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A B S T R A C T

Although oomycete species can contribute to significant losses in soybean plant density, root mass and yield,
they are often underrepresented in high-throughput sequencing studies. In this study, soybean oomycete rhi-
zosphere communities were characterized over two years from locations with and without historical disease
pressure. The goals of this research were to examine the effect of location, soybean genotype, and seed treatment
on oomycete communities. Soybean oomycete rhizosphere communities were dominated by Pythium, but
community composition differed depending on the location and year. Pythium ultimum var. ultimum was the most
abundant oomycete OTU accounting on average for> 30% relative abundance in high disease pressure sites.
However, sites without historical disease pressure were not devoid of oomycete plant pathogens indicating that
historical disease pressure may be due to an imbalance of species, rather than simply the presence or absence of
highly pathogenic species. High-disease pressure sites contained more oomycete taxa and were less even. There
was no substantial evidence of seed treatment or soybean genotype impacting oomycete community composition
or diversity, however, plant density and root biomass increased with the addition of neonicotinoid insecticides.
Overall, this study represents an improvement of our understanding of oomycete communities in soybean rhi-
zosphere and the impacts of agronomic factors on oomycete diversity.

1. Introduction

Soybean (Glycine max (L.) Merr) is regarded as a critical crop for
global food security (Singh, 2007). With a worldwide harvest of
223million tons, soybean is ranked the fourth most important crop
worldwide (Hartman et al., 2011). Successful seed germination and
emergence are essential for soybean establishment in fields, but many
pathogens can kill soybean plants. Some of the most destructive pa-
thogens are oomycetes, such as the genera Pythium and Phytophthora,
which can infect the host in both the seed (pre-emergence) or seedling
(post-emergence) stages. Symptoms of oomycete seeding rot can in-
clude dead seeds or seedlings, water-soaked lesions along the hypocotyl
and stem, root-mass reduction, seedling stunting, and reduced seedling
vigor.

Moreover, even when disease is not severe enough to cause plant
death, seedling rot can negatively influence yield (Martin, 2009;
Lévesque, 2011). Seedling disease has increased with the move to
minimum or no-till production systems and earlier planting dates.
Minimum or no-till production systems increases crop residue in fields.

However, crop residues also act as a reservoir for pathogen inoculum
and slow soil warming. While earlier planting dates increases the
growing season and promotes higher yield potential, it also exposes
seedlings to cooler soils and unfavorable conditions for growth that can
lead to greater seedling disease (Vossenkemper et al., 2016; Pankhurst
et al., 1995; Larkin, 2015).

In previous studies, over 80 oomycetes species belonging to genera
Phytophthora, Pythium, Phytopythium, and Aphanomyces were identified
to be associated with soybean seedlings (Rojas et al., 2017a, 2017b;
Broders et al., 2009; Zitnick-Anderson and Nelson, 2015). While some
oomycetes such as Phytophthora sojae or Pythium ultimum are well
known to be pathogenic, others are weakly pathogenic or may be my-
coparasitic or entomopathogenic (Martin and Loper, 1999; Paul, 1999;
Su et al., 2001; Scholte et al., 2014; Ribeiro and Butler, 1995) sug-
gesting potential complex and multi-kingdom interactions. Therefore,
studying the oomycete community and its association with disease se-
verity and agricultural practices will provide information for improved
oomycete disease management.

Traditional culture-based surveys have been used to survey
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oomycete communities and have provided important knowledge of
these organisms. However, a significant disadvantage of this metho-
dology is the labor needed for pathogen isolation, characterization, and
maintenance (Rojas et al., 2017a; Coffua et al., 2016). Culture-based
surveys may also have biases by the isolation protocol or the culture
medium used, and some oomycete species are fastidious or hard to
culture (Bakker et al., 2017). An alternative methodology is a culture-
independent approach using high-throughput amplicon sequencing or
metabarcoding, which has been a widely used technique to provide a
more comprehensive understanding of microbial community composi-
tion. Metabarcoding studies of bacteria or fungi have been applied to
understand the association between microbial community and traits of
interest, but metabarcoding studies of oomycetes are less common de-
spite their importance in plant disease, ecosystem function, and com-
munity assembly (Agler et al., 2016). With a curated oomycete ITS
database (Robideau et al., 2011) and improved strategies to pre-
ferentially amplify oomycete ITS sequences from environmental sam-
ples (Sapkota and Nicolaisen, 2015; Riit et al., 2016; Taheri et al.,
2017), there is an increasing interest and ability to characterize oo-
mycete communities using metabarcoding (Rojas et al., 2019; Agler
et al., 2016; Coince et al., 2013; Vannini et al., 2013; Sapkota and
Nicolaisen, 2015; Singer et al., 2016; Bakker et al., 2017; Riit et al.,
2016; Durán et al., 2018; Coffua et al., 2016; Cerri et al., 2017).

It has been recognized that location and edaphic factors are domi-
nant drivers of oomycete community structure (Rojas et al., 2017a,
2017b; Broders et al., 2009; Zitnick-Anderson et al., 2017; Taheri et al.,
2017). However other agronomic factors have not been examined in
detail. For example, soybean genotypes have been shown to recruit
different beneficial bacterial taxa (Mendes et al., 2014). Additionally,
there are inter- and intraspecific variation in sensitivity to anti-oomy-
cete chemicals (oomicides) used within soybean seed treatments
(Broders et al., 2007; Matthiesen et al., 2016; Noel et al., 2019; Radmer
et al., 2016; Weiland et al., 2014) suggesting the possibility of specific
oomycete lineages being selected or counter-selected in the soybean
rhizosphere in the presence of different oomicide-genotype combina-
tions. Moreover, because soybean seed treatments usually contain oo-
micides along with many other active ingredients such as fungicides,
nematicides, or insecticides, the likelihood of these chemicals to influ-
ence seedling rot diseases or shape the structure of oomycete commu-
nities is considerable. Soybean seed treatments have been observed to
be more effective in field sites in Allegan county of Michigan, where
heavy seed and seedling disease has been observed (Rossman et al.,
2018). Herein, this study aimed to provide a profile of the oomycete
community present in soybean rhizosphere soils and compare the
structure of oomycetes communities between high disease pressure
fields in Allegan county and low disease pressure field sites in Ingham
county of Michigan. To accomplish this we used next generation am-
plicon sequencing to characterize oomycete communities between
these two counties in two years. We investigated the association be-
tween oomycetes community and disease severity as well as seed
treatments, soybean genotype, and identified the differences in oomy-
cete communities that may link to the difference in disease pressures
observed between these sites.

2. Materials and methods

2.1. Experimental design and field setup

Field experiments were set up in two locations, Allegan county
(with high disease stress) and Ingham county (with low disease stress)
of Michigan, in two years (2015 and 2016). In each location-year
combination, a complete randomized factorial design with four soybean
genotypes, four treatments, and six replicates was set up in plots
(6.10 m by 3.05m), which resulted in a total of 96 plots in each of four
location-year combinations. All Asgrow genotypes used in this study
had a Phytophthora root rot tolerance rating of 4 or 5, on a scale of 1–9

where 9 is the best score possible. Additionally, Asgrow varieties were
documented to contain the Rps1 gene for resistance to certain
Phytophthora sojae races. Pioneer varieties had a Phytophthora root rot
tolerance of 4 on a scale of 1–9 where 1 is the best score. Pioneer
variety P26T76R contained Rps1K gene for resistance to certain
Phytophthora sojae races. It was unknown if other varieties used in this
study contained Rps genes. Full seed treatment formulations and ap-
plication rates were described in Rossman et al. (2018). In brief, seed
treatments used in this study were generalized based on the target
pests, herein abbreviated as non-treated control (NTC), fungicides (F),
fungicides plus insecticides (FI), and fungicides plus insecticides plus a
biological control nematode protectant (FIN) (Supplemental Table 1).
The fungicide component contained the oomicides metalaxyl or mefe-
noxam. Soybean seeds were planted 3.8 cm below ground, in six rows
with 38 cm row spacing, and at a seeding rate of 395,000 seeds ha−1. In
all locations, the crop planted in the previous growing season was corn.
The coordinates, planting dates, plant sampling dates, and precipitation
occurring two weeks after planting for each location-year combination
along with bulk soil texture and nutrient levels as characterized by the
MSU Soil and Plant Nutrient Laboratory were documented (Table 1).
Soil classification in Allegan 2015 and 2016 was a Brady Sandy Loam
(mesic Aquollic Hapludalfs). In 2015, the soil in Ingham was a Conover
Loam (mesic Aquic Hapludalfs), but was a Corunna Sandy Loam (mesic
Typic Hapludalfs) in 2016 (Soil Survey Staff, 2010).

2.2. Sample collection

For each location-year combination, three measurements were
taken for disease stresses, including plant density, root biomass, and
yield. The four middle rows in each six-row plot were harvested for
yield quantification at the end of the season, and plant density was
measured by counting the number of emerged soybeans in two of the
four harvested rows of each plot at the first trifoliate growth stage.
Meanwhile, rhizosphere samples were collected from two side rows
(non-harvested rows) of ten random emerged plants (excluding plants
in 2.74m from either end of a row) were collected in each non-har-
vested row. Loosely adhering soil was shaken from the roots, and these
twenty plants were pooled to represent a plot and stored together on ice
and transported to the lab for processing the following day. Root tissue
was determined based on the soil line, and ten random roots were cut,
washed with tap water, and oven dried before measuring the root
biomass. The remaining ten roots were used for rhizosphere soil col-
lection. Rhizosphere soil was washed from roots by vortexing for 15 s in
a 50ml tube with 35ml 10mM NaCl solution (Shakya et al., 2013).
Roots were removed from the tube, and the solution was centrifuged for
10min at 1685 G to pellet rhizosphere soil. The supernatant was dec-
anted, and the rhizosphere pellet was frozen at −20 °C then lyophilized
and stored in sterile coin envelopes with a desiccant before DNA ex-
traction.

2.3. Oomycetes ITS1 amplification and sequencing

For rhizosphere soil samples, total DNA was extracted from 0.35 g of
lyophilized rhizosphere soils using the Qiagen PowerMag® Soil DNA
Isolation Kit (Toronto, ON, Canada) following the manufacturer's re-
commendations. A DNA extraction negative control and artificial oo-
mycetes community (Rojas et al., 2019) containing the genomic DNA of
15 oomycete species mixed equivalently and adjusted to a final con-
centration of 0.05 ng μl-1 were included in polymerase chain reaction
(PCR) amplification for internal transcribed spacer 1 (ITS1) of oomy-
cetes using a three-step PCR program modified based on the protocol
from Lundberg et al. (2013) which uses primers with frameshifts to
increase nucleotide diversity and avoid a Phix spike-in. In the PCR step
one, samples were amplified using primers ITS6 (5′-GAAGGTGAAGTC
GTAACAAGG-3′) and ITS7 (5′-AGCGTTCTTCATCGATGT-3′) (Cooke
et al., 2000) with an annealing temperature of 59 °C, which
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preferentially amplifies oomycetes ITS1 while minimising fungal ITS
amplification (Sapkota and Nicolaisen, 2015). In the PCR step two and
step three, ITS1 amplicons were amplified by frameshift primers and
then by a 10 bp barcode plus Illumina adapters, respectfully. All PCR
steps contained a final concentration of 1× buffer, 0.2mM dNTP,
0.8 mgml−1 bovine serum albumin (BSA), 0.2 μM primers and 1 U
DreamTaq Polymerase (ThermoFisher Scientific, USA) and 2 μl DNA
template for the PCR step one and step two. The PCR step three con-
tained 4 μl of aliquots from PCR step two. Thermal cycling conditions
for PCR step one were as followed: 95 °C for 5min followed by 15 cycles
of 95 °C for 15 s, 59 °C for 30 s and 72 °C for 30 s followed by a final
extension at 72 °C for 7min. Thermal cycling conditions for PCR step
two were as followed: 95 °C for 5min followed by 10 cycles of 95 °C for
20 s, 57 °C for 30 s and 72 °C for 35 s followed by a final extension at
72 °C for 7min. Thermal cycling conditions for PCR step three were as
follows: 95 °C for 5min followed by 10 cycles of 95 °C for 20 s, 63 °C for
50 s and 72 °C for 1min 20 s followed by a final extension at 72 °C for
7min. PCR products were normalized using SequalPrep™ Normal-
ization Plate Kit (ThermoFisher Scientific, USA), pooled then con-
centrated 20:1 with Amicon® Ultra 0.5mL filters (EMDmillipore, Ger-
many). The amplicon library was purified and size selected with
Agencourt AMPure XP magnetic beads at 0.6× sample to bead volume
(Beckman Coulter, USA) and subsequently paired-end sequenced
(2×250 bp) on an Illumina MiSeq using the v2 500 cycles kit (Illu-
mina, USA).

2.4. Data processing

ITS1 paired-end reads were quality evaluated with FastQC and then
demultiplexed according to sample barcodes in QIIME 1.9.1 (Caporaso
et al., 2010). Primers were removed from reads with Cutadapt 1.8.1
(Martin, 2011), and then quality filtered using USEARCH 9.1.13 (Edgar,
2010) based on read quality and expected error threshold obtained
from VSEARCH stats 2.3.2 (Rognes et al., 2016). Qualified reads were
then trimmed to equal length and singletons were removed using
USEARCH 9.1.13 (Edgar, 2010). De novo OTU clustering was per-
formed based on 97% similarity using the UPARSE algorithm, which
includes a chimera detection step (Edgar, 2013). An OTU table was
generated using a custom python script and taxonomy was assigned to
each OTU using CONSTAX with a confidence threshold of 80%
(Gdanetz et al., 2017). This algorithm generates a consensus taxonomy
from the Ribosomal Database Project (RDP) naïve Bayesian Classifier
(Wang et al., 2007), UTAX (Edgar, 2013), and SINTAX (Edgar, 2016)
classifiers. The reference database used for taxonomy assignment in-
cluded the curated oomycete ITS sequences from Robideau et al.
(2011), LéVesque and De Cock (2004), and the UNITE version 7.2
1.12.2017 fungal database (UNITE community, 2017). OTUs that were
identified as fungal were removed from further analysis. OTU se-
quences identified in the phylum Oomycota were BLAST searched
against the NCBI nucleotide database (accessed January 2019) to cor-
roborate taxonomy assignments. If CONSTAX assigned an OTU to a
species or if the top BLAST matched an OTU sequence to a species with
over 90% identity and a bitscore ≥300, the OTU was grouped to oo-
mycete clades according to Robideau et al. (2011) and LéVesque and De
Cock (2004). Samples with< 1000 reads were dropped from analysis
due to low sequencing coverage.

2.5. Statistical analysis

Data were imported into R 3.2.2 (R core team 2016) and analyzed
using the packages ‘phyloseq’ 1.24.2 (McMurdie and Holmes, 2013)
and ‘vegan’ 2.5.3 (Oksanen et al., 2018). All samples were rarefied to
the minimum reads per sample (i.e., 1522 reads) before α-diversity
analysis (Supplemental Fig. 1). Alpha-diversity was estimated for each
sample, and only OTUs observed more than once were used before
estimating α-diversity. OTU richness (S), Shannon diversity (H′), andTa
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Plieou's evenness (J) were used as α-diversity metrics. Non-metric
multidimensional scaling (NMDS) (k=2) was performed on Bray-
Curtis distances to examine differences in beta-diversity (Bray and
Curtis, 1957). A permutational multivariate analysis of variance
(PERMANOVA) on Bray-Curtis distances, was used to test for differ-
ences in community centroids due to location, year, seed treatment,
soybean genotype, and all interactions using the ‘adonis2’ function in
the package ‘vegan’. Differences in community multivariate dispersion
were tested with the ‘betadisper’ function in the R package ‘vegan’.
Stepwise model building was used to select a constrained model for

input into distance-based redundancy analysis (db-RDA) to examine the
variation in Bray-Curtis distances due to plant density, root biomass,
and yield. A Monte-Carlo permutation test was used to test the sig-
nificance of constrained factors within db-RDA. Indicator species ana-
lyses was performed using the package ‘indicspecies’ 1.7.6 to identify
OTUs significantly associated with covariates (De Caceres and
Legendre, 2009).

Fig. 1. The effect of location tested within year on plant density (A), root biomass (B) and yield (C) of plants from non-treated seed across all genotypes. t-Test P value
is shown within each figure.
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2.6. Data availability

OTU table, metadata, and taxonomy files along with code are
available on (https://github.com/noelzach/Oomycete-Amplicon-Seq-
Soybean-Rhizosphere). Raw sequence data and metadata were de-
posited in the Harvard Dataverse (https://doi.org/10.7910/DVN/
30IEJJ) (Noel, 2019).

3. Results

3.1. Overview of experimental design and factors

A two-year field study in two locations where one with high disease
stress (Allegan county of Michigan) and another with low disease stress
(Ingham county of Michigan) was established to understand the asso-
ciation among genotypes, seed treatments, and oomycete rhizosphere
communities to the severity of soybean root and seed rotting diseases.
Among three disease severity measurements, plant density was the most
consistent indicator as it was lower in Allegan than Ingham in both
years, especially for 2015 where Allegan had on average 17.62 plants
m−2 compared to Ingham which had on average 31.72 plants m−2

(Fig. 1A). Root biomass and yield reflected this tendency, but the re-
duction of root biomass and yield in Allegan was more evident in 2015
than 2016 (Fig. 1B and C).

In Allegan, plant density and root biomass was significantly higher

for the FIN treatment compared to the NTC for all genotypes tested for
both years. However, no significant difference in either plant density or
root biomass was observed when F was applied in Allegan alone, which
indicated the influence of FI or FIN interaction was more important in
determining the outcome of plant density and root biomass. There was
no significant improvement in plant density, root weight, or yield due
to seed treatment in Ingham regardless of the soybean genotype
(Supplemental Table 2).

3.2. Oomycete community composition in soybean rhizospheres

In respect to the difference in the disease severity difference be-
tween Allegan and Ingham counties (Rossman et al., 2018), an ITS-
amplicon sequencing strategy was applied to illuminate the structure
and composition of oomycetes communities from 362 rhizosphere
samples between these two locations. A total of 2,628,469 quality fil-
tered reads were obtained, and after data processing, reads were clus-
tered into 621 OTUs of which over half (62%) were classified into the
Kindom fungi. Among these OTUs, 230 OTUs were assigned to the
kingdom Stramenopila, and 219 of the Stramenopila OTUs were clas-
sified into phylum Oomycota using CONSTAX. In summary, 219 oo-
mycete OTUs were identified from a total of 361 rhizosphere samples
from Allegan and Ingham.

The most abundant genus was Pythium at 86.3% across the rhizo-
sphere samples. Phytophthora comprised 3.2% and the genera

Fig. 2. (A) Genus-level relative abundance of oomycete communities for each year-location combination. (B) Clade-level relative abundance of oomycete OTUs in the
genera Pythium, Phytophthora, and Phytopythium. (C) Mean relative abundance of OTUs where the OTU was observed>2% mean relative abundance at least one site.
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Lagenidium, Apodachlya, Albugo, Plasmopara, Phytopythium, Peronospora,
Hyaloperonospora, Brevilegnia, Plectospira, and Achlya together com-
prised of 1.8% across rhizosphere samples, and 8.7% of the OTUs were
not confidently assigned to an oomycete genus (Fig. 2A). Pythium clade
I (including important pathogenic species like the Pythium ultimum
species complex, and Pythium heterothallicum) was the most abundant
clade in Ingham 2015, Allegan 2015, and Allegan 2016 making up
66.3%, 55.0%, and 44.4% across the rhizosphere samples. In Ingham
2016, Pythium clade F (including important pathogen species like Py-
thium irregulare and Pythium sylvaticum) was most abundant making up
41.1% of the reads (Fig. 2B). The most abundant OTU was identified as
Pythium ultimum var. ultimum (OTU1 in Pythium clade I) and was found
in Ingham 2015, Allegan 2015, and Allegan 2016 (Fig. 2C), while an
unidentified Pythium species (OTU2 in Pythium clade F) was the most
abundant in Ingham 2016 (Fig. 2C). Other frequently observed OTUs
were identified as Pythium heterothallicum (OTU 3 and 7 in Pythium
clade I), which was present in all location-year combinations. Phy-
tophthora sojae (OTU 102), an important soybean pathogen, was de-
tected in this study but was not highly abundant compared to OTUs
within the Pythium genus, and was therefore not considered the primary
pathogen associated with disease symptoms in this study.

3.3. α-Diversity analysis for Allegan and Ingham

In order to understand the oomycete communities, α-diversity was
estimated for each year-location combination. There was no significant
difference in Shannon index (H′) between locations (Fig. 3A). However,

when the diversity was broken down into Plieou's evenness (J) and
richness (S), the richness was significantly higher in Allegan than
Ingham in 2015 (P < 0.0001) (Fig. 3B) whereas the evenness was
significantly lower in Allegan than Ingham in 2015 (P < 0.01)
(Fig. 3C). Additionally, there were no significant differences in α-di-
versity metrics due to genotype or seed treatment within any location-
year combination, indicating the α-diversity of oomycete communities
may be relatively similar and that they are not affected by soybean
genotype or seed treatment.

3.4. β-Diversity analysis and identification of unique oomycete communities
in Allegan

Rhizosphere communities were highly clustered based on location
and year, and the interaction contained significantly different centroids
(P < 0.001) and multivariate dispersion (P < 0.001) (Fig. 4A). Si-
milar to α-diversity, neither soybean genotypes nor seed treatment in-
fluenced β-diversity. Most oomycetes OTUs were associated with mul-
tiple year-location combinations but, there were 21 OTUs uniquely
associated with Allegan 2015 (Fig. 4B; Table 2). These 21 OTUs, unique
to Allegan 2015 included OTUs identified as Pythium ultimum var. ul-
timum, Pythium heterothallicum, Pythium irregulare, and Laganidium gi-
ganteum, and Pythiaceae sp. which added up to 5.61% relative abun-
dance (Table 2).

Focusing on Allegan 2015, a model selection in the distance-based
redundancy analysis (db-RDA) pointed out a significant association
between oomycetes community and plant density (P < 0.001) and root
biomass (P < 0.005), but not yield based on Monte-Carlo permutation
tests. However, only 3.89% of the total variation in oomycete com-
munities could be attributed to plant density and root biomass.
Rhizosphere samples from plots with increased plant density and root
biomass were associated with positive db-RDA1 scores. Rhizosphere
samples from plots with increased root biomass were more associated
with positive db-RDA2 scores, whereas samples with increased plant
density were more associated with negative db-RDA2 scores (Fig. 5A).

Among plots in Allegan 2015, OTU18 Pythium sp. nov (Clade B) was
significantly associated with higher plant density and OTU41 Pythium
ultimum var. ultimum (Clade I) was significantly associated with higher
root biomass. On the other hand, OTU135 Saprolegniaceae sp. was
significantly associated with lower plant density and OTU71 Oomycete
sp. was significantly associated with lower root biomass (Table 3).
Among these OTUs identified from indicator species analysis, OTU41
and OTU71 were also found to be unique to Allegan 2015 (Table 2),
which indicates their potential importance in the association between
oomycetes communities and disease severity at Allegan.

4. Discussion

This study was motivated by the observation of consistent and more
severe seedling disease in Allegan field sites compared with Ingham.
Therefore, this two-year field study was conducted to profile oomycete
communities from over 300 soybean rhizosphere soils, and also to ex-
amine the effect of other agronomic factors such as seed treatment and
soybean genotype on disease, which have not been examined in detail
in previous studies. As observed in Rossman et al. (2018), disease
pressure was higher in Allegan than in Ingham, especially in 2015
where plant density and root biomass were significantly reduced
compared to Ingham (Fig. 1). Oomycete community profiles were dif-
ferent depending on location and year (Fig. 4A). Disease symptoms
most consistent with oomycete disease pressure were most prominent
in Allegan 2015 and oomycete communities were associated with var-
iation in plant density and root biomass in Allegan 2015, and unique
OTUs associated with high disease pressure were identified.

In all location-year combinations, oomycete communities in soy-
bean rhizosphere samples were dominated by Pythium. Notably, this
included important pathogenic species like Pythium ultimum var.

Fig. 3. Influence of location on oomycete alpha diversity within year as esti-
mated by (A) Shannon diversity index (H′) and (B) richness (S) and (C) Plieou's
evenness (J). t-Test P value is shown within each figure.
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ultimum and Pythium heterothallicum and putatively beneficial oomy-
cetes. For example, OTU4 was identified as a Pythium sp. in clade D
with a 100% match to Pythium oligandrum and had 3.62 and 3.51%
mean relative abundance in Allegan 2015 and Ingham 2016. Pythium
oligandrum, Pythium acanthicum, and Pythium periplocum are well-known
soil-dwelling antagonists of fungi and oomycetes (Martin and Loper,
1999; Paul, 1999; Ribeiro and Butler, 1995). An OTU identified as
Lagnenidium gigateum, an entomopathogenic oomycete, was also ob-
served in soybean rhizospheres.

The observation of Pythium dominance in the soybean rhizosphere
corroborates observations of other culture-based and culture-in-
dependent metabarcoding studies where Pythium was dominant in

agricultural soils (Rojas et al., 2017a, 2017b; Broders et al., 2009;
Taheri et al., 2017; Coince et al., 2013; Vannini et al., 2013; Sapkota
and Nicolaisen, 2015; Singer et al., 2016; Bakker et al., 2017; Riit et al.,
2016; Durán et al., 2018; Coffua et al., 2016; Sapp et al., 2018; Schlatter
et al., 2018). Historically, soybean breeding efforts have primarily fo-
cused on Phytophthora sojae because of its gene-for-gene interaction
with soybean R gene products (Dorrance and Grünwald, 2009). Ad-
ditionally, Phytophthora sojae can cause characteristic mid-season stem
rot and kill mature soybean plants leading to noticeable losses. There
have been few studies focused on Pythium resistance breeding (Rosso
et al., 2008; Rupe et al., 2011; Kirkpatrick et al., 2006; Lin et al., 2018;
Stasko et al., 2016; Ellis et al., 2013) but genetic resistance is not

Fig. 4. Between sample diversity of oomycete rhizosphere communities. (A) Non-metric multidimensional scaling ordination of soybean rhizosphere oomycete
communities based on log-transformed and Wisconsin double standardized Bray-Curtis distances. Point shapes represent year (2015 or 2016) sampled and color
represents location (Ingham or Allegan). Ellipses represent 95% confidence interval of a multivariate normal distribution for each year-location combination. (B)
Venn-diagram or the number of OTUs significantly associated with each year-location combination.
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intentionally applied in the field as it is for Phytophthora sojae.
Despite the lack of observed disease pressure in Ingham, it was not

due to an absence of pathogenic oomycete species. The most abundant
oomycete OTUs in Ingham 2015 was identified as Pythium ultimum var.
ultimum, and Pythium heterothallicum, yet little disease was observed.
Allegan in 2015 was on average less even than Ingham 2015 indicating
that although Allegan 2015 contained more OTUs than Ingham 2015,
rhizosphere samples were dominated by fewer taxa. The most abundant
OTU in Allegan 2015 was identified as Pythium ultimum var. ultimum.
This species is a well-known opportunistic plant pathogen notorious for
infecting plants at early developmental stages and under stress.
According to the PRISM Climate Group database (Prism Climate Group,

Oregon State University, 2016), in 2015 Allegan county Michigan ex-
perienced 46.61mm of rain two weeks after planting. Over half of this
rain (26.86 mm) occurred two days after planting. A similar amount of
rain occurred in Ingham, but it was distributed across two weeks fol-
lowing planting, rather than as a pulse event two days after planting.
The weather may have increased favorable conditions for oomycete
growth and stressed germinating seeds. The same weather trends did
not occur in 2016, when both locations received< 10mm rain in the
two weeks following planting.

There were 21unique oomycete OTUs which were significantly as-
sociated with Allegan 2015 based on indicator species analysis.
Notably, OTU41, identified as Pythium ultimum var. ultimum was sig-
nificantly associated with higher than average plant density in Allegan
2015, perhaps indicating that increased resource availability provided
by increased plant density and root mass is attractive to some oomycete
taxa. Interestingly, OTU1 was also identified as Pythium ultimum var.
ultimum and was the most abundant in Allegan 2015 but was associated
with both high and low plant density. Based on this observation it could
be hypothesized that with increased niche space provided by increased
plant density allowed for multiple Pythium ultimum genotypes to co-
exist. A pairwise sequence comparison of OTU 1 and OTU 41 indicated
that the ITS1 regions sequenced were 9.17% different, indicating con-
siderable genetic differences within the Pythium ultimum species com-
plex associated with soybean within the same field location. In
Michigan greenhouses 65 multilocus genotypes of Pythium ultimum
were recovered (Del Castillo Múnera et al., 2019). Future studies could
examine this in more detail by with more in-depth population genetics.

The results of the db-RDA indicated that although small, some
variation in plant density and root biomass was attributed to oomycete
community composition in Allegan 2015. Other edaphic factors such as
soil pH and soil temperature could also explain why disease pressure
was not observed in Ingham field sites, as these factors can influence
pathogenicity (Martin and Loper, 1999; Rojas et al., 2017a). Future
studies should include soil chemical properties for each sample to relate
specific edaphic factors to oomycete communities. It is possible that
disease stress did not merely result from the presence or absence of
pathogens; instead, it depends on the evenness of pathogens with the
possibility of facilitative interactions between oomycetes and other
organisms. An observation to support this statement is plant density,
and root biomass was significantly higher in plots with the (FIN)
treatment compared to the non-treated control (NTC) but not for the F
or FI seed treatments (Supplemental Table 2). On the other hand, there
was no significant improvement in plant density, root weight, or yield
due to seed treatment in Ingham regardless of the soybean genotype

Table 2
Operational taxonomic units (OTUs) significantly associated uniquely with
Allegan 2015.

OTU Taxonomy Mean % relative
abundance ± SE

Association
statistic

P value

OTU447 Pythiaceae sp. 2.418 ± 0.327 0.888 0.005
OTU91 Pythium sp. 0.168 ± 0.077 0.228 0.005
OTU42 Oomycetes sp. 0.409 ± 0.256 0.616 0.005
OTU81 Pythium

monospermum
0.350 ± 0.093 0.470 0.005

OTU41 Pythium ultimum
var. ultimum

0.293 ± 0.068 0.492 0.005

OTU34 Pythium irregulare 0.311 ± 0.099 0.502 0.005
OTU64 Saprolegniaceae sp. 0.128 ± 0.047 0.340 0.005
OTU90 Phytopythium litorale 0.175 ± 0.048 0.409 0.005
OTU111 Pythium sp. 0.117 ± 0.039 0.511 0.005
OTU63 Pythium

heterothallicum
0.277 ± 0.043 0.741 0.005

OTU115 Oomycetes sp. 0.132 ± 0.047 0.351 0.005
OTU71 Oomycetes sp. 0.189 ± 0.058 0.452 0.005
OTU50 Pythiales sp. 0.280 ± 0.189 0.231 0.020
OTU94 Phytophthora

nicotianae
0.076 ± 0.051 0.233 0.005

OTU130 Apodachlya
brachynema

0.043 ± 0.016 0.282 0.005

OTU120 Lagenidium
giganteum

0.028 ± 0.012 0.255 0.005

OTU157 Oomycetes sp. 0.110 ± 0.057 0.390 0.005
OTU124 Pythium sp. 0.067 ± 0.047 0.181 0.035
OTU337 Lagenidium

giganteum
0.004 ± 0.002 0.209 0.015

OTU178 Peronospora sp. 0.029 ± 0.018 0.209 0.010
OTU336 Saprolegniaceae sp. 0.005 ± 0.002 0.233 0.005
Total 5.609

Fig. 5. Association of oomycete communities with plant
density and root biomass in Allegan 2015. Distance based
redundancy analysis (db-RDA) of rhizosphere oomycete
communities based on log-transformed and Wisconsin
double standardized Bray-Curtis distances in Allegan 2015.
Variation in root biomass and plant density were sig-
nificantly associated with oomycete community composi-
tion based on a Monte Carlo permutation test. Arrows re-
present direction of increasing root biomass and plant
density. Points represent plots sampled are scaled to the
mean root biomass per plant and colored by mean plant
density.
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(Supplemental Table 2). These results indicate that the possibility of
soil pests (insects or nematodes) feeding on roots might elevate the risk
of oomycete infection and disease stress.

Interestingly, two OTUs identified as Lagnidium giganteum were
unique to Allegan 2015 (Table 2). Members of the Lagnidium genus are
known pathogens of animal hosts and the presence of these isolates
along with the observation of increased plant stand with insecticides is
intriguing. Facilitation of plant death by pathogenic oomycetes may be
influenced by the presence of insects or nematode damage allowing
more accessible entry into plant tissue (Graham and McNeill, 1972;
Willsey et al., 2017). Furthermore, neonicotinoid insecticides can in-
duce systemic acquired resistance (SAR) and prime plant defenses (Ford
et al., 2010). Insect larval root feeding injury, presumably from seed-
corn maggot (Delia platura) has been observed in Allegan field sites, but
extensive insect surveys were not conducted since incidence was not
above an economic threshold (Rossman et al., 2018). Additional study
using metagenome sequencing may reveal other pests or organisms in
Allegan, and analyses on multiple organisms together with oomycetes
may improve the explanation of variance.

5. Conclusions

Oomycetes are important drivers of community assembly but are
often overlooked and an understudied portion of the plant microbiome
(Agler et al., 2016). This study represents a 2-year field survey of oo-
mycete communities from a location previously observed to have high
disease pressure compared to one that did not. Interestingly and un-
expectedly, seed treatments and plant genotype did not have a sub-
stantial impact on oomycete community structure, despite their im-
provement to plant density and root biomass in sites with higher disease
pressure. Oomycete communities were different based on location;
however, field sites without historical disease pressure were not devoid
of pathogenic oomycetes. Therefore, we hypothesize that possible
dominance of pathogenic oomycete species, oomycete interactions with
edaphic factors, weather conditions at planting, and possible interac-
tions with other soil-dwelling organisms are responsible for the disease
pressure observed. In conclusion, this study improves our under-
standing of oomycete diversity in soybean rhizosphere which will aid in
recommendations for plant breeders and oomicide seed treatment re-
commendations. Future studies are encouraged to integrate oomycetes
with fungal, bacteria and soil fauna datasets for understanding disease
factors in the plant microbiome.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsoil.2019.103435.

Acknowledgements

This project was supported by Agriculture and Food Research
Initiative competitive grant number 2011-68004-30104 from the USDA
National Institute of Food and Agriculture, USDA National Institute of
Food and Agriculture (MICL08541), Michigan Soybean Promotion
Committee, United Soybean Board, North Central Soybean Research
Program. We would also like to acknowledge Steven Gower from
Asgrow, Phil Schneider and Kerrek Griffes from Gratiot Agricultural
Professional Services, and Karen Zuver from Pioneer for supplying the

seed used in this study. We would like to thank John Boyse and Randy
Laurenz for management of the field trial plots. We would also like to
thank Dr. Gian Maria Niccolò Benucci, Reid Longley, and Dr. Gregory
Bonito for critical review of this manuscript.

Declaration of competing interest

The authors declare no conflicts of interest.

References

Agler, M.T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.T., Weigel, D., Kemen, E.M., 2016.
Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS
Biol. 14, e1002352. https://doi.org/10.1371/journal.pbio.1002352.

Bakker, M.G., Moorman, T.B., Kaspar, T.C., Manter, D.K., 2017. Isolation of cultivation-
resistant oomycetes, first detected as amplicon sequences, from roots of herbicide-
terminated winter rye. Phytobiomes 1, 24–35.

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest community of southern
Wisconsin.pdf. Ecol. Monogr. 27, 325–349.

Broders, K.D., Lipps, P.E., Paul, P.A., Dorrance, A.E., 2007. Characterization of Pythium
spp. associated with corn and soybean seed and seedling disease in Ohio. Plant Dis.
91, 727–735.

Broders, K.D., Wallhead, M.W., Austin, G.D., Lipps, P.E., Paul, P.A., Mullen, R.W.,
Dorrance, A.E., 2009. Association of soil chemical and physical properties with
Pythium species diversity, community composition, and disease incidence.
Phytopathology 99, 957–967.

Cooke, D.E.L., Drenth, A., Duncan, J.M., Wagels, G., Brasier, C.M., 2000. A molecular
phylogeny of Phytophthora and related oomycetes. Fungal Genet. Biol. 30, 17–32.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Peña, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J.,
Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7, 335.

Cerri, M., Sapkota, R., Coppi, A., Ferri, V., Foggi, B., Gigante, D., Lastrucci, L., Selvaggi,
R., Venanzoni, R., Nicolaisen, M., Ferranti, F., Reale, L., 2017. Oomycete commu-
nities associated with reed die-back syndrome. Front. Plant Sci. 8, 1550.

Coffua, L.S., Veterano, S.T., Clipman, S.J., Mena-Ali, J.I., Blair, J.E., 2016.
Characterization of Pythium spp. associated with asymptomatic soybeans in south-
eastern Pennsylvania. Plant Dis. https://doi.org/10.1094/PDIS-11-15-1355-RE.

Coince, A., Cael, O., Bach, C., Lengelle, J., Cruaud, C., Gavory, F., Morin, E., Murat, C.,
Marcais, B., Buee, M., 2013. Below-ground fine-scale distribution and soil versus fine
root detection of fungal and soil oomycete communities in a French beech forest.
Fungal Ecol. 6, 223–235.

De Caceres, M., Legendre, P., 2009. Associations between species and groups of sites:
indices and statistical inference. Ecology 90 (12), 3566–3574.

Del Castillo Múnera, J., Quesada-Ocampo, L.M., Rojas, A., Chilvers, M.I., Hausbeck, M.K.,
2019. Population structure of Pythium ultimum from greenhouse floral crops in
Michigan. Plant Dis. 103, 859–867.

Dorrance, A.E., Grünwald, N.J., 2009. Phytophthora sojae: diversity among and within
populations. In: Lamour, K., Kamoun, S. (Eds.), Oomycete Genetics and Genomics.
John Wiley & Sons, Inc, pp. 197–212. https://doi.org/10.1002/9780470475898.

Durán, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert, P.,
Hacquard, S., 2018. Microbial interkingdom interactions in roots promote Arabidopsis
survival. Cell 175, 973–983 (e14).

Edgar, R., 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461.

Edgar, R., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads.
Nat. Methods 10, 996–998.

Edgar, R., 2016. SINTAX: a simple non-Bayesian taxonomy classifier for 16S and ITS
sequences. bioRxiv. https://doi.org/10.1101/074161.

Ellis, M.L., McHale, L.K., Paul, P.A., St. Martin, S.K., Dorrance, A.E., 2013. Soybean
germplasm resistant to and molecular mapping of resistance quantitative trait loci
derived from the soybean accession PI 424354. Crop Sci. 53, 1008.

Ford, K.A., Casida, J.E., Chandran, D., Gulevich, A.G., Okrent, R.A., Durkin, K.A.,
Sarpong, R., Bunnelle, E.M., Wildermuth, M.C., 2010. Neonicotinoid insecticides
induce salicylate-associated plant defense responses. Proc. Natl. Acad. Sci. Unit.
States Am. 107, 17527–17532.

Table 3
Operational taxonomic units (OTUs) significantly associated with high or lower than average plant density or root biomass in Allegan 2015.

OTU Taxonomy Clade Association Indicator species Percent relative abundance

Association statistic P value High Low t-Test P value

OTU18 Pythium sp. nov Clade B High root biomass 0.593 0.005 1.080 ± 0.352 0.238 ± 0.114 0.026
OTU135 Saprolegniaceae sp. – Low root biomass 0.488 0.020 0.006 ± 0.004 0.036 ± 0.011 0.017
OTU41 Pythium ultimum var. ultimum Clade I High plant density 0.604 0.010 0.425 ± 0.113 0.107 ± 0.049 0.012
OTU71 Oomycetes sp. – Low plant density 0.529 0.010 0.310 ± 0.028 0.030 ± 0.112 0.030

Z.A. Noel, et al. Applied Soil Ecology xxx (xxxx) xxxx

9

https://doi.org/10.1016/j.apsoil.2019.103435
https://doi.org/10.1016/j.apsoil.2019.103435
https://doi.org/10.1371/journal.pbio.1002352
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0015
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0015
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0015
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0020
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0020
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0025
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0025
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0025
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0030
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0030
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0030
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0030
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf9500
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf9500
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0035
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0040
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0040
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0040
https://doi.org/10.1094/PDIS-11-15-1355-RE
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0050
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0050
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0050
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0050
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0055
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0055
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0060
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0060
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0060
https://doi.org/10.1002/9780470475898
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0070
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0070
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0070
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0075
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0075
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0080
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0080
https://doi.org/10.1101/074161
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0090
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0090
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0090
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0095
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0095
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0095
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0095


Gdanetz, K., Benucci, G.M.N., Pol, N.V., Bonito, G., 2017. CONSTAX: a tool for improved
taxonomic resolution of environmental fungal ITS sequences. BMC bioinformatics 18,
538.

Graham, C.L., McNeill, M.J., 1972. Soybean crown and root damage by Bradysia copro-
phila. J. Econ. Entomol. 65, 597–599.

Hartman, G.L., West, E.D., Herman, T.K., 2011. Crops that feed the world 2. Soybean –
worldwide production, use, and constraints caused by pathogens and pests. Food
Security 3, 5–17.

Kirkpatrick, M.T., Rupe, J.C., Rothrock, C.S., 2006. Soybean response to flooded soil
conditions and the association with soilborne plant pathogenic genera. Plant Dis. 90,
592–596.

Larkin, R.P., 2015. Soil health paradigms and implications for disease management.
Annu. Rev. Phytopathol. 53, 199–221.

Lévesque, C.A., 2011. Fifty years of oomycetes—from consolidation to evolutionary and
genomic exploration. Fungal Divers. 50, 35–46.

LéVesque, C.A., De Cock, A., 2004. Molecular phylogeny and taxonomy of the genus
Pythium. Mycol. Res. 108, 1363–1383.

Lin, F., Wani, S.H., Collins, P.J., Wen, Z., Gu, C., Chilvers, M.I., Wang, D., 2018. Mapping
quantitative trait loci for tolerance to Pythium irregulare in soybean (Glycine max L.).
G3 8, 3155–3161.

Lundberg, D.S., Yourstone, S., Mieczkowski, P., Jones, C.D., Dangl, J.L., 2013. Practical
innovations for high-throughput amplicon sequencing. Nat. Methods 10, 999–1002.

Martin, F., 2009. Pythium genetics. In: Lamour, K., Kamoun, S. (Eds.), Oomycete Genetics
and Genomics. John Wiley & Sons, Inc, pp. 213–239.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet. J. 17, 10–12.

Martin, F.N., Loper, J.E., 1999. Soilborne plant diseases caused by Pythium spp.: ecology,
epidemiology, and prospects for biological control. CRC. Crit. Rev. Plant Sci. 18,
111–181.

Matthiesen, R.L., Ahmad, A.A., Robertson, A.E., 2016. Temperature affects aggressiveness
and fungicide sensitivity of four Pythium spp. that cause soybean and corn damping
off in Iowa. Plant Dis. 100, 583–591.

McMurdie, P.J., Holmes, S., 2013. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS ONE 8, e61217.

Mendes, L.W., Kuramae, E.E., Navarrete, A.A., van Veen, J.A., Tsai, S.M., 2014.
Taxonomical and functional microbial community selection in soybean rhizosphere.
ISME J 8, 1577–1587.

Noel, Z.A., 2019. Variation in Soybean Rhizosphere Oomycete Communities From
Michigan Fields With Contrasting Disease Pressures. https://doi.org/10.7910/DVN/
30IEJJ. (Harvard Dataverse, DRAFT VERSION).

Noel, Z.A., Sang, H., Roth, M.G., Chilvers, M.I., 2019. Convergent evolution of C239S
mutation in Pythium spp. β-tubulin coincides with inherent insensitivity to etha-
boxam and implications for other Peronosporalean oomycetes. Phytopathology.
https://doi.org/10.1094/PHYTO-01-19-0022-R.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Solymos, R., Stevens, H.H., Szoecs, E.,
Wagner, H., 2018. vegan: Community Ecology Package. Community Ecology
Package. R package version 2.5-3.

Pankhurst, C.E., McDonald, H.J., Hawke, B.G., 1995. Influence of tillage and crop rotation
on the epidemiology of Pythium infections of wheat in a red-brown earth of South
Australia. Soil Biol. Biochem. 27, 1065–1073.

Paul, B., 1999. Pythium periplocum, an aggressive mycoparasite of Botrytis cinerea causing
the gray mould disease of grape-vine. FEMS Microbiol. Lett. 181, 277–280.

Radmer, L., Anderson, G., Malvick, D.M., Kurle, J.E., Rendahl, A., Mallik, A., 2016.
Pythium, Phytophthora, and Phytopythium spp. associated with soybean in Minnesota,
their relative aggressiveness on soybean and corn, and their sensitivity to seed
treatment fungicides. Plant Dis. 101, 62–72.

Ribeiro, W.R.C., Butler, E.E., 1995. Comparison of the mycoparasites Pythium periplocum,
P. acanthicum and P. oligandrum. Mycol. Res. 99, 963–968.

Riit, T., Tedersoo, L., Drenkhan, R., Runno-Paurson, E., Kokko, H., Anslan, S., 2016.
Oomycete-specific ITS primers for identification and metabarcoding. MycoKeys 14,
17–30.

Robideau, G.P., De Cock, A.W.A.M., Coffey, M.D., Voglmayr, H., Brouwer, H., Bala, K.,
Chitty, D.W., Desaulniers, N., Eggertson, Q.A., Gachon, C.M.M., Hu, C.H., Kupper,
F.C., Rintoul, T.L., Sarhan, E., Verstappen, E.C.P., Zhang, Y., Bonants, P.J.M.,
Ristaino, J.B., Levesque, C.A., 2011. DNA barcoding of oomycetes with cytochrome c
oxidase subunit I and internal transcribed spacer. Mol. Ecol. Res. 11, 1002–1011.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahe, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, e2584.

Rojas, J.A., Jacobs, J.L., Napieralski, S., Bradley, C.A., Chase, T., Esker, P.D., Giesler, L.,
Jardine, D., Nelson, B.D., Malvick, D., Markell, S., Robertson, A.E., Rupe, J.C.,

Sweets, L., Wise, K., Chilvers, M.I., 2017a. Oomycete species associated with soybean
seedlings in North America - part I: identification and pathogenicity characterization.
Phytopathology 107, 280–292.

Rojas, J.A., Jacobs, J.L., Napieralski, S., Bradley, C.A., Chase, T., Esker, P.D., Giesler, L.,
Jardine, D., Nelson, B.D., Malvick, D., Markell, S., Robertson, A.E., Rupe, J.C.,
Sweets, L., Wise, K., Chilvers, M.I., 2017b. Oomycete species associated with soybean
seedlings in North America—part II: diversity and ecology in relation to environ-
mental and edaphic factors. Phytopathology 107, 293–304.

Rojas, J.A., Witte, A., Noel, Z.A., Jacobs, J.L., Chilvers, M.I., 2019. Diversity and char-
acterization of oomycetes associated with corn seedlings in Michigan. Phytobiomes 3,
224–234.

Rossman, D.R., Byrne, A.M., Chilvers, M.I., 2018. Profitability and efficacy of soybean
seed treatment in Michigan. Crop Prot. 114, 44–52.

Rosso, M.L., Rupe, J.C., Chen, P., Mozzoni, L.A., 2008. Inheritance and genetic mapping
of resistance to Pythium damping-off caused by Pythium aphanidermatum in ‘archer’
soybean. Crop Sci. 48, 2215–2222.

Rupe, J.C., Rothrock, C.S., Bates, G., Rosso, M.L., Avanzato, M.V., Chen, P., 2011.
Resistance to Pythium seedling disease in soybean. In: Sudaric, A. (Ed.), Soybean-
Molecular Aspects of Breeding. Intech, Rjeka, Croatia. https://doi.org/10.5772/
15301.

Sapkota, R., Nicolaisen, M., 2015. An improved high throughput sequencing method for
studying oomycete communities. J. Microbiol. Methods 110, 33–39.

Sapp, M., Rose, L.E., Bonkowski, M., Ploch, S., Fiore-Donno, A.M., 2018. Protists are an
integral part of the Arabidopsis thaliana microbiome. Environ. Microbiol. 20, 30–43.

Schlatter, D.C., Burke, I., Paulitz, T.C., 2018. Succession of fungal and oomycete com-
munities in glyphosate-killed wheat roots. Phytopathology 108 (5), 582–594.

Scholte, E.J., Knols, B.G.J., Samson, R.A., Takken, W., 2014. Entomopathogenic fungi for
mosquito control: a review. J. Insect Sci. 4, 1–24.

Shakya, M., Gottel, N., Castro, H., Yang, Z.K., Gunter, L., Labb, A.J., Muchero, W., Bonito,
G., Vilgalys, R., Tuskan, G., Podar, M., Schadt, C.W., 2013. A multifactor analysis of
fungal and bacterial community structure in the root microbiome of mature Populus
deltoides trees. PLoS One 8, e76382.

Singer, D., Lara, E., Steciow, M.M., Seppey, C.V.W., Paredes, N., Pillonel, A., Oszako, T.,
Belbahri, L., 2016. High-throughput sequencing reveals diverse oomycete commu-
nities in oligotrophic peat bog micro-habitat. Fungal Ecol. 23, 42–47.

Singh, R.J., 2007. Genetic Resources, Chromosome Engineering, and Crop Improvement
Series: Oilseed Crops. 4. pp. 13–49.

Soil Survey Staff, 2010. Keys to Soil Taxonomy, 11th ed. USDA-Natural Resources
Conservation Service, Washington, DC.

Stasko, A.K., Wickramasinghe, D., Nauth, B.J., Acharya, B., Ellis, M.L., McHale, L.K.,
Dorrance, A.E., 2016. High-density mapping of resistance QTL toward Phytophthora
sojae, Pythium irregulare, and Fusarium graminearum in the same soybean population.
Crop Sci. 56, 2476.

Su, X., Zou, F., Guo, Q., Huang, J., Chen, T.X., 2001. A report on a mosquito-killing
fungus, Pythium carolinianum. Fungal Divers. 7, 129–133.

Taheri, E.A., Chatterton, S., Gossen, B.D., McLaren, D.L., 2017. Metagenomic analysis of
oomycete communities from the rhizosphere of field pea on the Canadian prairies.
Can. J. Microbiol. 63, 758–768.

UNITE Community, 2017. UNITE QIIME Release. Version 01.12.2017. UNITE
Community.

Vannini, A., Bruni, N., Tomassini, A., Franceschini, S., Vettraino, A.M., 2013.
Pyrosequencing of environmental soil samples reveals biodiversity of the
Phytophthora resident community in chestnut forests. FEMS Microbiol. Ecol. 85,
433–442.

Vossenkemper, J.P., Nafziger, E.D., Wessel, J.R., Maughan, M.W., Rupert, M.E., Schmidt,
J.P., 2016. Early planting, full-season cultivars, and seed treatments maximize soy-
bean potential. Crop. Forage Turfgrass Manag. 1, 1–9.

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive Bayesian classifier for rapid
assignment of rDNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261–5267.

Weiland, J.E., Santamaria, L., Grünwald, N.J., 2014. Sensitivity of Pythium irregulare, P.
sylvaticum, and P. ultimum from forest nurseries to mefenoxam and fosetyl-al, and
control of Pythium damping-off. Plant Dis. 98, 937–942.

Willsey, T., Chatterton, S., Cárcamo, H., 2017. Interactions of root-feeding insects with
fungal and oomycete plant pathogens. Front. Plant Sci. 8, 1764.

Zitnick-Anderson, K.K., Nelson, B.D., 2015. Identification and pathogenicity of Pythium
on soybean in North Dakota. Plant Dis. 99, 31–38.

Zitnick-Anderson, K.K., Norland, J.E., del Río Mendoza, L.E., Fortuna, A.M., Nelson, B.D.,
2017. Probability models based on soil properties for predicting presence-absence of
Pythium in soybean roots. Microb. Ecol. 74 (3), 550–560.

Z.A. Noel, et al. Applied Soil Ecology xxx (xxxx) xxxx

10

http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0100
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0100
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0100
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0105
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0105
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0110
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0110
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0110
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0115
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0115
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0115
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0120
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0120
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0125
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0125
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0130
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0130
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0135
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0135
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0135
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0140
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0140
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0145
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0145
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0150
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0150
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0155
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0155
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0155
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0160
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0160
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0160
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0165
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0165
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0170
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0170
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0170
https://doi.org/10.7910/DVN/30IEJJ
https://doi.org/10.7910/DVN/30IEJJ
https://doi.org/10.1094/PHYTO-01-19-0022-R
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0180
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0180
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0180
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0185
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0185
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0185
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0190
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0190
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0195
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0195
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0195
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0195
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0200
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0200
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0205
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0205
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0205
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0210
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0210
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0210
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0210
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0210
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0215
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0215
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0220
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0220
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0220
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0220
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0220
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0225
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0225
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0225
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0225
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0225
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0230
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0230
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0230
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0235
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0235
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0240
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0240
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0240
https://doi.org/10.5772/15301
https://doi.org/10.5772/15301
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0245
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0245
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0250
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0250
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0255
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0255
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf9510
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf9510
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0265
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0265
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0265
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0265
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0270
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0270
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0270
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0275
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0275
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0280
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0280
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0285
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0285
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0285
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0285
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0290
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0290
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0295
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0295
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0295
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0300
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0300
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0305
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0305
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0305
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0305
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0310
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0310
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0310
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0315
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0315
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0315
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0320
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0320
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0320
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0325
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0325
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0330
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0330
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0335
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0335
http://refhub.elsevier.com/S0929-1393(19)30522-0/rf0335

	Variation in soybean rhizosphere oomycete communities from Michigan fields with contrasting disease pressures
	Introduction
	Materials and methods
	Experimental design and field setup
	Sample collection
	Oomycetes ITS1 amplification and sequencing
	Data processing
	Statistical analysis
	Data availability

	Results
	Overview of experimental design and factors
	Oomycete community composition in soybean rhizospheres
	α-Diversity analysis for Allegan and Ingham
	β-Diversity analysis and identification of unique oomycete communities in Allegan

	Discussion
	Conclusions
	Acknowledgements
	mk:H1_18
	mk:H1_19
	References




