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Arbuscular mycorrhizal fungi (AMF) are ancient and ecologically important
symbionts that colonize plant roots. These symbionts assist in the uptake of
water and nutrients, particularly phosphorus, from the soil. This important role
has led to the development of AMF inoculants for use as biofertilizers in agriculture.
Commercial mycorrhizal inoculants are increasingly popular to produce onion and
carrot, but their specific effects on native mycorrhizal communities under field
conditions are not known. Furthermore, adequate availability of nutrients in soils,
specifically phosphorus, can reduce the diversity and abundance of AMF
communities in the roots. The type of crop grown can also influence the
composition of AMF communities colonizing the plant roots. This study aimed
to investigate how AMF inoculants, soil phosphorus levels, and plant species
influence the diversity of AMF communities that colonize the roots of onion and
carrot plants. Field trials were conducted on high organic matter (muck) soil in the
Holland Marsh, Ontario, Canada. The treatments included AMF-coated seeds
(three to five propagules of Rhizophagus irregularis per seed) and non-treated
onion and carrot seeds grown in soil with low (~46 ppm) and high (~78 ppm)
phosphorus levels. The mycorrhizal communities colonizing the onion and carrot
roots were identified by Illumina sequencing. Five genera, Diversispora,
Claroideoglomus, Funneliformis, Rhizophagus, and Glomus, were identified in
roots of both plant species. AMF communities colonizing carrot roots were
more diverse and richer than those colonizing onion roots. Diversispora and
Funneliformis had a 1.3-fold and 2.9-fold greater abundance, respectively, in
onion roots compared to carrots. Claroideoglomus was 1.4-fold more abundant
in carrot roots than in onions. Inoculation with R. irregularis increased the
abundance and richness of Rhizophagus in AMF communities of onion roots but
not in carrot roots. The soil phosphorus level had no effect on the richness and
diversity of AMF in the roots of either crop. In summary, AMF inoculant and soil
phosphorus levels influenced the composition of AMF communities colonizing the
roots of onion and carrot plants, but the effects varied between plant species.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are obligate symbionts
that colonize plant roots (Smith and Read, 2008). Mycorrhizal
associations are thought to have existed for 400 million years and
have assisted in land colonization by terrestrial plants (Redecker
et al,, 2003; Humphreys et al, 2010). Approximately 80% of
terrestrial plants are colonized by AMF (Smith and Read, 2008).
AMF have a worldwide distribution and are well-adapted to various
ecosystems (Dickie et al., 2013; Averill et al., 2014). AMF assist host
plants with the absorption of water and essential nutrients, such as
phosphorus and nitrogen, from the soil (Auge, 2004; Smith and
Read, 2008; Chen et al., 2017; Chandrasekaran et al., 2019). In
addition, AMF can improve the tolerance of host plants to biotic
and abiotic stresses (Montesinos et al., 1995; Fritz et al., 2006; Pozo
and Azcon-Aguilar, 2007; Fiorilli et al., 2009; Campos-Soriano et al.,
2012; Sun et al., 2018; Chandrasekaran et al., 2019). AMF belong to
the class Glomeromycetes in the phylum Mucoromycota (Spatafora
et al,, 2016). However, the taxonomic assignment of AMF is still
evolving. Initially, AMF were identified based only on
morphological characteristics (Morton and Benny, 1990), which
did not reflect the full scope of their phylogeny. Molecular studies
have revealed the molecular characteristics and phylogenetic
relationships among AMF species. Nonetheless, the taxonomic
position of some AMF remains uncertain, even at the family level
(Schifiler and Walker, 2010). To date, Glomeromycetes consists of
five orders (Archaeosporales, Diversisporales, Entrophosporales,
Glomerales, and Paraglomerales), 14 families, 29 genera, and
approximately 230 species (Morton and Redecker, 2001; Schufiler
et al, 2001; Sieverding and Oehl, 2006; Walker et al., 2007;
Palenzuela et al., 2008; Schiifller and Walker, 2010; Oehl et al.,
2011; Spatafora et al., 2016; Blaszkowski et al., 2022).

The discovery of the important role of AMF in the uptake of
nutrients by plants has led to the development of AMF inoculants
and their use as bio-fertilizers in agriculture (Adholeya et al., 2005;
O’Callaghan, 2016). Commercial AMF inoculants are available in
liquid formulations, granules, wettable powders, and seed coatings
(Adholeya et al., 2005; Rocha et al., 2019). Inoculants can be applied
as root dips before sowing, in-furrow at seeding, and planting stock
in nurseries (Adholeya et al., 2005; Schwartz et al., 2006). Seeds
coated with AMF inoculants are considered a feasible and cost-
effective method for large-scale application of inoculants (Ehsanfar
and Modarres-Sanavy, 2005; O’Callaghan, 2016). Therefore, AMF
inoculants are commonly used as seed coatings by vegetable
farmers. In Ontario, Canada, approximately 10% of onion seeds
used by growers are coated with AMF inoculants, and almost 90%
of onion transplants are treated with AMF (Bridget Visser, Sale
representative, Stokes Seeds, Ontario, personal communication).
These inoculants mostly contain non-native AMF species belonging
to the genera Gigaspora, Funneliformis, and Rhizophagus (Schwartz
et al,, 2006; Barr, 2010; Berruti et al., 2013). Isolates of Rhizophagus
irregularis (Blaszk., Wubet, Renker & Buscot) C. Walker & A.
Schiifiler (2010), in particular, are used extensively as AMF
inoculants (Adholeya et al., 2005; Wu et al., 2005; Schwartz et al.,
2006; Siddiqui and Akhtar, 2007; Garmendia and Mangas, 2014). R.
irregularis was previously known as Glomus irregularis (Schenck
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and Smith, 1982) and misidentified as G. intraradices in some
earlier studies (Stockinger et al., 2009; Walker et al., 2021).

The increase in the use of AMF inoculants in agriculture over
the last few decades has raised ecological questions. The
introduction of non-native AMF may have negative ecological
consequences such as species invasion (Schwartz et al., 2006) and
loss of biodiversity (Mckinney and Lockwood, 1999). However,
there is a lack of understanding of how non-native AMF inoculants
interact with native AMF in plant roots and agricultural soils. To
date, there has been no reports of widespread invasion or other
ecological problems resulting from the application of non-native
AMF inoculants to crops or soil (Schwartz et al., 2006). The
problem of species invasion from the use of AMF inoculants in
agriculture does not exist, and this effect has not yet been detected
(Schwartz et al., 2006). Thus, further research is needed to
determine the interactions and other effects of applying non-
native AMF inoculants to native AMF. In this study, we
hypothesized that the use of AMF inoculants would reduce the
diversity of AMF communities colonizing the roots of onion and
carrot, two of the main vegetable crops grown in Holland Marsh,
Ontario, Canada (OMAFRA, 2017).

Mycorrhizal symbiosis can be negatively affected by the level of
nutrients available in soil (Smith and Read, 2008). Soil phosphorus
is a primary factor driving the diversity and composition of AMF
communities (Gosling et al., 2013; Koorem et al., 2014; Liu et al,,
2016). A greater concentration of available phosphorus in the soil
can reduce the dependence of plants on AMF for phosphorus
uptake, inhibit root colonization by AMF, and negatively affect
the diversity of AMF communities colonizing plant roots (Gosling
et al., 2006; Liu et al., 2016; du Toit et al., 2019; Qi et al., 2022). The
application of phosphorus to soil is a standard practice in the
commercial production of onions and carrots in Ontario
(OMAFRA, 2017). We hypothesized that high soil phosphorus
levels and the application of phosphorus fertilizer would have a
negative effect on the composition and diversity of AMF
communities colonizing the roots of onion and carrot crops in
the Holland Marsh.

AMEF are obligate symbionts (Smith and Read, 2008), and the
plant species grown can influence the composition of AMF
communities colonizing roots (Johnson, 2010; Valyi et al,, 2016),
even though most AMF species are non-host-specific, as they can
colonize a wide range of plant species (Smith and Read, 2008).
However, different plant species grown in the same soil can have
different AMF communities (Gollotte et al., 2004; Gosling et al.,
2013). Host plants were assumed to select the most beneficial AMF
species for colonization under specific environmental and
nutritional conditions (Walder and van der Heijden, 2015). In
this study, we hypothesized that there would be differences in
AMF communities colonizing the roots of two different annual
vegetable crops, onion and carrot, grown in the same environment.
Onion and carrot are commonly grown in the high organic matter
(45%-80%) muck soils of the Holland Marsh region near Bradford,
Ontario (OMAFRA, 2017). Onion crops are cultivated on ~2,300 ha
and carrot crops are cultivated on ~3,300 ha in Ontario (OMAFRA,
2017). To our knowledge, no field-based study has identified the
AMF communities colonizing the roots of onion and carrot grown
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on these muck soils in Ontario. Therefore, the objective of this study
was to determine the effects of a commercial AMF inoculant applied
to onion and carrot seeds, soil phosphorus levels, and plant species
on the composition and diversity of AMF communities colonizing
onjon and carrot crops on muck soils in Ontario, Canada.

Materials and methods
Field trial and sampling

A field trial was conducted on muck soil (pH ~6.9, organic
matter ~55.6%) at a site near the University of Guelph, Ontario
Crops Research Centre, Bradford, Holland Marsh, Ontario, in 2017
(44°02’39.4”N 79°35°0.37”W). The site had an onion-carrot rotation
over several years in both the low- and high-phosphorus plots, as
this is a common practice by all the growers in the Holland Marsh,
so this was the main plot factor. The site had plots with two levels of
pre-plant soil phosphorus: relatively low (~46 ppm) and high (~78
ppm). There were four replicate plots for each phosphorus level.
The low-phosphorus plots had no added phosphorus fertilizer since
2010. Phosphorus fertilizer in the form of MicroEssentials SZ (12-
40-0-10S-1Zn) was applied at 100 kg phosphate ha™" to plots for
high soil phosphorus before seeding. The terms “low phosphorus
soils” and “high phosphorus soils” are used in this article for
convenience. Other plant nutrients besides phosphorus were
broadcast onto all plots at rates recommended by the Ontario
Ministry of Agriculture, Food and Rural Affairs (OMAFRA, 2017)
in the spring. The onion cv. Trailblazer (Stokes Seed Ltd., Ontario,
Canada) was directly seeded (~35 seeds m™! row) with a Stanhay
precision seeder on 17 May 2017. Each onion plot was four rows
wide x 20 m long, with 40-cm row spacing. The carrot cv.
Cellobunch (Stokes Seed Ltd.) was seeded (~65 seeds m™' row)
on 04 June 2017. Each carrot plot included two rows x 20 m long,
with row spacing of 66 cm. The treatments were seeds coated with
an AMF inoculant, and non-treated seeds of the same cultivar and
seed lot were planted on the low and high soil phosphorus plots.
Commercially available AMF-coated seeds, such as AGTIV Seed
Endomycorrhizal Inoculum PTB297, were provided by Premier
Tech, Quebec, Canada. The company applied three to five
propagules of R. irregularis per seed. The onion plots were set up
adjacent to but 2 m apart from the carrot plots. The field trial was
set up as a randomized complete block design arranged as a split-
split plot with four replicate blocks. The main plot treatment was
plant species (onion or carrot), the subplot treatment was soil
phosphorus level (low or high), and the sub-subplot treatment
was AMF (R. irregularis) (AMF-coated seeds or non-treated seeds).

AMF colonization was assessed in the fine roots (<2 mm) of
onion and carrot plants collected from all replicate plots of each
treatment combination. The presence of AMF colonization in the
roots was confirmed by observing the roots under a microscope at
x60 magnification. Onion roots were collected at the bulb initiation
stage on 31 July, and carrot roots were sampled at the four- to five-
leaf stage on 7 August. Fourteen plants were harvested from two
rows (seven consecutive plants per row) in each sub-subplot to
collect fine roots. The soil attached to the roots was removed by
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gently shaking them. Fine roots were collected from each plant
using forceps, and a composite sample of 2 g of fine roots was
prepared for each plot. The roots were then washed with tap water
to remove soil particles, cut into 2-cm-long pieces, and stored in
95% isopropanol at room temperature in screw-top glass vials (21
mm X 70 mm, Fisher Brand) until they were used for
DNA extraction.

DNA extraction and PCR assays

The fine roots were dried on autoclaved paper towels in a fume
hood to evaporate ethanol. Approximately 50 mg of dried roots
from each plot was used to extract DNA. The dried roots were
placed in an autoclaved, screw-capped vial (2.5 uL) with a sterilized
tungsten bead, immediately frozen in liquid nitrogen, and stored at
—80°C for at least 48 h. The frozen roots were then milled into a
powder using a Bead Ruptor operated for 1 min at a medium speed.
DNA was extracted from milled roots using the DNeasy PowerSoil
Kit (QIAGEN, Canada) according to the manufacturer’s
instructions, with one modification. The final elution volume of
the extracted DNA was reduced from 100 to 30 pL. The quantity of
DNA from the root samples ranged from ~19 ng uL."'-30 ng uL™".
DNA extracted from samples of two commercial AMF inoculants,
AGTIV (Premier Tech, Quebec, Canada) and RootRescue
(Environmental Products Inc., Ontario, Canada), were used as
positive control samples in the PCR assay. The granular form of
AGTIV consists of a single AMF species, R. irregularis, while
RootRescue contains nine AMF species, including R. irregularis.
Approximately 10 mg of each commercial product was used for
DNA extraction using a DNeasy PowerSoil Kit (QTAGEN, Canada)
according to the manufacturer’s instructions.

A primer pair, AMV 4.5NF-AMDGR (Sato et al., 2005), was
used to amplify the DNA sequences of AMF extracted from onion
and carrot roots. Both primers targeted the small subunit of the 18S
RNA gene (18S rRNA) (Supplementary Figure S1). The primer pair
AMV 4.5NF-AMDGR amplified a 577 bp to 834 bp region within
the 18S rRNA (Supplementary Figure S1) and produced an
amplicon of ~280 bp (Sato et al, 2005). The primer pair was
barcoded using Illumina adapters.

Polymerase chain reaction (PCR) assays were performed using
an Eppendorf thermocycler (MC Pro SepServices). The PCR
reaction mixture (total of 20 pL) consisted of 0.5 pL dNTPs (10
mM concentration), 0.5 puL of each primer (10 pM concentration),
2.5 puL 10x PCR buffer without MgCl,, 1 pL MgCl, (50 mm
concentration), and 0.5 pL Invitrogen Platinum Taq DNA
Polymerase (Fisher Scientific, Canada). The PCR conditions were
as described by van Geel et al. (2015) with some modifications to the
cycling conditions. The PCR conditions for the primer pair AMV
4.5NF-AMDGR were optimized by initial denaturation for 2 min at
94°C, followed by 25 cycles of 45 s at 94°C, 45 s at 60°C, and 45 s at
72°C, followed by a 10-minute final elongation at 72°C. The
amplified DNA was separated on a 1.5% agarose gel by
electrophoresis to confirm the successful amplification of DNA.
The amplified DNA was purified using a MiniElute PCR
purification kit (QIAGEN Group, Germany), and the purified
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DNA was quantified using a fluorimeter (Turner BioSystem Inc.,
Canada) and sequenced with Illumina MiSeq (Serial MUD828,
Experience Genetic Energy) at the Department of Integrative
Biology, University of Guelph, Ontario, Canada.

Illumina MiSeq data analysis

The raw reads were obtained for all the carrot and onion
samples from Illumina DNA sequencing, and analyzed via the
18S meta-barcode pipeline available on GitHub at https://
github.com/terrimporter/SCVUS_18S_metabarcode_pipeline. The
raw reads were obtained as FASTQ files. The reverse and forward
reads obtained with the AMV 4.5NF-AMDGR primer pair were
paired from end to end using the SEQPREP program (https://
github.com/jstjohn/SeqPrep). The quality score threshold for
maintaining all reads was set to Q30. The paired reads were
filtered to a quality of Phred 20 at the ends of the reads, for a
minimum overlap of 25 bp.

The primer were trimmed from paired and unpaired reads
using CUTADAPT v 1.13 (Martin, 2011). The trimmed reads were
de-replicated with VSEARCH v 2.5.0 (Rognes et al., 2016). The
reads were denoised using the USEARCH v. 10.0.240 to remove
putative sequencing errors, chimeric sequences, and low-frequency
reads including singletons and doubletons. The denoised unique
sequences were aligned and clustered to exact sequence variants
(ESVs) at 100% similarity using USEARCH v. 10.0.240 and the
UNOISE 3 algorithm (Edgar, 2016). Taxa were assigned to ESVs
using the SILVA database via the RDP Classifier (Wang et al., 2007).
A confidence threshold of 290 at the genus level was selected to
ensure 90% correct assignment of AMF genera using the
reference database.

Statistical analysis

ESV data were sorted into three sets: plant species, AMF
inoculant, and soil phosphorus levels. Each ESV dataset was
analyzed at the genus level for AMF community diversity using
vegan packages in R v.3.5.1. The data were normalized to mask
biases by rarefying the 15th percentile before analysis (Weiss et al.,
2017) using the Rrarefy function. Moreover, ESVs <2 for each
sample were excluded from the analysis (Egan, 2017).

Variations in the composition of AMF communities associated
with plant species, AMF inoculant, and soil phosphorus level were
calculated using PERMANOVA via Adonis. PERMANOVA was
calculated based on the Bray-Curtis distance matrix with 999
permutations (Kennedy et al, 2018). Multivariate dispersion was
calculated using the betadisper() and permutest() functions (999
permutations; alpha = 0.05) via the permute function to validate
the PERMANOVA results. A significant PERMANOVA result and
insignificant dispersion indicated that the observed differences in the
community were due to differences in community composition
rather than uneven variation in the data. When both
PERMANOVA and dispersion were significant in a dataset, the
results were interpreted with caution and more weight was given to
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the separation of ellipses in Principal Component Analysis (PCA)
plots. PCA was used to plot the variation in groups in the multivariate
space using the package ape. The differential abundance of ESVs
between the two AMF communities for each paired comparison was
determined using the Wilcoxon rank-sum test using the package
indicispecies. A multiple test correction, with a family wise error rate
and Benjamini-Hochberg correction, was applied to the Wilcoxon
rank-sum test and computed g-values. A logarithmic abundance of
ESVs with a value of g <0.05 was considered significantly different
between the two groups. However, some variations in the relative
abundance of AMF communities at a value of g ~ 0.1 were considered
as an important effect of the treatment.

The richness of the ESVs was calculated for non-normalized
data using the SpecNumber function in vegan. Richness was
determined using non-normalized data, based on the absence or
presence of AMF taxa. Two diversity indices, Shannon’s index and
Inverse Simpson’s index of diversity, were calculated for the
normalized data using vegan. The significance of the richness and
diversity indices was analyzed using a split-split-plot design with
crop as the main plot, phosphorus as the sub-plot treatment, and
AMEF inoculant as the sub-sub-plot treatment, using Tukey’s test in
the Proc GLIMMIX procedure in SAS. There was no significant
three-way interaction between crop, AMF inoculant, and soil
phosphorus levels; therefore, significant two-way interactions
were used to demonstrate the effect of treatments on the results.
All statistical variations in the data were considered significant at P
<0.05. However, some variations were considered an important
effect of the treatment on the composition of AMF communities at
P <0.1, depending on the research question.

Results

In this study, 1,532,940 unique DNA sequences from the roots of
onion and carrot plants were assigned to fungal taxa. Approximately
68% of the unique sequences were Mucoromycota, 99% of which
belonged to Glomeromycetes. Overall, 468 ESVs belonging to AMF
were identified using the AMV 4.5NF-AMDGR primer pair at the
genus level with confidence threshold values 290.

Taxonomic assignment of ESVs with confidence threshold values
>90 revealed that AMF communities colonizing the roots of carrot and
onion crops belonged to Diversiporales, Glomerales, and
Entrophosporales (Supplementary Table S1). Approximately 94% of
the identified ESVs of AMF from onion roots and 79% of those from
carrot roots belonged to Glomerales. Three families of AMF
(Diversisporaceae, Claroideoglomeraceae, and Glomeraceae) were
identified in AMF communities colonizing the roots of both crops.
Most of the ESV's could be identified to the genus level, but a few ESVs
belonging to Glomeraceae were identified only at the family level. At
present, there are no Glomeraceae reference genomes that can help
identify these ESVs in the genus. Instead, these ESVs were grouped as
“Glomerales undefined.” Five AMF genera with confidence threshold
values >90 were identified in the AMF communities colonizing the
roots of onions and carrots (Supplementary Table S2). The identified
AMF species had confidence thresholds <90, therefore these were
termed as “potential species.” Eleven potential AMF species were
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identified the onions, and nine in the carrots (Supplementary Table 52).
Two potential species, namely Glomus sp. NBR31 and Glomus
macrocarpum were identified only in the onion roots
(Supplementary Table S2).

AMF communities colonizing roots based
on plant species

There was a significant effect of plant species (onion vs. carrot) on
the composition of AMF communities colonizing roots, based on the

10.3389/fpls.2023.1324626

PREMANOVA analysis (P = 0.001, Table 1). Multivariate dispersion
was significant between the onions and carrots (Table 1). The PCA
plot showed two distinct communities in the multidimensional space
of AMF colonizing the two crops (Figure 1). Since the PCA showed
distinct plots, the AMF community structure in the roots of onions
was considered different from that in carrots despite the significant
dispersion. The PCA plot explained a total of 82% the variance in
AMF communities, in which principal component 1 (PC1)
represented 57.7% and principal component 2 (PC2) represented
24.3%. Plant species had a significant effect on the diversity of AMF
communities (Table 2), as the richness of the AMF communities

TABLE 1 Permutational multivariate analysis of variance (PERMANOVA) and multivariate dispersion table for arbuscular mycorrhizal fungi colonizing
the roots of onions and carrots grown on muck soil in a field trial at Holland Marsh, Ontario.

PERMANOVA!

Source of variation Sum of Square Pseudo-F P-value
Crop type 1 279 15.34 0.001
Residual 30 547 0.66
Total 31 8.26
Application of AMF inoculant to onion seeds 1 0.97 5.04 0.003
Residual 14 2.69 0.73
Total 15 3.66
Application of AMF inoculant to carrot seeds 1 0.11 87.9 0.505
Residual 14 1.88 0.94
Total 15 2.00
Soil phosphorus level in onion 1 0.40 1.72 0.107
Residual 14 3.26 0.89
Total 15 3.66
Soil phosphorus level in carrot 1 0.55 5.23 0.001
Residual 14 1.47 0.72
Total 15 2.02
Multivariate dispersions?
Onions vs. carrots 1 0.15 6.34 0.016
Residual 30 0.72
AMF-coated vs. untreated onion seeds 1 0.00005 0.0094 0.932
Residual 30 0.16179
AMF-coated vs. untreated carrot seeds 1 0.00351 0.1544 0.679
Residual 28 0.6359
Low- vs. high-soil P* in onions 1 0.001633 0.8177 0.3731
Residual 30 0.059907
Low- vs. high-soil P in carrots 1 0.02444 0.8434 0.367
Residual 28 0.81145

"The significance of multivariate analysis of variance was assessed using PERMANOVA with adonis() function (iterations = 999 permutations). The P-value <0.05 was considered as significant.
*Multivariate dispersion was tested using the betadisper() and permutest() functions (iterations = 999 permutations; alpha = 0.05) revealing a significant homogeneity of group dispersions. The

P-value <0.05 was considered as significant.
*~46 ppm pre-plant soil phosphorus level, and ~78 ppm pre-plant soil phosphorus level.
Bold letters are representing the significant P- values.
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PCA of AMF communites colonizing the roots of onion and carrot plants
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FIGURE 1
Principal component analysis (PCA) for variation in arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of onion and carrot plants
grown in muck soil in a field trial in Holland Marsh, Ontario, Canada. Values in the X and Y axes indicate percentage variation in AMF communities
contributed by the first principal component (PC1) and second principal component (PC2) using the Vegan package of R.

TABLE 2 Richness, Shannon s index of diversity, and the Inverse Simpson's index of diversity of arbuscular mycorrhizal fungi (AMF) communities
colonizing the roots of onion and carrot plants grown on high organic matter (muck) soil in a field trial at Holland Marsh, Ontario, Canada.

Variation Richness! Shannon’s Index?>  Inverse Simpson's index®
Plant species Onion 13b° 14b 3.62b
Carrot 17 a 20a 6.17 a
P-value 0.0043 0.0001 0.001
Mycorrhizal AMF-coated onion seeds* 18 a 1.95 a 536a
Inoculant*crop
Untreated onion seeds 7b 09b 1.89b
AMF-coated carrot seeds 16 a 1.95a 578 a
Untreated carrot seeds 17 a 2.15a 6.56 a
P-value 0.0009 0.0003 0.0184
Soil phosphorus levels*crop Onion grown on low-soil P 12b 1.51 ns 4.34 ns
Onion grown on high- soil P°® 14b 1.34 291
Carrot grown on low-soil P 18 a 2.05 6.62
Carrot grown on high- soil P 16 ab 2.00 5.71
P-value 0.0466 0.5019 0.5781

"Richness of the exact variant sequences (ESVs) was calculated from non-normalized data.

2 Shannon’s index and Inverse Simpson’s index of diversity were calculated using normalized data.

? Means in a column followed by the same letter do not differ based on Tukey's test at P < 0.05.

* Commercially available AMF-coated seeded (~3 to 5 propagules of Rhizophagus irregularis per seed) provided by Premier Tech, Quebec, Canada.
®~46 ppm pre-plant soil phosphorus level.

©~78 ppm pre-plant soil phosphorus level.

Bold letters are representing the significant P- values.

colonizing the roots of carrot was 22% greater than that of AMF
communities colonizing onion roots (Table 2). Both Shannon’s and
Inverse Simpson’s diversity indices were greater (almost double) for
carrot roots than for onion roots (Table 2). Taxa related to the genera
Rhizophagus, Funneliformis, and Diversispora were dominant in the
AMF community colonizing the onion roots (Supplementary Figure
§2). Taxa related to the genera Claroideoglomus and Rhizophagus
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were dominant in the carrot roots (Supplementary Figure S2). Twelve
taxa differed significantly between the two crops (Figure 2). Three
taxa belonging to the genus Diversispora and two taxa belonging to
the genus Funneliformis were significantly more abundant in the
onion AMF communities than in carrot roots, but seven ESVs
belonging to Claroideoglomus were significantly more abundant in
carrot roots than in onion roots (Figure 2).
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FIGURE 2

Differential abundance of taxa belonging to arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of onion and carrot plants grown
in muck soil in a field trial in Holland Marsh, Ontario, Canada. Only taxa with significant differences (g-value <0.05) in relative abundance based on
the Wilcoxon rank-sum test are shown. Each taxon represents an ESV with taxonomic assignment at the genus level.

Effect of mycorrhizal inoculant

seed on AMF communities colonizing roots

In onions, there was a significant effect of

inoculant as a seed coating on the composition of AMF

applied to

communities colonizing the roots, based on the PERMANOVA
(P = 0.003), and multivariate dispersion within the groups (P=

0.932) (Table 1). PCA (A) showed two distinct AMF communities

R. irregularis AMF

in onion plants grown from AMF-coated seeds compared to the
communities in onions grown from non-treated seeds (Figure 3).
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PCA of AMF communites colonizing the roots of carrot plants
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Principal component analysis (PCA) for variation in arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of onion (A) and carrot (B) plants
grown from AMF-coated and untreated seeds in a muck soil in a field trial in Holland Marsh, Ontario, Canada. Values in the X and Y axes indicate percentage
variation in AMF communities contributed by first principal component (PC1) and second principal component (PC2) in by using the Vegan package of R.
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The PCA plot (A) explained a total of 76.3% of the variance in AMF
communities, with PC1 representing 62.6% and PC2 representing a
variance of 13.7% (Figure 3). There was no three-way interaction of
crop * AMF-inoculant s soil phosphorus levels for the richness and
diversity indices (Supplementary Table S3). There was a significant
two-way interaction of crop % AMF-inoculant for richness and
diversity indices (Supplementary Table S3), and this interaction was
used to describe the effect of AMF inoculant on AMF communities
colonizing the roots. The AMF communities colonizing onions
grown from AMF-coated seeds had greater richness, Shannon’s
index and Inverse Simpson’s index compared to non-treated seeds
(Table 2). The increase in the richness of AMF communities of
onions from AMF-coated seeds was unexpected, given that the
inoculant consisted of a single AMF species, R. irregularis. The
relative abundance of four taxa belonging to Rhizophagus and one
taxon belong to Claroideoglomus was significantly greater in onions
grown from AMF-coated seeds than in those grown from non-
treated seeds (Figure 4).

In carrots, there was no significant effect on the composition of
AMF communities colonizing the roots, based on the
PERMANOVA (P = 0.505) and multivariate dispersion within the
groups (P= 0.679) (Table 1). PCA (B) showed different but
overlapping plots for the variation in AMF communities between
carrots grown from AMF-treated and non-treated seeds (Figure 3).
The PCA plot (B) explained a total of 72% variance in AMF

10.3389/fpls.2023.1324626

communities, in which PC1 represented 60.4% and PC2
represented a variance of 11.7% (Figure 3). There was a greater
spread of AMF communities colonizing carrot roots grown from
AMF-coated seeds in the PCA plot (B) (Figure 3). However, this
elliptical spread was primarily driven by two extreme values taht
were identified as outliers (Figure 3B). Furthermore, the treatment
had no significant effect on diversity based on either diversity
indices (Table 2) or differential abundance of taxa (data not shown).

Effect of soil phosphorus levels on AMF
communities colonizing plant roots

In onion, there was no significant effect of the two soil
phosphorus levels on the composition of AMF communities
colonizing roots, based on the PERMANOVA (P = 0.107) and
multivariate dispersion within the groups (P = 0.373) (Table 1). The
PCA plot (A) showed two distinct plots of AMF communities in the
roots of onion plants grown in soil with high vs. low phosphorus,
with some overlap (Figure 5). The PCA plot (A) explained a total of
76.3% of the variance in AMF communities, in which PC1
represented 62.6% and PC2 represented a variance of 13.7%
(Figure 5). There was no three-way interaction of crop % AMEF-
inoculant * soil phosphorus levels for the richness and diversity
indices (Supplementary Table S3). There was a significant two-way
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FIGURE 4

Differential abundance of arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of onion plants grown from AMF-coated and
untreated seeds in muck soil in a field trial in Holland Marsh, Ontario, Canada. Taxa with significant differences (q-value <0.05) in relative abundance
based on the Wilcoxon rank-sum test are shown. Each taxon represents an ESV, along with taxonomic assignment to the genus level.
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Principal component analysis (PCA) for variation in arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of onion (A) and carrot (B)
plants grown in muck soil with low- and high-phosphorus levels in a field trial in Holland Marsh, Ontario, Canada. Values in the X and Y axes indicate
percentage variation in AMF communities contributed by the first principal component (PC1) and second principal component (PC2) using the Vegan
package of R. The soil pre-plant phosphorus levels were ~46 ppm for the low phosphorus treatment and ~78 ppm for the high

phosphorus treatment.

interaction between crop * soil phosphorus levels for richness
(Supplementary Table S3), and this interaction was used to
describe the effect of soil phosphorus on AMF communities
colonizing the roots. There were no significant differences in
mean richness, Shannon’s and Inverse Simpson’s diversity indices
of AMF communities detected in the roots of onion plants growing
on low- vs. high-phosphorus soils (Table 2). None of the AMF taxa
had significantly different relative abundances in the AMF
communities colonizing the roots of onions grown in low- and
high-phosphorus soils (results not shown).

There was a significant effect of soil phosphorus levels on the
composition of AMF communities colonizing carrot roots, based on
PERMANOVA (P = 0.001) and multivariate dispersion within the
groups (P = 0.367) (Table 1). The PCA plot (B) showed two distinct

AMF communities, with little overlap, in the roots of carrot grown
on low- vs. high-phosphorus soils (Figure 5). The PCA plot (B)
explained a total of 72% of the variance in AMF communities, in
which PC1 represented 60.4% and PC2 represented 11.7%
(Figure 5). The relative abundance of the three taxa belonging to
Claroideoglomus was greater in the roots of carrot grown in high-
phosphorus soil than in those grown in low-phosphorus soil
(Figure 6). The richness of AMF communities colonizing the
roots of carrots grown in low-phosphorus soil was significantly
greater than that of onions grown in either low- or high-phosphorus
soil. There were no significant differences in the mean richness or
Shannon’s and Inverse Simpson’s diversity indices of AMF
communities detected in the roots of carrot plants growing on
low- vs. high-phosphorus soils (Table 2).
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Differential abundance of arbuscular mycorrhizal fungal (AMF) communities colonizing the roots of carrot plants grown in muck soil with low- and
high-phosphorus levels in a field trial in Holland Marsh, Ontario, Canada. Taxa with differences in relative abundance, based on the Wilcoxon rank-
sum test (g-value ~0.1) are shown. Each taxon represents an ESV along with taxonomic assignment to the genus level. The soil pre-plant
phosphorus levels were ~46 ppm in the low phosphorus treatment, and ~78 ppm in the high phosphorus treatment.
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Discussion

Application of the AMF inoculant, R. irregularis to onion
seeds increased the diversity of AMF communities colonizing the
roots of onion plants. This was unexpected because R. irregularis
was the only AMF species in the commercial inoculant. However,
this treatment appeared to have influenced the composition of
AMF communities colonizing the roots. The same AMF inoculant
did not have any effect on the carrot seeds. Thus, applying the R.
irregularis inoculant had a different effect on the diversity and
composition of AMF communities colonizing the roots of the two
plant species belonging to two very different families (Apiaceae
and Amaryllidaceae).

The increase in the richness of AMF communities colonizing
the roots of onion plants grown from R. irregularis-coated seeds was
unexpected because we hypothesized that the AMF inoculant would
reduce AMF diversity as a result of containing a single species of
AME. The relative abundance of Rhizophagus species was
approximately two times greater in the roots of onion plants
grown from AMF-coated seeds than in those grown from
untreated seeds. Rhizophagus inoculant may have outcompeted
native AMF in the field soil to colonize the roots of onion plants,
as competition within AMF communities can exclude some AMF
species (Hepper et al., 1988). Adding AMF inoculant to the seeds
was expected to reduce the richness of AMF communities
colonizing the roots of both onion and carrot plants. It is
important to mention that this study was one year in duration.
Further research is required to confirm this effect of AMF inoculant
as a seed coating on the richness of AMF communities colonizing
the roots of onion vs. carrot. Contrary to these findings, Mummey
et al. (2009) reported reduced richness of AMF communities
colonizing the roots of oxeye daisy (Leucanthemum vulgare L.) in
a pot experiment in a growth chamber with application of an AMF
inoculant consisting of Glomus deserticola Trappe, Bloss and Menge
or G. claroideum Schenck and Sm. However, Antunes et al. (2009)
reported no effect of a commercial AMF inoculant containing R.
irregularis (Premier Tech., Quebec, Canada) on the composition of
native AMF communities colonizing the roots of maize (Zea mays
L.) plants in pot experiments in a greenhouse. The product they
tested was produced by the same company that treated onion and
carrot seeds. The findings of Antunes et al. (2009) support the
results of this study, which showed no effect of AMF inoculant on
the AMF communities colonizing the roots of carrot. However, the
lack of an effect of commercial AMF inoculant on native AMF
communities should be interpreted with caution because there may
be a lag between the application of AMF inoculant and its effects on
native AMF communities (Sakai et al., 2001). Based on these results,
further research, especially in field experiments, is recommended to
determine the effects of AMF inoculants on the diversity of native
AMF communities that colonize the roots of various crops.

In this study, the soil phosphorus level influenced the AMF
communities colonizing the roots of the carrots. The plots had two
levels of pre-plant soil phosphorus: high (~78 ppm) and relatively
low (~46 ppm). According to the OMAFRA guidelines for
classifying soils based on phosphorus levels, soils with
approximately 46 ppm of phosphorus are categorized as having a
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moderate phosphorus level (OMAFRA, 2017). Most of the growers’
fields in Ontario have a soil phosphorus level of more than 60 ppm
(OMAFRA, 2017). In comparison to the soil phosphorus levels in
the growers’ fields, plots with phosphorus levels of ~46 ppm in this
study were considered a low-phosphorus soils. Onion and carrot
were seeded in adjacent plots with each soil phosphorus level, with a
2-m-wide border separating the onion plots from the carrot plots.
Soil phosphorus levels influenced the AMF communities colonizing
the roots of carrots, but there was no significant effect on onion
plants based on the PERMANOVA. Multivariate dispersion
validated the results of the PERMANOVA. However, soil
phosphorus levels had no effect on richness and diversity based
on diversity indices. Therefore, it is difficult to conclude whether
diversity is affected by soil phosphorus levels. Gosling et al. (2013)
reported variations in response of AMF communities colonizing the
roots of three plant species in relation to soil phosphorus levels in
the same field. The diversity of AMF communities colonizing the
roots of maize and soybean (Glycine max L.) decreased with an
increase in soil phosphorus level, but there was no effect on field
violet (Viola arvensis L.) grown in the same sandy loam soil in
Warwick, UK, with phosphorus content ranging from 10 ppm to
280 ppm (Gosling et al., 2013). The negative effect of high soil
phosphorus on AMF communities colonizing roots has been
reported by many researchers, e.g., du Toit et al. (2019); Hijiri
et al. (2006), and van Geel et al. (2015). Some studies have
demonstrated the negative effect of soil phosphorus on AMF in
roots, measured as a reduction in the percentage of root
colonization by AMF using microscopic methods. du Toit et al.
(2019) evaluated the effect of soil phosphorus levels on percentage
root colonization of plants onion grown in a steam-pasteurized
sandy soil to inactivate any native AMF and other soil
microorganisms, inoculated with commercial AMF product
(AGTIV Premier Tech., Quebec, Canada) in a growth chamber.
Application of phosphorus (superphosphate) to increase the soil
phosphorus level to 40 ppm and 80 ppm decreased the percentage
of root colonization by AMF compared to no phosphorus
application (~20 ppm). In this field study in Canada, the
percentage of root colonization by AMF in onion and carrot
plants grown in soil with low and high phosphorus levels was
quantified microscopically as part of a separate project, which
showed 40%-50% of root colonization of both crops, but no effect
of soil phosphorus levels on the extent of root colonization of either
crop (Ilyas et al,, 2018).

The relative abundance of AMF genera detected in carrot roots
was influenced by soil phosphorus levels. The abundance of
Claroideoglomus was greater in AMF communities colonizing the
roots of carrots grown in high- vs. low-phosphorus soils. A recent
study by Chen et al. (2023) also reported the effects of soil
phosphorous (adenosine monophosphate applied at 20 mgkg™"
soil) and host species on AMF communities detected in the roots
of the perennial herbs Solidago canadensis L. and S. decurrens,
compared to soil with no phosphorus applied in a greenhouse study.
The application of phosphorus increased the relative abundance of
Claroideoglomeraceae, and decreased Acaulosporaceae in AMF
communities colonizing the roots of S. decurrens (Chen et al,
2023). In contrast, application of phosphorus increased the
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relative abundance of Glomeraceae, and decreased the abundance of
Diversisporaceae and Acaulosporaceae in S. canadensis (Chen
et al., 2023).

In this field study in Ontario, Canada, plant species was the most
influential factor affecting AMF communities colonizing the roots of
onion and carrot in high organic matter (muck) soil. These results
strongly support the hypothesis that onion and carrot plants grown in
the same ecological zone, even in the same field, can develop different
AMF communities in their roots. Onions and carrots are two
vegetables extensively grown in the Holland Marsh. Onions are
monocotyledonous species belonging to the family Amaryllidaceae,
and carrots are eudicotyledonous species belonging to the family
Apiaceae (Angiosperm Phylogeny Group III, 2009). Overall, the
AMF communities of carrots were richer and more diverse than
those of onions. The effects of plant species on AMF communities
colonizing the roots have been reported by other researchers. Bainard
et al. (2014) reported that the diversity of AMF communities
colonizing roots differed in wheat, pea, and lentil plants growing in
a field on silt-loam soil in Saskatchewan, Canada. Geoffroy et al.
(2017) reported that the richness and composition of AMF colonizing
the roots of taro (Colocasia esculenta L.) plants were different from
those of Pterocarpus species in a swamp forest in Guadeloupe.
Vandenkoornhuyse et al. (2003) reported that the diversity of AMF
communities differed among grass species coexisting in the same plot
in a semi-natural hill pasture near Kelso, UK. Klironomos (2002)
hypothesized that host plants can influence the composition and
diversity of AMF communities in roots by selecting AMF species that
benefit plants in particular environments. Broeckling et al. (2007)
related changes in microbial communities in the rhizosphere to the
root exudates of the host. Similarly, Higo et al. (2015) revealed that
different patterns of root exudation from host plants influenced the
diversity of AMF communities. A study of root exudates of onion and
carrot, and how these exudates influence AMF communities in roots,
would be a promising future research. Future studies are required to
understand how AMF inoculants compete and interact with native
AMEF colonizing the roots of various plant species. AMF produce
lipochitoligosaccharides, known as “Myc factors,” that are involved in
establishment of AMF symbiosis with plant roots (Weidmann et al.,
2004; Kuhn et al,, 2010). It is not known how Myc factors might affect
competition between native and non-native AMF isolates.

In these fungi colonizing the roots of onion and carrot plants were
identified at the genus level by Illumina sequencing. The cutoff for
genus identification was based on a confidence threshold value of 290
for ESVs. Several AMF were identified as species, but most ESVs had
confidence threshold values of <90. A cut-off for species identification
with a confidence threshold of 290 would have removed most of the
data from the analysis. Consequently, all data were included in the
analysis, but identification was limited to the genus level, and identified
species were termed as “potential species.” The DNA fragment
amplified by the primer pair AMV 4.5NF-AMDGR was
approximately 280 bp, making it well suited for Illumina sequencing.
Shorter sequences cannot provide accurate taxonomic resolution for
species-level identification (Hoggard et al,, 2018; Lucking et al., 2020).

In this study, the AMF colonizing the roots of onion and carrot
plants belonged to three orders and three families. Five genera were
identified in the roots of both onion and carrot: Diversispora,
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Claroideoglomus, Funneliformis, Rhizophagus, and Glomus. G.
macrocarpum Tul. and C. Tul. was identified only in the roots of the
onions. These results are comparable to those of Galvan et al. (2009)
and Knerr et al. (2018), who idenfied AMF genera that colonize the
roots of onion crops under field conditions. Galvan et al. (2009)
reported Glomus, Rhizophagus, Archaeospora, and Paraglomus in
AMF communities colonizing the roots of onion plants grown on
clay soils in the Netherlands, which were identified using the NS5-
ITS4i primer pair with RFLP analysis. Knerr et al. (2018) reported
Glomus, Rhizophagus, Claroideoglomus, Acaulospora, Diversispora, and
Paraglomus in the AMF communities colonizing the roots of onion
crops on very sandy soils in the Columbia Basin of the Pacific
Northwest USA, which were identified using the AMV 4.5NF-
AMDGR primer pair by pyrosequencing. Several AMF genera were
common among these studies, but Funneliformis was also found in this
study on a muck soil in Ontario, Canada, whereas Acaulospora and
Paraglomus were found in the sandy soils of the Columbia Basin, USA.
Funneliformis has been reported in AMF communities colonize the
roots of peas, lentils, and wheat in fields in Saskatchewan, Canada,
using the AML1-AML2 primer pair with pyrosequencing (Bainard
et al., 2014).

In the present study, G. macrocarpum in the AMF communities
was not detected in carrot roots. Approximately 15 ESVs belonging to
G. macrocarpum have been identified in the AMF community
colonizing the roots of onion plants. G. macrocarpum was identified
in onion root samples collected from plots of all treatments from each
replicate block in the field trial, which confirmed the presence of G.
macrocarpum throughout the field. Declerck et al. (1998) reported in
vitro colonization of carrot roots by G. macrocarpum. However, the
extent of colonization was limited, and only a few spores of G.
macrocarpum were found in the AMF community colonizing the
roots of carrot compared to other Glomus species (Declerck et al,
1998). It is possible that G. macrocarpum did not compete well with
other AMF species colonizing the roots of carrot plants under the field
conditions in this study on muck soil. Further research is needed to
confirm the ability of G. macrocarpum to colonize the roots of carrots
grown in various soil types and under different field conditions.

Conclusion

This study provides a snapshot of the richness, diversity, and
composition of AMF colonizing the roots of onion and carrot plants
grown in high organic matter (muck) soil at two levels of soil
phosphorus, and the application of the AMF inoculant R. irregularis
as a seed coating. Overall, the results suggest that plant species
(onion vs. carrot) were the most influential factors affecting the
richness and composition of AMF communities under the
conditions of this study. AMF communities colonizing the roots
of carrot plants were more diverse than those of onion plants.
Application of R. irregularis as an AMF inoculant to onion and
carrot seeds increased the richness of AMF communities in onion
roots, but not carrot roots, even though R. irregularis was found to
colonize the roots of both plant species. AMF communities
colonizing the roots of onion and carrot plants included
Diversispora, Claroideoglomus, Funneliformis, Rhizophagus, and
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Glomus spp. The composition of AMF communities in carrot roots
differed between low- and high-phosphorus soils. AMF
communities had a greater abundance of Claroideoglomus in
carrot roots growing in high-phosphorus-muck soil. Soil
phosphorus levels did not affect AMF colonization of the onion
roots. This study also demonstrated that naturally occurring AMF
were present in both onion and carrot plants, even in the presence
of relatively high soil phosphorus in agricultural soil.
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