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Abstract

Arbuscular mycorrhizal fungi (AMF) are obligate symbionts in 80% of land plants.
Their influence on plant development and yield has made them important players
in sustainable agricultural practices. However, AMF efficiency may differ
depending on their host and environmental conditions. Pequin pepper, soybean
and orange are important crops in the northeast Mexico that grow in arid areas
exposed to drought conditions. Hence, AMF community characterization is
relevant for their production by sustainable management practices. In this study,
AMF species that colonized the roots of these crops were phylogenetically
characterized using a 450 bp region of the large ribosomal gene that was
sequenced with the MiSeg-lllumina platform followed by taxonomic affiliation
based on an evolutionary placement algorithm (EPA). Twenty species from 13
different genera were found with this approach. AMF community composition,
based on read relative abundance of the AMF species, was different in each crop.
In Pequin pepper roots, several Rhizophagus species represented the majority
of the community, being Rhizophagus clarus the most abundant. Meanwhile,
soybean AMF community was dominated by Rhizophaus irregularis and
Funneliformis mosseae, and orange community by species of Dominikia, which
represented a set of species only found in this crop. Interestingly, sampling time
and stage of plant development did not show a significant effect in AMF
community composition. On the contrary, plant host-specificity was shown as a
significant factor shaping AMF communities. The newly proposed ribosomal
region and sequencing strategy coupled with the EPA phylogenetic affiliation
permitted the study of AMF communities at the species level in economically
important crops in Mexico. Unraveling AMF host preferences by affordable and
reliable sequencing methods such as lllumina is important to study AMF
communities and for the development of effective crop-specific biofertilizers that
could improve sustainable agricultural practices.

Keywords: Arbuscular mycorrhizal fungi — Metagenomics — MiSeq sequencing
— Evolutionary placement algorithm — Mexico — Host preference — Plant-fungal
associations — Mycorrhizal ecology



Resumen

Los hongos micorricicos arbusculares (HMA) son simbiontes obligados en el
80% de las plantas terrestres. Su influencia en el desarrollo y rendimiento de la
planta los ha convertido en actores importantes de las practicas agricolas
sostenibles. Sin embargo, la eficacia de AMF puede diferir dependiendo de su
anfitrion y las condiciones ambientales. El pimiento piquin, la soja y la naranja
son cultivos importantes en el noreste de México que crecen en areas aridas
expuestas a condiciones de sequia. Por lo tanto, la caracterizacion de las
comunidades de HMA es relevante para su produccion mediante practicas de
agricultura sostenible. En este estudio, las especies de HMA que colonizaron las
raices de estos cultivos se caracterizaron filogenéticamente utilizando una region
de 450 pb del gen ribosomal grande que se secuencio con la plataforma MiSeq-
lllumina seguida de una asociacion taxondémica basada en el algoritmo
“Evolutionary Placement Algorithm” (EPA). Veinte especies de 13 géneros
diferentes se encontraron con este enfoque. La composicién de la comunidad de
HMA, basada en la abundancia relativa de las especies, fue diferente en cada
cultivo. En las raices de pimiento piquin, varias especies de Rhizophagus
representaban la mayoria de la comunidad, siendo Rhizophagus clarus la mas
abundante. Mientras tanto, la comunidad de HMA de soja estuvo dominada por
Rhizophaus irregularis y Funneliformis mosseae, y la comunidad naranja por
especie de Dominikia, que representaba un conjunto de especies que solo se
encuentran en este cultivo. Curiosamente, el tiempo de muestreo y la etapa de
desarrollo de la planta no mostraron un efecto significativo en la composicién de
la comunidad de HMA. Por el contrario, la especificidad del huésped de la planta
se demostr6 como un factor importante que dio forma a las comunidades de
HMA. La nueva region ribosomal propuesta y la estrategia de secuenciacién con
la filiacion filogenética de EPA permitieron el estudio de las comunidades de
HMA a nivel de especie en cultivos econdmicamente importantes en México.
Desentrafiar las preferencias de huésped de los HMA para métodos de
secuenciacion asequibles y confiables como lllumina es importante para estudiar
las comunidades de HMA y para el desarrollo de biofertilizantes efectivos

especificos de cultivos que podrian mejorar las practicas agricolas sostenibles.
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1. Introduction

One of the most important challenges for humanity today is to ensure food
production for an increasing global population. One promising sustainable
approach is to improve crop productivity by using biofertilizers (Cordell et al.,
2009). Nutrients are key elements associated with plant productivity. For
example, phosphorous (P) is an essential element naturally limited in soils that
cannot be substituted by another nutrient (Steen, 1998). Moreover, as a non-
renewable resource, it is estimated that phosphate reserves would be depleted
by 2050-2090 (Runge-Metzger, 1995), placing global food security at risk (Cordell
et al., 2009). In this scenario, new fertilizers are taking into account soil
microorganisms in their formulations because of their proved benefits to plants
(van Loon, 2007; van der Heijden et al., 2008).

Among important microorganisms for plant development, arbuscular mycorrhizal
fungi (AMF) have received great attention because they form symbiotic relations
with the most relevant food crops for human consumption (Brundrett, 2009; FAO,
2012). AMF are obligate symbionts of 80% of land plants, providing them with a
wide range of benefits such as nutrient and water transport, soil adhesion,
protection against pathogens and carbon recycling (Rillig et al., 2002; Smith and
Read, 2008; Gianinazzi et al., 2010; Wehner et al., 2011; Zhao et al., 2015).
However, one of the most significant roles of AMF is phosphorous (P) transport
from the soil to the plant, increasing the efficiency of fertilizers (Tawaraya et al.,
2012). Because of the benefits that AMF offer to plants, their use in agricultural
practices is promising. Colinization of AMF used as inoculants has been found to
be effective under laboratory or greenhouse conditions but is less reliable when
applied in the field (Berruti et al., 2016). Until recent years, it has been shown that
species specificity or differences in adaptation to particular environmental
conditions should be considered when selecting AMF species to formulate a
biofertilizer (Antunes et al., 2011; Zoppellari et al., 2014). These specific
biofertilizers might represent a sustainable solution to improve crop yield in harsh
environmental conditions as in dry desert-like areas or poor soils of countries like
Mexico. For example, orange trees and peppers are crops vulnerable to droughts

that represent two of the 10 most produced cultivars in Mexico. Another



susceptible important crop is soybean for which Mexico is in the top 20 world
producers (FAO, 2016).

Furthermore, agricultural practices as well as environmental conditions of the site
could impact AMF capability to improve crop yield and health (Gosling et al.
2006). AMF community composition can be affected by soil pH (Meadow and
Zabinski, 2012), soil tillage practices (Jansa

et al., 2002; Avio et al., 2013), nutrient availability (Daleo et al., 2008, Johnson et
al.,, 2008; Collins and Foster, 2009), land use (Antoninka et al., 2011),
management practices (Castillo et al., 2006; Alguacil et al., 2014) and soil type
(Oehl et al., 2010). Moreover, preferential associations with plant host species or
cultivars and competition with indigenous AMF communities are other factors that
have shown an influence on AMF inoculum establishment (Verbruggen et al.
2013). Undeniably, the host plant would influence the AMF community
composition. Some studies even suggest that host-AMF species preferential
associations exist (Vandenkoornhuyse et al., 2002; Sanders, 2003; Martinez-
Garcia and Pugnaire, 2011; Torrecillas et al., 2012), whereas other studies
disagree (Hart and Reader, 2002; Santos et al., 2006; Schechter and Bruns,
2013). Indeed, unraveling AMF specificity towards the host plant requires further
research.

AMF communities in host plants have been characterized by using molecular
markers and DNA sequencing. In the past 10 years, the use of high-throughput
technologies has been the preferred method for molecular ecological studies.
Most studies relied on the use of partial sequences of the small-subunit (SSU)
ribosomal gene (Opik et al., 2013; Garcia de Ledn et al., 2018), which has a
phylogenetic resolution intermediate between genus and species (Stockinger et
al., 2009). Recently, Pacific BioSciences (PacBio) Single-Molecule Real-Time
(SMRT) sequencing was successfully used to characterize AMF species
(Schlaeppi et al., 2016). The strategy consisted on sequencing a 1.5 kb fragment
that contemplated a partial sequence of the SSU, the full ribosomal internal
transcribed spacer (ITS) and a partial sequence of the large-subunit (LSU)
ribosomal gene using AMF specific primers (Krtiger et al., 2009). This region has
been defined as the AMF barcode (Kriuger et al., 2010) and can resolve closely
related species. However, SMRT sequencing is not the most used high-
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throughput sequencing technology due to its high error rate dominated by
insertions and deletions, and the special format of the obtained throughput data
(Schadt et al., 2010) and, most importantly, it is not as easily accessible, as for

example the lllumina sequencing platform.

Another molecular strategy to achieve species level phylogenetic resolution of
AMF microorganisms was proposed by Senés-Guerrero and Schif3ler (2016),
using 454 GS-FLX+ high-throughput sequencing and an evolutionary placement
algorithm (EPA). This approach proved to have the sufficient phylogenetic
resolution to characterize AMF species; however, 454 pyrosequencing was
phased out around mid-2016 and bypassed by other next generation sequencers,
mainly Illumina. Currently, there is no strategy to characterize AMF species using
lllumina sequencing. Therefore, in this study we adapted the approach of Senés-
Guerrero and Schuf3ler (2016) and generated a similar strategy for the MiSeq-
lllumina platform. For this, a reference phylogenetic tree consisting of 1.5 kb AMF
sequences was used to affiliate 450 bp sequences of the LSU-D2 rDNA region

of the samples.

This new AMF sequencing strategy will be used to accurately identify AMF
species from environmental samples. Therefore, as a second objective of this
study we characterized the AMF communities of three important crops of the
northeast of Mexico; Pequin pepper, soybean and orange. In addition, we
described specific host-AMF species preferences and the effect of sampling and
stage of development on crops’ AMF community composition. By unravelling
AMF-host specificity in economically important crops we can improve our
knowledge on AMF community behavior and facilitate sustainable agriculture
implementation, especially in drought-vulnerable regions such as northeast
Mexico. The establishment of a new sequencing strategy and robust phylogenetic
pipeline to identify AMF species is crucial for the development of effective crop-

specific biofertilizers.
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1.1.

Objectives of the study

The general objective of that study is:

To develop, validate and apply a high-throughput sequencing method and
phylogenetic annotation to identify AMF species associated with
agricultural crops of relevance in northeastern Mexico, in order to generate

inocula with potential as biofertilizers for use in sustainable agriculture.

To reach that goal, the study aims to achieve these specific objectives:

To develop specific primers of AMF species with sufficient resolution for
sequencing on the Illlumina MiSeq platform and a bioinformatic analysis
protocol that can be used worldwide.

To adapt the lllumina sequencing data to the "evolutionary placement
algorithm" (EPA) to determine the phylogeny of the AMF communities at
the species level.

To characterize AMF communities of relevant agricultural crops from
northeastern Mexico and describe preferential plant-microorganism

associations and stage of crop development.
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2. Materials and Methods

2.1. Field site and sampling

Sampled crops were Pequin pepper (Capsicum annuum var. glabriusculum),
soybean (Glycine max) and orange trees (Citrus sinensis) from the Tecnologico
de Monterrey experimental field site in Hualahuises, Nuevo Leon, Mexico
(24°88.06’ N, 99°62.39’ W). In the state (Nuevo Leon, México), around 612.2 mm
of precipitation are expected annually and the climate around the field site is
classified as semi-warm arid with an average annual temperature for 2016 of 30,
23 and 16 °C as maximum, average and minimum, respectively (SIAP, 2017).
During the sampling period (May 19 to September 6, 2017), the experimental field
experienced 153 mm of rain (Fig. 1). In the field, the area planted with soybeans
and peppers was closer to each other (10 m apart), while the orange trees were
planted around 50 m from these crops (Fig. 2a). Soil analyses from composite
samples of a 0-30 cm depth were performed in two sites of the field (Fig. 2a) by
the 1SO certificated company Fertilab (Guanajuato, Mexico) (Fig. 2a, 2c). No
differences in soil parameters were found between the two sampling sites. Soils
possess a clay-loam medium texture, an alkaline pH of 8.48, low organic matter
(2.75%), moderately low water conductivity, moderately high carbonate content
(19.5%), low salinity (0.65 ds/m) and, of all nutrients, deficiency in phosphorous
(9.01 ppm), sulfur (2.87 ppm), iron (8.04 ppm), zinc (0.43 ppm), manganese (2.00
ppm) and boron (0.58 ppm) (Fig. 2c).
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Figure 1. Precipitation in the experimental field site (Nuevo Leon, Mexico)
during the study. Sampling times are indicated with the specific date of

sampling during 2017.

Root samples from the three studied crops were collected in May, July and
September 2017 with an interval of approximately two months among each
sampling. Four independent replicates were collected from different plants of
soybean and Pequin pepper. The orange trees being mature plants (12-year-old
trees) were sampled in triplicate. Secondary roots were collected in sterile Whirl-
Pak bags from a soil depth of 0-10 cm using a sterile wooden stick and avoiding
roots of invasive plants. Three plant stages (young, mature and senescent) were
determined for pepper and soybean, which corresponded to each sampling time
(Fig. 2b). A young stage was defined as flowering plants, mature stage when the
plants had green fruits and, finally, a senescent plant when fruits where ripe or
already harvest. All samples were conserved at 4 °C until laboratory arrival,

where they were stored at -20 °C.
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Sampling Crop Age Stage
May 19

United States of America - B
= o K {\ &
ot { Sa
Fod ““Houston—

Pequin Pepper 12 months Young

Soybean 2months  Young
Orange 12 years Mature
July 26
Pequin Pepper 14 months  Mature (fruits)
Soybean 4 months Mature (fruits)
Orange 12.2 years Mature
September 6
Pequin Pepper 15 months Senescent
Soybean S5months  Senescent
Orange 12.4 years Mature
Soil fertility Soil properties
MO 2.75% Texture Clay loam
N-NOs 11.9 ppm Saturation point  21.20%
P 9.01 ppm Field capability  27.30%
K 342 ppm Hidrauliccond.  2.60 cm/hr
Ca 6677 ppm Aparent density  1.12 g/ecm?®
Mg 360 ppm pH (1:2 water) 8.48
Na 63.3 ppm Total carbonates 19.50%
Fe 8.04 ppm Salinity 0.65 ds/m
n 0.43 ppm
Mn 2.00 ppm
Cu 0.96 ppm
0.58 ppm
S 2.87 ppm

Figure 2. Location of the experimental field site in Nuevo Ledn, México
(a), crop sampling times and developmental stages (b) and physicochemical

soil analysis (c).
2.2. Sample preparation and DNA extraction

All 33 samples were processed between two days of arrival and storage at -20
°C. First, roots were selected, washed with tap water and conserved in 96 %
ethanol in 50 mL tubes at -20 °C. Lateral roots were cut into 1 cm segments under
sterile conditions to obtain 20 pieces of roots per sample and conserved in 96%
ethanol in 2 mL tubes at -20 °C until DNA extraction. Before DNA extraction,
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ethanol was removed with a pipette and samples were dried at 60 °C in a sterile
environment until all the ethanol had evaporated. Then, 200 pl of molecular grade
water (DNase-free) were added to the roots for rehydration. DNA was extracted
with the FastDNA Spin Kit for soil (MP Biomedicals, Santa Ana, CA, USA)
following manufacturer’s instructions with the lysing matrix type A and one extra
Y, inch ceramic sphere to assure complete rupture of the roots. DNA was

conserved at -20 °C until sequencing library preparation.
2.3. MiSeq sequencing

AMF amplification was conducted with a nested PCR approach. For the first PCR,
the primer mixture SSUmMAf and LSUmMAr described by Krlger et al. (2009) were
used. These AMF-specific primers amplify approximately a 1.8 kb fragment
covering a segment of the SSU rDNA gene, full ITS region (ITS1-5.8S-ITS2) and
a segment of the LSU rDNA gene. Each sample was amplified with a 15 pyl PCR
mixture containing 0.5 pl of DNA, 0.75 ul of each primer at 10 uM and 7.5 pl of
the 2x Phusion High-Fidelity PCR Mastermix (New England Biolabs, Ipswich, MA,
USA). Cycling conditions included initial denaturation at 99 °C for 5 min, followed
by 35 cycles of denaturation at 99 °C for 10 s, annealing at 60 °C for 30 s and
extension at 72 °C for 1 min; a final extension phase was conducted at 72 °C for
10 min (Kruger et al., 2009). These PCR products were used as template for a
nested PCR to amplify a ~450 bp fragment of the LSU-D2 rDNA region. The
forward primer LSUD2mod (5°-TGAAATTGTTRAWARGGAAACG-3’) was
designed for this study and the reverse primers (LSUmBr) were previously
published (Krlger et al., 2009). Nested PCR was performed in a volume of 20 ul
using 10 pl of the 2x Phusion High-Fidelity PCR Mastermix, 1 pl of each primer
at 10 uM and 0.5 pl of the first PCR amplicon. The cycling conditions were 99 °C
for 2 min, followed by 30 cycles of 99 °C for 10 s, 63 °C for 30 s, 72 °C for 20 s,
a final extension step was conducted at 72 °C for 5 min. After each PCR reaction,
correct amplification was visualized in a 2 % agarose gel. Every reaction was
done in triplicate and once correct amplification of each replicate was determined
by agarose visualization, triplicates were pooled together and used for library

preparation.
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Pooled PCR products were purified using AMPure XP beads (Qiagen, Hilden,
Germany) and visualized in a 2 % agarose gels. Nextera v2 indexes (lllumina,
San Diego, CA, USA) were added by PCR at the edges of the amplicon to mark
each one in a unique way. For this, PCR cycling conditions were identical to the
nested PCR reaction but using 8 cycles of amplification. As before, PCR clean-
up was performed using AMPure XP beads and indexed PCR products were

observed in a 2 % agarose gel, the expected amplicon size was 630 bp.

Library quantification was done with the Qubit® dsDNA HS Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) in a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA). Paired-end sequencing (2 x 300 bp) was performed
with a MiSeq Reagent Kit v3 (lllumina, San Diego, CA, USA) at a final loading
concentration of 6.3 pM in a MiSeq System (lllumina, San Diego, CA, USA). PhiX

sequencing control represented 30 % of the pooled library at 6.3 pM.

The sequencing run has been stored at the Sequence Read Archive at the NCBI
with accession number PRINA472054.

2.4. Bioinformatic sequencing data analysis

Sequence raw reads were analyzed using QIIME v1.9.1. (Caporaso et al., 2010)
and the fungi lllumina pipeline from Balint et al. (2014). First, paired ends were
joined with a minimum 10 bp overlap, allowing an error rate of 25 %. In the next
step, sequences that did not have a quality score of minimum 25 and 70 % of
consecutive high-quality base calls were discarded. The resulting sequences
were clustered into representative sequences (RS) using UCLUST (Edgar, 2010)
with a similarity threshold of 98 %. An open-reference approach was performed
using published sequences (Krtger et al., 2012) as database to reduce the time
and resources needed for this clustering. After clustering, singletons were
removed. The remaining RS were analyzed with USEARCH v10.0.240 (Edgar,
2010) to find and discard chimeric sequences. Afterwards, non-AMF sequences
were removed from the remaining RS by BLAST against the NCBI Nucleotide
database using the CLC Genomics Workbench (Qiagen, Hilden, Germany). The
remaining RS, after quality filtering, chimera and non-AMF sequence removal

were used for downstream analyses.
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2.5. Species delimitation

For AMF species delimitation, a reference phylogenetic tree was computed using
published reference sequences (Kriger et al., 2012) and 1.5 kb sequences from
newly described AMF species available in public repositories. This served as a
backbone for the placement of the approximately 450 bp LSU-D2 representative
sequences (RS). Sequences for the reference phylogenetic tree were aligned
with MAFFT v7.311 (Katoh et al., 2002) and manually revised in CLC Genomics
Workbench (Qiagen, Hilden, Germany). A maximum-likelihood phylogenetic tree
was calculated with RAXML-HPC v.8 on XSEDE at the CIPRES Science Gateway
(http://lwww.phylo.org/portal2/) using the GTRGAMMA model and 1,000
bootstraps (Stamatakis, 2015).

As a second step, every RS was aligned to the previous 1.5 kb sequence
alignment with MAFFT. Hence, the resulting alignment contains 1.5 kb
sequences from described AMF which compose the phylogenetic backbone and
~450 bp LSU-D2 representative sequences. This alignment file is used as an
input at the CIPRES Science Gateway using RAXML-HPC v.8 on XSEDE. Here,
there is an option to perform the RAXML evolutionary placement algorithm (EPA)
with the GTRGAMMA model (Berger et al., 2011; Berger and Stamatakis, 2011).
For each RS, EPA assigns a place in the phylogenetic tree used as a backbone.
EPA was shown to be useful for the placement of short AMF reads (~780 bp) with
high accuracy (Senés-Guerrero and Schif3ler, 2016). Sequences that had a
maximum placement likelihood weight of >0.5 were considered to have an
uncertain placement and were discarded (Zhang et al., 2013; Berger et al., 2011).
The resulting phylogenetic tree with the placement of the RS was visualized in
Archaeopteryx Treeviewer v0.9920 (Han and Zmasek 2009). RS were manually
annotated to a taxonomic level corresponding to the branch where they were

affiliated in the phylogenetic backbone tree.

2.6. Validation of species annotation by evolutionary placement
algorithm (EPA)

To validate EPA affiliation of the ~450 bp LSU-D2 sequences, eight Rhizophagus
species from 138 reference sequences were used to generate a maximum-

likelihood reference phylogenetic tree, which was used as a backbone for short
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sequence affiliation. Two sequences of Claroideoglomus claroideum were used
as tree root. To obtain reliable and described 450 bp LSU-D2 sequences to
conduct a test, five sequences of Rhizophagus intraradices and 16 sequences of
Rhizophagus irregularis which are well characterized and published in public
databases were used as query sequences by shortening them to the same ~450
bp LSU-D2 rDNA fragment amplified in the nested PCR. These short sequences
were aligned and affiliated to the reference phylogenetic tree as previously

described. Their correct taxonomic affiliation was manually evaluated.
2.7. Statistical analysis

All statistical analyses were performed in R 3.4.4 (R Core Team, 2018) using the
vegan v2.4-6 (Oksanen et al. 2013) and BiodiversityR v2.9-2 (Kindt, 2016)
packages, unless stated otherwise. Rarefaction curves for each crop and
sampling time were calculated using the rarefaction function of Vegan package.
The read count matrix was square root normalized and analyzed by canonical
analysis of principal coordinates (CAP) (Anderson et al.,, 2003) using the
BiodiversityR function CAPdiscrim, which is based on Bray-Curtis dissimilarities
and 999 permutations. Sample clustering shown in CAP was done with the
ordiellipse function, which highlights groups with a 95% of confidence. Beta-
diversity among samples was calculated using the Bray-Curtis dissimilarity with
the vegdist function of vegan. Beta-diversity changes among samples was tested
by permutational MANOVA (PerMANOVA) using the adonis function of vegan
and 999 permutations. To validate the obtained P values, the statistical power of
the PerMANOVA test was corroborated using G*Power v3.1.9.2 (Faul et al.,
2007) with an effect size of 0.6666. The effect size was calculated by taking into
account the 33 samples, 6 groups (Pequin pepper, soybean, orange and three
samplings), 2 predictors (crop and sampling) and 1 response variable (species
abundance). Results were further validated by an ANOSIM carried out using the

vegan function anosim and the same parameters of PerMANOVA.
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3. Results

3.1. Validation of phylogenetic affiliation

A phylogenetic backbone tree was constructed using 138 sequence variants of
eight reference Rhizophagus species, all sequences were 1.5 kb and correspond
to the AMF barcode. Variants of the species Rhizophagus intraradices and
Rhizophagus irregularis were used as query sequences by shortening them to
450 bp in the LSU-D2 rDNA region, as our proposed amplicon. All 21 query
sequences were correctly affiliated to the tree branches associated to the species
showing a maximum placement likelihood weight <0.5 (Table 1), suggesting that
the phylogenetic affiliation of this fragment is a robust and accurate method to

characterize AMF species.

Species Accesion number ! Tree Branch 2
Rhizophagus intraradices JF439108 148
Rhizophagus intraradices FM865566 162
Rhizophagus intraradices FM865573 139
Rhizophagus intraradices FM865575 139
Rhizophagus intraradices FM865603 139
Rhizophagus irregularis FM992377 1210
Rhizophagus irregularis FM992383 1183
Rhizophagus irregularis FM992386 1182
Rhizophagus irregularis AJ854584 1218
Rhizophagus irregularis AJ854585 1218
Rhizophagus irregularis AJ854586 1153
Rhizophagus irregularis AJ854587 1102
Rhizophagus irregularis AJ854590 1218
Rhizophagus irregularis AJ854593 1218
Rhizophagus irregularis AJ854595 1102
Rhizophagus irregularis AJ854596 1102
Rhizophagus irregularis AJ854597 1102
Rhizophagus irregularis AJ854611 1153

Table 1. Tree branch affiliation of published sequences of Rhizophagus used to
validate method of taxonomic affiliation of AMF species. *Accession number
according to the NCBI database. ?Branch of the reference tree to which the

sequence was affiliated.
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3.2. Library generation and sequencing data analysis

A total of 33 samples were processed for library generation, which contemplates
crop (n=3), sampling time (n=3) and replicate (n=3-4). All PCR amplicon
replicates of each of these samples resulted in measurable products that were
pooled together and sequenced. After sequencing, paired-end reads were joined
and filtered for quality. Sequences were clustered using a 98% similarity
threshold into 55,337 no-singletons references sequences (RS). Then, 5,769
chimeras and 3,575 non-AMF sequences were removed, leaving 45,993 RS to
be affiliated into the phylogenetic backbone tree. These RS contained 1,315,642
reads with lengths between 357 and 592 bp. Using RAXML-EPA, RS were
annotated into 20 AMF species from 13 genera. All sample libraries exceeded
7,000 reads affiliated at the genus level; hence, none of them were dismissed
from the analysis. In addition, rarefaction curves of the samples showed that the
analyzed libraries were close or reached AMF species saturation, suggesting

coverage of AMF diversity in all samples (Fig. 3).
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Figure 3. Rarefaction curves of the number of arbuscular mycorrhizal fungal

(AMF) species detected per crop and sampling time.
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3.3. AMF species diversity on crops

The AMF community of each crop was evaluated by determining their relative
read abundance at the species and genus level (Fig. 4). Generalist species like
Funneliformis mosseae and Rhizophagus irregularis were observed in all crops,
with a higher combined relative read abundance of these two species in soybean
(71%) followed by pepper (31%) and, lastly, orange (28%) (Fig. 4a). Pepper and
soybean shared most AMF species identified in the samples but in different
proportions. Soybean also showed a considerable presence of Claroideoglomus
hanlinii (5%), that was not represented in the other crops (<1%), and Kamienskia
perpusilla (6%). Pepper AMF community presented a high abundance of
Sclerocystis sinuosa (22%), Rhizophagus clarus (22%), Rhizophagus arabicus
(8%) and Rhizophagus fasciculatus (8%). In contrast, orange AMF community
was considerably unique, dominated by Dominikia spp. (52%), while in pepper
(7%) and soybean (3%) this species was in low abundance. Also, orange showed
Rhizophagus intraradices (5%) and Rhizophagus diaphanus (10%) not present
in high proportion (<1%) in the other crops.

Along sampling period of the pepper plants, from first to third sampling, relative
read abundance of R. irregularis (39%, 18% and 3%) and F. mosseae (18%,
33%, 1%) significant decrease, whereas the opposite was shown for R. clarus
(3%, 22%, 33%), S. sinuosa (<1%, 2%, 47%) and R. fasciculatus (< 1%, 33%,
13%) (Fig. 4b). In soybean, generalist species like R. irregularis (28%, 55% and
41%) and F. mosseae (64%, 14% and 16%) were highly abundant throughout
sampling, while the relative read abundance of other species such as S. sinuosa,
C. hanlinii, R. clarus, R. diaphanus and R. fasciculatus increased with time (Fig.
4b). For orange, a clear domination of non-determined species of the genus
Dominikia (82%, 24%, 56%) is shown regardless of sampling time, whereas
generalists like R. irregularis increased in their abundance (<1%, 25%, 12%) or
showed irregular patterns like F. mosseae (< 1%, 35%, 3%) and R. intraradices
(16%, < 1% for the second and third sampling times) (Fig. 4b).
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Figure 4. Relative abundance of AMF species and genera for crop type (a and

c, respectively) and sampling time (b and d, respectively). “Others” represent

those species and genera that did not exceed 1 % in samples. Dominikia spp.

represents undetermined species of this genus with a highly probable affiliation.

At the genus level, pepper and soybean were dominated by Rhizophagus
(>47%), while orange by Dominikia (44%) followed by Rhizophagus (30%) (Fig.
4c). In pepper, Septoglomus (21%) and Sclerocystis (14%) contributed more than
the generalist Funneliformis (13%). However, in soybean, Funneliformis was a
major genus (29%) and the genera Claroideoglomus (4%) and Kamienskia (5%)
were in a higher proportion than in the other crops (<1%) (Fig. 4c). Accordingly
to sampling time, Septoglomus and Sclerocystis in pepper drastically increased
with time from 2 to 33% and <1 to 26%, respectively. Dominikia and Funneliformis
showed high relative abundances in the first two samplings (6-10 and 18-31%,
respectively) but declined to around 1% in the third sampling. Although
Rhizophagus was highly abundant in the second (44%) and third (38%) sampling,
in the first sampling represented 72% of the AMF community (Fig. 4d). In
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soybean, Rhizophagus maintained high relative read abundances through
sampling time (31, 56 and 67%), while Funneliformis reached its maximum
abundance in the first sampling (62%) and decreased to 15-16% in the other two
samplings. Other genera found with abundances >10% were Claroideoglomus
and Kamienskia (Fig. 4d). As mentioned above, orange trees were highly
colonized by Dominikia and other genera such as Septoglomus, Rhizophagus
and Funneliformis showed relative read abundances >10% at some sampling
time (Fig. 4d).

The presence or absence of AMF species among all replicates within each crop
was evaluated to determine if certain species were specifically related to one crop
than another. Figure 5 shows all AMF species identified in this study and the
number of replicates where they were observed. As previously mentioned,
generalist species as Funneliformis mosseae and Rhizophagus irregularis were
present in all replicates of all crops. In contrast, the orange crop presented a
unique set of five AMF species; three species of the genus Dominikia (D. disticha,
D. irania and D. achara), Kamienskia bistrata and Dentiscutata savannicola (Fig.
5c¢). Also, Rhizophagus proliferus was only observed in pepper (Fig. 5a). Although
soybean did not exhibit any particular AMF species, Diversispora omaniana and
Claroideoglomus claroideum were observed in a higher number of replicates
compared to pepper and orange (Fig. 5b). Acaulospora scrobiculata, Rhizopagus
aggregatum and R. arabicus were also more common in pepper than in the other

crops.
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Figure 5. Presence or absence of AMF species in all replicates of the study for

Pekin pepper (a), soybean (b) and orange (c).

3.4. Influence of crop, sampling time and developmental stage on AMF

community composition

CAP analysis of the effect of crop species on AMF community composition
resulted in a two-dimensional solution with a 72.73% of correct allocations, which
strongly separated three clusters that corresponded to crop species (Fig. 6a).
Furthermore, PerMANOVA and ANOSIM analyses indicated that crop species
had a significant effect on AMF community composition (P=0.001; Table 2).
Contrary, the effect of sampling time for all crops, developmental stage of pepper
and developmental stage of soybean generated for each effect a two-dimensional
solution with 48.48, 63.67 and 58.33 % of correct allocations, respectively, where
clusters of these three variables did not separated from each other (Fig. 6b-d).
The two-way PerMANOVA and ANOSIM analysis of each effect showed no

significant influence of these variables on AMF community composition (Table 2).

25



CAP2
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However, the soybean developmental stage ANOSIM test displayed a
significance of 0.033 contradictory to the results of the PerMANOVA (P=0.119;
Table 2).
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Figure 6. Canonical analysis of principal coordinates (CAP) of the AMF
community among crop type (a), sampling time (b) and developmental stage of
pepper (c) and soybean (d). Weight-calculated ellipses highlights groups with a

95 % confidence level.
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PerMANOVA ANOSIM
Variable F value R? p value R Significance
Crop 4.3246 0.22379 0.001 0.235 0.001
Sampling 1.3370 0.08184 0.182 0.031 0.163
Pepper stage 1.5627 0.25775 0.099 0.148 0.101
Soybean stage 1.8105 0.28690 0.119 0.292 0.033

Table 2. PerMANOVA and ANOSIM test parameters of the influence of crop

type, sampling time and developmental stage in the AMF community

composition.
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4. Discussion

In this study, we aimed to characterize AMF communities associated with
economically important crops in the northeast Mexico. To accomplish this goal,
we first developed and validated a molecular strategy using the sequencing
platform of MiSeg-Illlumina and a high-throughput phylogenetic annotation to
identify AMF microorganisms at the species level. These results are crucial for
future applications and the development of effective crop-specific AMF-based
biofertilizers. Particularly, these microorganisms might be adapted to harsh
environmental conditions such as high temperature and drought, typical of the

northeast Mexico.
4.1. AMF species delimitation method

By using a strategy based on a two-step PCR followed by MiSeqg-lllumina
sequencing and a phylogenetic pipeline that contemplated a reference
phylogenetic tree and the evolutionary placement algorithm (EPA), we were able
to annotate to the species level members of the studied AMF communities. The
selection of the genetic region was crucial to obtain sufficient phylogenetic
resolution when characterizing sequences to the species level. The LSU-D2
rDNA region was shown to be a good candidate for species identification from
roots and soils (Krtiger et al., 2009; Stockinger et al., 2009); therefore, we focused
on this region to conduct in silico tests to define a set of primers that targeted all
described species publicly available (Kruger et al., 2012). In addition, the
amplified fragment was limited to a maximum size of 550 bp, as recommended

by lllumina when running a 2x300 bp paired-end sequencing read.

As there was no reported bioinformatic pipeline for the Illumina sequencing
method and amplified region used, we adapted related protocols to process and
annotate the generated sequences (Caporaso et al., 2010; Balint et al., 2014;
Senés-Guerrero & Schifler, 2016). After raw sequence assembly and quality
filtering, a relevant step is to determine the similarity threshold for sequence
clustering, as it is important to avoid that single clusters contain different species.
For threshold selection, the length and variability of the sequenced region should

be taken into account. Although many studies have used 97% similarity to cluster



AMF sequences (Haugh et al., 2013; Bell et al., 2014; Lekberg et al. (2014), this
threshold depends on the level of interpretation desired. Due to the short length
of our reads and the region used, which possesses an intraspecific rDNA
sequence variation of 0-15.7% (Stockinger et al., 2010), we decided to use a
similarity threshold of 98%, as other authors have suggested (Schechter and
Bruns, 2013; Senés-Guerrero and Schifler, 2016).

EPA has been shown to be an accurate method to affiliate short sequences into
a robust phylogenetic tree (Berger and Stamatakis, 2011). Here, we constructed
a maximume-likelihood phylogenetic tree using published AMF reference
sequences and affiliated ~450 bp LSU-D2 rDNA sequences. All qguery sequences
are affiliated into tree branches; however, it has been shown that maximum
placement likelihood weights (PLW) > 0.5 could be artifacts (Zhang et al., 2013;
Berger et al., 2011). Therefore, we used BLAST to compare the affiliated RS
sequences with a PLW > 0.5 to their closest species in the phylogenetic backbone
tree. Indeed, sequences above the threshold previously mentioned were not
similar to their closest phylogenetic species and were discarded (conserved

sequences represented 99.25% of affiliated RS).

To further test EPA affiliation using the LSU-D2 rDNA region and to validate
whether it is capable of distinguishing closely related species, we affiliated ~450
bp characterized sequences of R. irregularis and R. intraradices. EPA placed all
sequences correctly, suggesting that our selected region can be used for the
molecular characterization of communities of AMF species by a high-throughput
sequencing method such as MiSeqg-lllumina.

4.2. AMF communities associated with crops

The studied crops were analyzed with sufficient depth to characterize all AMF
species diversity, as observed in the rarefaction curves. In terms of species
richness, orange trees showed a more complex community with 18 AMF species
identified compared to Pequin pepper (15 species) and soybean (14 species).
Five orange-specific AMF species were found (Dominikia achra, D. iranica, D.
disticha, Kamienskia bistrata and Diversispora savannicola), while the unique

difference between pepper and soybean was R. proliferus, only present in
pepper.
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Rhizophagus arabicus, Rhizophagus clarus, Rhizophagus fasciculatus and
Sclerocystis sinuosa were found in high abundances in Pequin pepper compared
to soybean or orange. In relation to the beneficial effects of these AMF species
to the host plant, R. fasciculatus has been reported as an important species in
chlorophyll and carotenoid composition and quality of pepper fruits in drought
conditions (Mena-Violante et al., 2006). Other reported species associated with
pepper roots are Rhizophagus intraradices (Cekic et al., 2012; Beltrano et al.,
2013), which was not a major component in this study. It was suggested that R.
intraradices colonization is related to salinity stress (Beltrano et al., 2013) and the
studied soil was low in salinity. In contrast, F. mosseae, also related with salinity
stress alleviation in pepper (Latef and Chaoxing, 2014), was found in high
proportion and in all sampling replicates. Spore-based studies in pepper agreed
with our results, Carballar-Hernandez et al. (2017) found R. fasciculatus, F.
mosseae and S. sinuosa in relative high proportions in different agro-ecosystems
and Sanchez-Sanchez et al. (2018) reported as F. mosseae and R. intraradices
as abundant species. The latter species was not as abundant in this study as
compared to R. irregularis, however R. intraradices could be difficult to
differentiate from R. irregularis using spores morphology because these two

species are very closely related (Stockinger et al., 2009).

Soybean samples showed almost the same AMF species than pepper but in
different proportions. R. irregularis and F. mosseae represented most of the AMF
community of soybean through time. It has been reported that after soybean
cultivation, AMF species in the soil are reduced, affecting low abundance species
more than generalists (Higo et al., 2013). Furthermore, R. irregularis (Peyret-
Guzzon et al., 2016) and F. mosseae (Sykorova et al., 2007; Lekberg et al., 2012)
are early-stage colonizers and adapted species to disturbed systems, like
agriculture fields. These results could suggest that soybean AMF community is
more sensitive than others to soil disturbance. Besides generalist AMF species,
Claroideoglomus hanlinii and Kamienskia perpusilla were particularly abundant
in soybean. These AMF species were recently described and there are no
sufficient studies to explain their role. However, Jansa et al (2008) demonstrated
that members of the genera Rhizophagus and Claroideoglomus had a synergetic

effect and increased the phosphorous uptake when they were inoculated
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together. Overall, soybean AMF community has not been described before, so
the community presented here should be compared with new studies to elucidate

differences among important agricultural parameters.

Orange AMF community was dominated by different species of the genus
Dominikia. Moreover, a particular set of AMF species only found in a few
replicates of orange was composed of D. achra, D. iranica, D. disticha, K. bistrata
and D. savannicola. These species of Dominikia have been described in a
different ecosystem, in maritime dunes, and although it has been suggested as
an important microorganism for establishing, shaping and functioning of plants
with high colonization power, its specific role has not been elucidated
(Btaszkowski et al., 2018). Other abundant AMF species in orange were F.
mosseae, R. irregularis, R. diaphanous and R. intraradices, the latter two
Rhizophagus species were in low abundance (<1%) in pepper and soybean.
Moreover, among all described functions of R. intraradices it plays an important
role in drought tolerance (Li et al., 2014; Ortiz et al., 2015), suggesting that the
orange crop possesses a high-water requirement in the semi-warm arid climate
of the studied field site. Citrus crops have been widely studied and reported to
possess a high AMF dependence especially in drought conditions (Peyronel,
1922; Wu et al., 2013). The AMF community found in this study is similar to those
characterized by Youpensuk et al. (2008) and Chakraborty et al. (2011). These
studies were carried out with Citrus reticulata using spores but showed the
presence of AMF species highly represented in our study like F. mosseae, R.
intraradices and R. fasciculatus. Furthermore, Camprubi and Calvet (1996) and

Zhang (2010) also found these species along with R. diaphanous in citrus crops.

4.3. Influence of crop, sampling time and developmental stage on AMF

community composition

AMF community composition can be influenced by many factors such as
geography, temperature, solil type, tillage, etc. (Antoninka et al., 2011; Meadow
and Zabinski, 2012; Avio et al., 2013; Alguacil et al., 2014). In this study, we
sampled three different crops within a small experimental field site; therefore, we
can assure similar environmental and soil conditions along with agronomic

practices for all samples. Then, the variables that could have an effect on AMF
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community composition were host specificity, sampling time and developmental
stage. To understand the effect of these variables, we evaluated their significance
in AMF beta-diversity changes among the studied crops by using them as pre-
established factors and conducting a CAP analysis with Bray-Curtis dissimilarities
among groups. Only the variable crop showed a significant effect on the AMF
community composition. This result was supported by PerMANOVA analysis
using Bray-Curtis dissimilarities. Neither sampling time nor developmental stage

was a determinant factor shaping AMF species communities.

Some studies have reported an effect of host plant and deny changes in the AMF
community due to season (Liu et al., 2009; Davison et al., 2011). On the contrary,
a seasonal study from Drumbell et al. (2011) showed a clear difference in AMF
communities between winter and summer. In addition, Santos-Gonzalez et al.
(2007) and Rosendahl and Stukenbrock (2004) indicated that composition and
diversity of AMF assemblages was maintained throughout warmer months, a

phenomenon that agreed with our results.

Although not statically significantly, slight differences among Pequin pepper
developmental stages were observed in the CAP plot and relative read
abundances, being the mature stage an intermediate state between young and
senescent plants. This result agrees with studies that suggest that early plants
are colonized mainly by AMF generalists, like R. irregularis and F. mosseae, and
then there are progressive changes in AMF species through plant development
(Sykorova et al., 2007; Werner and Kiers, 2014). For soybean, the senescent
stage showed more differences in AMF abundance while young plants seemed
similar to the mature stage. Schreiner and Mihara (2009) found different AMF
phylotypes depending on vine age. In the same way, Muleta et al. (2008)
suggested that the age of the plant affected the AMF community associated with
coffee plants. However, these studies characterized perennial plants, in which
the stage of development might be more relevant than in these short-cycle crops
as pepper and soybean. Interestingly, plants with shorter cycles more similar to
pepper and soybean life cycles, like Alliaria petiolata, showed more impact in the
determination of AMF communities in early stages than older, possibly because
of an AMF growth-promotion role (Lankau, 2011). Accordingly, the stages of

development evaluated in this study could have presented no differences on the
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AMF community because it was determined in earlier stages and remain without

significant change through the cycle.
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5. Conclusions

Overall, we studied in depth the AMF species community composition of three
important crops growing in the same field site, which allowed control of climatic
and soil biochemical variables and focused the analysis in host specificity and
sampling time. Sampling time and stage of plant development were not significant
factors influencing AMF communities. On the contrary, host-specificity was
shown as a significant factor shaping AMF communities, which is in agreement
with several published studies (Vandenkoornhuyse et al., 2002; Sanders, 2003;
Martinez-Garcia and Pugnaire, 2011; Torrecillas et al., 2012) and suggests a

strong host preference of AMF species.

The development of a high-throughput annotation strategy based on EPA
phylogenetic affiliation permitted the study of AMF communities at the species
level in economically important crops in Mexico. Unraveling AMF host
preferences by affordable and reliable sequencing methods such as the lllumina
platform is important to study AMF communities and their intricate dynamics,
helping in the future goal of selecting specific AMF species for the development

of biofertilizers that could improve sustainable agricultural practices.
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