ordination and en-
vironmental variables were estimated with envfit () function from
VEGAN, and vectors of the most significant variables (p.max= 0.05,
Oksanen, 2013) were overlapped onto NMDS ordination diagram.

To identify AMF taxa associated with particular HLU we used in-
dicator species analysis (Dufrene and Legendre, 1997) as implemented
by function indval () from R package LABDSV (Robert, 2012). Only
those VT with an indicator value of at least 0.25 were considered. To
identify abundant taxa we detected those VT with ≥ 0.10 of relative
abundance per sample.

3. Results

3.1. Soil properties

Sites with contrasting HLU differed in soil texture, with higher sand
content in Livestock soils than in Forest and Agricultural sites (Table 1).
Hitherto, our defined HLU situations were resultant of distinct soil and
climate properties at a regional scale (Table S1). Soil P, C and pH dif-
fered according to HLU, with higher P, lower C and higher pH in Li-
vestock soils (Table 1). Average root mycorrhizal colonization levels
ranged from 48 to 67% in Agricultural and Forest sites, respectively
(Table 1).

3.2. 454 sequencing

454 sequencing yielded 227327 quality filtered reads from 30 soil
and 28 root samples (2 root samples failed to yield AMF reads). A total
of 204131 reads (90%) could be assigned to Glomeromycota against

MaarjAM database, 100130 reads from soil and 100481 from root
samples. Altogether, 103 AMF VT from 8 families were detected (Table
S2): Acaulosporaceae (3), Archaeosporaceae (3), Claroideoglomeraceae
(4), Diversisporaceae (13), Gigasporaceae (8), Glomeraceae (57),
Pacisporaceae (1), and Paraglomeraceae (6). Thirteen VT were novel and
accounted for 30% of sequences with no hit against MaarjAM database.
Eight VT were singletons (i.e. taxa represented by only one sequence)
and were excluded from further analysis, leaving 95 V T in the dataset.
Of the remaining reads, 28% (6937 reads) were identified as non-AMF
sequences against INSD database at 90% sequence identity level: 72%
were Streptophyta (Fabaceae), 1% Chlorophyta, 23.5%
Chytridiomycota, 2% Ascomycota, and 1.5% Basidiomycota.

3.3. AMF richness

Rarefaction analysis suggested that the number of AMF reads per
sample was in general sufficient to produce asymptotic estimates of VT
richness per sample (Fig. S1). VT accumulation curves indicated that
the overall number of VT was slightly higher in soil than root samples,
and that additional sampling may have resulted in the detection of
additional VT in roots (Fig. S1). A total of 87 V T were detected in soil
samples and a subset of 69 V T were recorded in soybean roots. Sixty
one VT were common between both types of samples while 26 V T were
exclusively found in soil, and 8 V T in roots samples (Table S2).
Altogether, contrasting HLU shared 25.3% of VT in soil (22 V T), and
34.3% in root samples (24 V T), corresponding to 78.2% and 85.6% of
reads in the respective sample types.

VT richness per sample did not differ among HLU (ANOVA lm,
p=0.79) nor type of sample (ANOVA lm, p=0.06). The average AMF
richness was 12.9 V T (±6.5) per sample, ranging from 1 to 26 V T
(Table 2). There was a significant interaction between the type of
sample and HLU (ANOVA lm, p < 0.004), particularly in Livestock,
where the number of VT in roots (mean=8.1) was lower than in soil
samples (mean= 19.2).

VT richness was correlated with soil textural components in soil and
root samples, but in opposite trends (Table 3). Plant density and pH
were positively correlated with AMF VT richness in soil, but not in root
samples (Table 3).

3.4. AMF community composition

PERMANOVA indicated that there were significant differences in
AMF community composition among HLU, and between types of sam-
ples (Table 4). Using pairwise comparisons we found a distinctive
community composition in roots of Agriculture sites which significantly
differed from any other soil and root sample evaluated in this study
(Table 5). This finding is further illustrated in the NMDS plots where
Agricultural root samples formed a separate and less dispersed group on
the diagram (Fig. 1a). However, when considering soil samples, fungal
communities from Livestock sites were located separately on the NMDS

Table 2
AMF virtual taxon richness (VT) and sequencing intensity of root and soil
samples collected from soybean fields of contrasting historical land uses (HLU).
Ten sites were sampled per each HLU, with one pooled sample per site.

HLU Type of
sample

Total no.
of VT

Mean no. of VT
per sample
(range)

Mean no. of AMF
reads per sample
(range)

Agricultural root 48 16.6 (7-26) 3845.6 (3653-4121)
soil 43 14 (4-21) 3377.3 (2291-4326)

Livestock root 37 8.1 (3-12) 3903.7 (1932-5931)
soil 61 19.2 (8-26) 3682.5 (2483-5143)

Forest root 51 14 (3-24) 4663.3 (1998-8133)
soil 54 14.6 (5-24) 2953.2 (2046-4126)
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plot (Fig. 1b, Table 5). Using linear correlations between ordination and
environmental variables, we found that soil properties (texture, C)
significantly correlated with AMF community composition in both root
and soil samples, but plant density only correlated with colonizing
communities (Fig. 1ab)

In general, Glomus and Gigaspora VT were most abundant in this
study (Fig. 2). Eleven VT were present with a relative abundance
greater than 10%, 8 in roots and 6 in soil. They represented 11.4% and
6.8% of identified VT, and accounted for 61% and 59.8% of total AMF
reads, in root and soil samples. Only three VT were predominant in both
root and soil samples: Gigaspora VT39 (related to G. albida, G. decipiens,
G. gigantea, G. margarita, G. rosea), Glomus VT280, and Glomus VT63
(related to Gl. viscosum). Indicator species analysis detected 25 in-
dicator VT in this study (Table 6). They corresponded to 26.3% of
identified VT and 55.3% of AMF sequences. Root samples were domi-
nated by Glomus and Paraglomus as indicator VT. Soil samples, however,
were characterized by a broader range of indicator VT. Forest sites were
characterised by indicator VT from a larger number of AMF families
than other HLU.

4. Discussion

This survey of AMF diversity in current soybean fields converted
from earlier agricultural fields, livestock farming areas, and forests

shows that soybean cropping maintained a relatively high AMF di-
versity in the study area. AMF richness did not differ among historical
land use (HLU) situations nor sample types (soil vs roots), but AMF
community composition showed a clear shift depending on HLU, at-
tributable to changing abundances of dominant AMF. Admittedly, the
HLU types of this study coincide with different edaphic and climatic
(altitudinal) conditions, but this reflects availability of sites and his-
torical land uses in the focal landscapes, and thus represents real
landscapes of the region.

4.1. Richness of AMF

Overall, we detected a high VT richness along the study area under
soybean cultivation. Similar pattern was observed by García de Leon
et al. (2018a) and Colombo et al. (2014) from different locations of
Argentina. Interestingly, AMF richness did not differ between soybean
fields and their respective pristine condition in either case. In our study,
the absence of difference in VT richness among HLU might be due to the

Table 3
Significant Spearman correlations (p < 0.05) between virtual taxon richness
per sample and soybean field properties.

Type of sample (n) Variable Spearman
Coefficient

p-value

Root (28) Sand (%) −0.49 < 0.01
Clay (%) 0.50 < 0.01

Soil (30) Sand (%) 0.39 0.04
Clay (%) −0.39 0.04
pH 0.37 0.04
Plant density (pl m−2) 0.44 0.02

Table 4
Variation in the AMF community composition (PERMANOVA analysis) in re-
lation to historical land use (HLU) and type of sample (soil compared with root
samples) in current soybean fields.

Model Df SS MS Pseudo F R2 P value

HLU 2 2.350 1.175 3.335 0.115 0.001
Residuals 51 17.971 0.352
Total 53 20.322

Soil vs roots 1 1.048 1.048 2.829 0.051 0.002
Residuals 52 19.273 0.370
Total 53 20.322

Table 5
Pairwise comparison (PERMANOVA analysis) between AMF community com-
position in root and soil samples from different historical land use (HLU) based
on relative abundance data.

Permanova Agriculture Forest Livestock

p (adjusted) Root Soil Root Soil Root Soil

Agriculture Root – 0.001 0.001 0.0001 0.001 0.0001
Soil – 0.05 0.16 0.001 0.01

Forest Root – 0.05 0.07 0.001
Soil – 0.001 0.02

Livestock Root – 0.20
Soil – Fig. 1. NMDS of AMF taxonomic community composition among root (a) and

soil (b) samples in current soybean fields of contrasting historical land use –
agricultural fields, livestock areas and forests - (k=3, soil: root stress 0.10;
stress 0.17). Ellipses indicate one SD around group centroids of each HLU.
Arrows represent statistically significant fitted vectors (p < 0.05) of soil and
crop related variables onto ordination plot where arrow points indicate the
direction of the gradient, and the length represents the correlation between
ordination and the variable.
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widespread use of no-tillage practices associated with soybean culti-
vation. This conservative soil management has been well documented
as positive in the maintenance of AMF richness (Alguacil et al., 2008;
Brito et al., 2012; Säle et al., 2015; Zhang et al., 2015). Besides that,
roots of Livestock sites exhibited a reduced number of colonizing AMF
taxa. Considering that Livestock sites were on predominantly sandy
soils located along the driest region of our study, the observed trend can
be a consequence of different textural preferences of AMF species
(Lekberg et al., 2007) as well as the negative effect of the scarcity of
water on key stages of AMF colonization and crop development. Fi-
nally, we found that plant density was significantly and positively
correlated with VT richness. Larger density of plant roots might im-
prove resource availability for AMF because more carbohydrates would
be available to support the symbiosis (Lekberg et al., 2010). In addition,

roots and the associated fungal network might explore higher soil vo-
lume and contact propagules of rare and infrequent AMF species.
Therefore, our results reveal that appropriate plant density manage-
ment is a promising agronomical parameter for the maintenance of
suitable AMF diversity, abundance and activity in agroecosystems.

4.2. AMF community composition

We found that AMF communities significantly differed among HLU.
In soil samples, Livestock sites revealed different taxon composition
than Agricultural and Forest sites. This pattern may be related to the
aforementioned dry and sandy conditions of Livestock sites coupled
with their history under cattle production (van der Heyde et al., 2017).
On the other hand, the lack of differences between Agricultural and

Fig. 2. Proportion of reads of most abundant virtual taxa (VT,> 0.10 of relative abundance) in root (upper panel) and soil samples (lower panel) from different
historical land use – agricultural fields (Agr.), livestock areas (Liv.) and forests (For). Solid lines indicate medians; boxes and whiskers indicate quartiles and ranges,
respectively.
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Forest soil samples was surprising because we expected to find different
communities in fields historically intended for anthropogenic use than
in recently deforested areas (Moora et al., 2014). However, in our
survey, AMF communities in soil were more strongly influenced by soil
texture. Indeed, it has been also shown that community composition of
AMF is mostly driven by environmental filtering at the regional scale
(Kivlin et al., 2014), including impact of soil properties, altitude and
geographical distance, and that management may explain a smaller
proportion of community variation than soil and geography (Jansa
et al., 2014). As the sites explored in our study differed significantly in
soil properties as well as climatic conditions and land uses in the past,
the environmental conditions could drive the assembly of AMF com-
munities, overriding the impact of contemporary common practices of
soybean cultivation.

The composition of AMF communities significantly differed be-
tween root and soil samples, suggesting that the host plant is selectively
associating with locally available AMF (Davison et al., 2016). Host
identity has been identified as an important driver of AMF community
structure in several case studies (Alguacil et al., 2016; Martinez-García
et al., 2015). In addition, Senés-Guerrero and Schüßler (2016) con-
fronted highly contrasting environments cultivated with potato and
observed a core-species community of colonizing AMF. Moora et al.
(2011) also studied the AMF composition in a single host species along
different environments and found that roots were mostly associated
with generalist AMF. The impact of host on AMF community compo-
sition depends on the scale of the study, and the interaction between
both symbionts and habitat conditions (Davison et al., 2016; Välyi
et al., 2015). In our study, the effect of soybean roots was substantial
enough to significantly shape AMF community structure even in the
dissimilar environmental conditions. For example, although soil AMF
community composition did not differ between Agricultural and Forest
sites, colonizing community composition strongly differed. Indeed,
roots of Agricultural sites were highly predominated by Glomeraceae
(96.1% relative abundance) compared with Forest sites (72.3%).
Meanwhile, the over dominance of Glomeraceae taxa generated a
greater homogeneity between root samples. Phylogenetic similarity is
expected to indicate a degree of functional similarity (Maherali and
Klironomos, 2007). Therefore, it can involve the loss of functional traits
that are crucial for the sustainability of agroecosystems.

Among AMF, the high abundance of Gigasporaceae in soil samples
across the studied gradient of HLU was a somewhat unexpected. First,
although Gigaspora VT39 is a geographically widespread taxon,
Gigaspora species have been usually more related to undisturbed en-
vironments than anthropogenic soils (e.g. Brito et al., 2012; Hiiesalu
et al., 2014; Vályi et al., 2014). Second, this genus was previously re-
ported to be negatively affected by soil clay content (Lekberg et al.,
2007), but in our study it was abundant even with 76% of clay and silt
particles. On the other hand, as the propagation of Gigasporaceae de-
pends on spores, because hyphae are not infective (Biermann and
Linderman, 1983), the absence of ploughing practices might allow the
spores formed during one crop season remain protected from environ-
mental exposition. In addition, many previous studies carried out in
soybean fields reported the presence of Gigaspora spp. spores (An et al.,
1993; Hendrix et al., 1995; Johnson et al., 1991; Schenk and Kinloch,
1980; Saito and Vargas, 1991), and Gigaspora phylotypes from either
soil or root samples (Beauregard et al., 2013; Cheng et al., 2013; Higo
et al., 2013, 2014, 2015). Hence, the observed abundance of Gigaspora
could rely on both no-tillage seeding and soybean cultivation that are
broadly adopted in the study area.

Indicator taxon analysis revealed the presence of AMF phylotypes
descriptive of each HLU condition. In general, root samples were
dominated by Glomeraceae and Paraglomeraceae while soil samples ex-
hibited particularities according to the HLU. The sites with longer an-
thropogenic history (i.e. Agricultural and Livestock) presented as in-
dicator taxa four VT which did not have previous reports in MaarjAM
dataset (INTA_2, 4, 5, and 7) suggesting that they might be particularly
associated with long term soybean cultivation. On the other hand, the
greater number of families of indicator taxa detected in Forest sites
compared with Agricultural and Livestock sites, can be interpreted as a
clear evidence of the negative impact of anthropogenic practices on the
community structure of resident AMF.

5. Conclusions

Information about soil microbial communities in Latin America re-
mains scarce. Our study is the first regional survey comparing root and
soil AMF communities from agricultural fields differing in the time
since soybean cultivation was introduced. Overall, our results suggest

Table 6
Indicator species analysis showing characteristic virtual taxa (VT, indicator value>0.25) of contrasting historical land use (HLU) from root and soil samples of
current soybean fields.

HLU Source VT Group Species Indicator value prob.

Agriculture Soil INTA_2 Gigasporaceae Scutellospora sp. 0.400 0.004
INTA_7 Archaeosporaceae Archaeospora sp. 0.283 0.019

Root INTA_4 Glomeraceae Glomus sp. 0.536 0.002
VT63 Glomeraceae Glomus viscosum; Diversispora sp. 0.354 0.044
VT113 Glomeraceae Glomus fasciculatum, intraradices 0.356 0.048
VT140 Glomeraceae Glomus sp. 0.585 0.001
VT310 Glomeraceae Glomus sp. 0.560 0.002
VT423 Glomeraceae Glomus sp. 0.455 0.003

Livestock Soil INTA_5 Glomeraceae Glomus sp. 0.884 0.001
VT92 Glomeraceae Glomus sp. 0.315 0.014
VT114 Glomeraceae Glomus intraradices, irregulare 0.421 0.011
VT312 Glomeraceae Glomus sp. 0.278 0.041

Forest Soil VT41 Gigasporaceae Scutellospora castanea, gilmorei, gregaria; Racocetra tropicana 0.443 0.009
VT60 Diversisporaceae Diversispora celata, eburnea; Entrophospora nevadensis 0.382 0.007
VT61 Diversisporaceae Diversispora sp; Glomus versiforme 0.364 0.007
VT67 Glomeraceae Glomus coronatum, mosseae 0.344 0.019
VT263 Diversisporaceae Diversispora spurca 0.499 0.002
VT380 Diversisporaceae Diversispora sp. 0.337 0.017

Root MO.P2 Paraglomeraceae Paraglomus sp. 0.475 0.001
LH.Pg01 Paraglomeraceae Paraglomus sp. 0.285 0.024
VT64 Glomeraceae Glomus constrictum, africanum, Septoglomus furcatum, fuscum, xanthium 0.284 0.026
VT99 Glomeraceae Glomus sp. 0.252 0.036
VT222 Glomeraceae Glomus indicum 0.337 0.031
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that soil AMF communities differ according to local conditions and the
legacy of past land uses, and that soybean acts as a biotic filter which
drives the structure of root-colonizing AMF communities. We found
that while soils presented a high abundance of Gigasporaceae, roots
were predominantly colonized by Glomeraceae. The conservation of
biodiversity guarantees the provision of services provided by AMF,
therefore, further studies should investigate how changes in community
structure are related with the alteration in functional diversity.
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