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ABSTRACT

The roles that specific cultivars with different levels and types of
resistance may play on the diversity and abundance of
Phytophthora, Phytopythium, and Pythium spp. communities were
compared. Three soybean cultivars were planted in a total of 11
different high disease environments in Ohio and seedlings were
collected for direct isolation and amplicon sequencing of the
rhizosphere soil. Plant population and yields were lower for the
moderately susceptible cultivar Sloan compared with the cultivars
Kottman, with high partial resistance to Phytophthora sojae, and
Lorain, with high partial resistance to both Pythium spp. and
Phytophthora sojae. Based on both direct isolation and amplicon
sequencing, distinct communities with key indicator species were
identified at each environment, including differences at 14 and 25
day after planting for two environments. The environment had the

largest influence on the community composition. Soybean
genotype did influence the abundance of the hemibiotroph
Phytophthora sojae but not species of Phytopythium or Pythium.
In addition, from all environments and cultivars, operational
taxonomic units (OTUs) classified as Pythium attrantheridium, P.
heterothallicum, and P. sylvaticum were always detected. This is
also the first report of an OTU of P. periilum from soils and the
first one to recover undescribed species that match the sequence
of Pythium sp. CAL2011f from soybean seedlings in Ohio This
study highlights which species to target for the identification and
development of resistant cultivars or for fungicide screening.

Keywords: amplicon sequencing, oomycetes, Phytophthora,
Pythium, species complex

Disease management of soybean seedling diseases caused by spe-
cies of Phytophthora (Kroon et al. 2012), Phytopythium (de Cock
et al. 2015), and Pythium (including Globisporangium) (Adhikari
et al. 2013; Schroeder et al. 2013; Uzuhashi et al. 2010) can be
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challenging for several reasons: (i) more than one species can be
recovered from the same seedling (Broders et al. 2009; Zitnick-
Anderson and Nelson 2015), (ii) the diversity of pathotypes
observed in Phytophthora sojae (Dorrance et al. 2016), and (iii)
similarities of the internal transcribed spacer (ITS) sequence of
some Pythium spp. within some clades of Pythium which are classi-
fied as species complexes or cryptic species (Garzon et al. 2005;
Lévesque and de Cock 2004; Schroeder et al. 2013).

Several surveys have recovered a vast diversity of Pythium spp.
from soybean and corn seedlings across major soybean-producing
states in the United States and Canada (Dorrance et al. 2004; Broders
et al. 2007; Broders et al. 2009; Jiang et al. 2012; Radmer et al.
2017; Rojas et al. 2017a, 2019; Zitnick-Anderson and Nelson 2015).
Pythium sylvaticum, P. irregulare, P. ultimum. and P. heterothalli-
cum were among the most frequently recovered species. Among
Phytophthora spp., Phytophthora sojae primarily infects soybean
and can also cause stem rot throughout the season (Dorrance et al.
2007) and has been recovered from soybean seedlings directly baited
from soils in fields across the North-Central region of the United
States (Dorrance et al. 2016), whereas isolates of Phytophthora
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sansomeana are less common and have been recovered from a
greater number of hosts, including Douglas-fir, soybean, and alfalfa
in Oregon (Hansen et al.2009); soybean in Indiana (Reeser et al.
1991); and corn and soybean in Ohio (Eyre 2016; Vargas 2018;
Zelaya-Molina et al. 2010). Similarly, species of Phytopythium have
also been recovered from soybean seedlings in fields in Ohio
(Broders et al. 2009; Eyre 2016; Vargas 2018), Minnesota (Radmer
et al. 2017), and other states, including Arkansas, Illinois, Indiana,
Iowa, Nebraska, Minnesota, and South Dakota (Rojas et al. 2017a).

Previous surveys in Ohio identified a diversity of species through
soil baiting and direct isolation. For example, in total, 124 isolates
was recovered from symptomatic corn and soybean seedlings col-
lected from 40 locations in Ohio in 2004, and 30 locations in Ohio
and 2 locations in northeast Indiana in 2005 (Broders et al. 2007).
There were 11 different Pythium spp. recovered, with P. dissotocum
and P. sylvaticum as the most prevalent, representing 23 and 20%
of the isolates, respectively. In a second survey, more than 7,000
isolates were baited from soils incubated at 18°C and 21 different
species of Pythium were recovered, with 6 species recovered from
more than 40% of the fields (Broders et al. 2009). P. irregulare
was the most abundant, along with P. inflatum, P. ultimum var. ulti-
mum, P. ultimum var. sporangiiferum, P. torulosum, and P. dissoto-
cum (Broders et al. 2009). During 2014 to 2016, the species
P. ultimum var. ultimum and P. oopapillum were recovered at a
higher proportion while other species such as P. torulosum, P. mid-
dletonii, P. inflatum, and P. dissotocum were also recovered but not
consistently across years (Eyre 2016; Vargas 2018). Thus, the
observed changes in the predominant species of oomycetes among
these surveys suggest that environment may be an important factor
driving community composition.

To better manage seed and seedling diseases caused by these
soilborne pathogens, an integrated disease management approach is
recommended. This includes the combination of fungicide seed
treatment paired with host resistance (Anderson and Buzzell 1982;
Bradley 2008; Dorrance et al. 2004, 2009; Urrea et al. 2017). Fun-
gicide efficacy is variable among several of these species and host
resistance has shown to be the best means of management in
regions where there are high levels of inoculum and conducive
environments (Dorrance et al. 2009; Schmitthenner 1985). In soy-
bean, three types of resistance have been described to control Phy-
tophthora sojae: single dominant resistance (R) genes (resistance to
Phytophthora sojae [Rps]), root resistance, and partial resistance
(Mideros et al. 2007). In the United States, Rps genes for Phytoph-
thora sojae are deployed to provide protection against this pathogen
where most of the soybean is produced (Grau et al. 2004; Slaminko
et al. 2010). However, for Pythium spp., few sources of resistance
have been identified (Ellis et al. 2013; Rod et al. 2018; Rupe et al.
2011; Scott et al. 2019). Based on biparental mapping studies, par-
tial resistance has been characterized toward several different spe-
cies of Pythium (Ellis et al. 2013; Klepadlo et al. 2019; Rod et al.
2018; Rosso et al. 2008; Rupe et al. 2011; Scott et al. 2019; Stasko
et al. 2016; Urrea et al. 2017).

The incorporation of genes from wild relatives into adapted culti-
vars has enhanced the resistance to many plant pathogens, thus
increasing yield and biomass of many crops (Mammadov et al.
2018). However, plant genotype has also been proposed to affect the
microbial community associated with the rhizosphere (Bulgarelli
et al. 2015; Pérez-Jaramillo et al. 2016, 2017, 2019). The microor-
ganisms that colonize the rhizosphere play a pivotal role in biogeo-
chemical cycling, plant growth, and resistance to biotic and abiotic
factors (Firakova et al. 2007; Mendes et al. 2011, 2013; Mendes
et al. 2014; Philippot et al. 2013). Advances in DNA sequencing
technologies and the use of amplicon sequencing has enabled
researchers to explore the microbial communities at greater depth

under different agricultural, natural, and experimental conditions
(Bakker et al. 2017; Pérez-Jaramillo et al. 2019; Redekar et al.
2019; Rojas et al. 2019; Shi et al. 2019). For example, Pérez-
Jaramillo et al. (2019) compared the rhizobacterial communities
associated with eight accessions of wild and modern common bean
cultivars (Phaseolus vulgaris L.) grown in native and agricultural
soils from Colombia. Soil origin (native or agricultural soils) was
the key factor affecting the composition of the rhizosphere bacte-
rial community. However, the effect of bean genotype within each
soil was able to explain 31.3 and 28.3% of the total variability in
the agricultural and native soils, respectively. Based on cooccur-
rence network analysis, more complex interactions of the rhizobac-
terial communities associated with common bean were found when
grown under native soils compared with the agriculturally managed
soils, suggesting that soil edaphic factors may also influence the
overall bacterial species diversity and abundance (Pérez-Jaramillo
et al. 2019). Similarly, the effect of crop domestication on rice
(Oryza sativa and O. rufipogon) and soybean (Glycine max and
G. soja) rhizosphere microbial community structures (Shi et al.
2019) identified a stronger association between fungal and micro-
bial communities from cultivated rice and soybean compared with
wild relatives. However, wild relatives exhibited higher abundance
of beneficial symbionts and lower abundance of pathogens (Shi
et al. 2019), suggesting that plant domestication might enhance the
attraction or development of pathogenic species.

To date, the community composition of Phytophthora, Phyto-
pythium, and Pythium spp. associated with cultivars with different
levels and types of resistance remains unexplored, and how these
genotypes affect rhizosphere community diversity remains to be
elucidated. Thus, the hypotheses evaluated in this study were
(i) high disease environments will support higher levels of diversity
and distinct communities of Phytophthora, Phytopythium, and
Pythium spp.; (ii) there will be a greater abundance and diversity of
species of Phytophthora, Phytopythium, and Pythium recovered
from seedlings and in the rhizosphere soil of the susceptible cultivar
(Sloan) compared with the moderately resistant cultivars Kottman
and Lorain; and (iii) soybean genotypes with combined resistance
to Phytophthora sojae and Pythium spp. will have higher plant pop-
ulations and yield across all environments. The three cultivars
selected for this study (Sloan, Kottman, and Lorain) have very dif-
ferent combinations and levels of resistance and susceptibility
toward predominant species of these pathogens. An amplicon-
sequencing approach paired with direct isolation were used to deter-
mine the effect of Kottman, Lorain, and Sloan on the abundance,
diversity, and species composition of these three oomycete genera
to address these hypotheses.

MATERIALS AND METHODS

Field experiments. To evaluate the effects of environment and
cultivar on the composition of Phytophthora, Phytopythium,
and Pythium communities, six and five fields were selected in 2017
and 2018, respectively. Fields used in this study were selected
based on a prior history of seedling disease reported by farmers as
well as at The Ohio State University (OSU) Agricultural Research
Stations. The term “environment” was used to describe a single
field site each year (e.g., Clinton field in 2017), for a total of 11
environments for this study. In 2017, field studies were located in
Clinton (CLN17), Darke (DAK17), Defiance (DEF17), Van Wert
(VW17) Wayne (SNY17), and Wood (NWB17) Counties; and, for
2018, in Clinton (CLN18), Logan (LOG18), Paulding (PALI18),
Wayne (SNY18), and Wood (NWB18) Counties (Fig. 1); all in
Ohio. The environments in Wood County (NWB17 and NWBIS),
located at OSU Northwest Agricultural Research Station, were used
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as the “control” environment because fields in both years were irri-
gated to capacity 2 to 3 days after planting (dap) to enhance disease
development. The remaining nine environments were dependent on
natural rainfall for conducive conditions for disease development.

Plant material. Resistance toward Phytophthora sojae and
Pythium sp. from these soybean genotypes has been evaluated
(Balk 2014; Dorrance et al. 2009; Ellis et al. 2013; Scott et al.
2019). Three soybean cultivars were selected to compare the effects
of soybean genotype on the associated rhizosphere community in
each environment, including Sloan (Bahrenfus and Fehr 1980), with
moderate susceptibility to Phytophthora sojae and Pythium sp. and
no Rps genes; Kottman (St. Martin et al. 2001), with Rpsik
and Rps3a genes plus moderate resistance to Phytophthora sojae and
moderate susceptibility to Pythium sp.; and Lorain (Ohio Agricul-
tural Research and Development Center [OARDC], OSU), with
Rpslc plus moderate resistance to both Phytophthora sojae and
Pythium spp. (Balk 2014; Scott et al. 2019). For each environment,
cultivars were planted in a randomized complete block design with
eight replications each. Each field plot was planted with four rows,
spaced 1.5 m wide and 9.1 m long, except for fields located at
Wayne (SNY17 and SNY18) and Wood (NWB17 and NWBI8)
where the plot length was 7.6 m. Data were collected for early plant
population at soybean growth stages VC to V1, final plant population
at R8 (Fehr and Caviness 1977), and yield (kilograms per hectare).
Data for plant populations at each growth stage were measured by
counting the number of plants in 91-cm sections of all four rows and
translated to plants per hectare.

Seedling sampling. At soybean growth stages VC to V1, the
whole plant (roots intact) of five seedlings which were wilting from
lesions developing on the roots were collected from each plot from
our replicates of each cultivar with a hand trowel and placed in
plastic bags, which were then placed in a cooler with ice for trans-
port. Within the same sampled replicates of each cultivar in plots
where seedlings did not exhibit symptoms, five asymptomatic

@ 2017and 2018

O o7
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Fig. 1. Counties where fields (environments) in Ohio were selected
for these studies based on reported seedling disease incidence.

Field studies were in counties with a black circle in both years, yellow
diamonds only in 2017, and green squares only in 2018. In two
counties, Wood and Wayne, the study was located at the Northwest
(NWB) and Snyder Farm (SNY), respectively, which are on Ohio
State University Agricultural Research Stations.

seedlings were collected. Soybean seedling samples and their asso-
ciated rhizosphere soils were placed at 4°C until processing. For
processing, large clumps of soils were first removed from the seed-
ling and discarded. Rhizospheric soil was then collected from each
seedling by gently shaking the roots inside a manila envelope. The
rhizospheric soil from each of the five seedlings collected from
each plot was pooled into one sample and a total of 0.2 g was used
for DNA extraction. With two environments, Defiance (DEF25dap)
and Van Wert (VW25dap), the rhizospheric soil from the soybean
was sampled in 2017 at the V3/V4 growth stage to evaluate the
effect of rainfall and soybean growth stage on communities of Phy-
tophthora, Phytopythium, and Pythium.

Direct isolation from seedlings and species identification.
Isolation of Phytophthora, Phytopythium, and Pythium was per-
formed as previously described by Dorrance et al. (2008). Briefly,
seedling roots were gently washed under tap water to remove
debris, wrapped in a paper towel, and transferred to a laminar flow
hood. Roots were surface sterilized using 70% ethanol for 10 s fol-
lowed by a 30-s rinse with sterile distilled water. Roots were blotted
dry in a sterile paper towel and sections from the edge of the lesions
were placed under selective media (V8-media plus pentachloronitro-
benzene, iprodione, benlate, neomycin sulfate, and chloramphenicol)
(Dorrance et al. 2008) and placed in an incubator at 20°C in 2017
and at 25°C in 2018. Hyphal tips of coenocytic mycelia were trans-
ferred to potato carrot agar (PCA) plates amended with rifampicin
(100 pg/ml). Cultures were first placed at 20°C; if there was little to
no growth after 2 days, the plate was placed at 25°C because Phy-
tophthora sojae and Phytophthora sansomeana grow very slowly at
the lower temperature. Pure cultures were transferred to Whatman
vials with PCA for long-term storage at 15°C.

In addition to morphological features (Van der Plaats-Niterink
1981; Waterhouse 1967), each isolate was confirmed to species,
based on the full-length sequence of the ITS regions of the ribo-
somal gene. The DNA for each isolate was extracted as previously
described by (Zelaya-Molina et al. 2011). Briefly, in total, 6 to 10
mycelia plugs from each culture were transferred to 50 ml of V8
broth media in a 125-ml Erlenmeyer flask and grown at room tem-
perature for 4 days. Mycelia were collected using a Buchner fun-
nel, macerated in liquid nitrogen with a mortar and pestle, and
stored at —20°C. The primers ITS1 and ITS4 (White et al. 1993)
were used and the PCR master mix was prepared using the Prom-
ega GoTaq Polymerase Kit (Promega Corp, Madison, WI, U.S.A.)
and consisted of 5 pl of 5x colorless reaction buffer, 1.5 pl of
MgCl, (25 mM), 1 pl of ANTPs (10 uM), 1 pl of primers ITS1
(10 pM) and ITS4 (10 uM), 0.25 pl of GoTaq DNA Polymerase
(5 wpul), and 13.25 pl of ultrapure water. The PCR parameters
were 95°C for 5 min; followed by 30 cycles of 94°C for 1 min,
53°C for 1 min, and 72°C for 1 min; and completed with 72°C for
5 min. Quality and quantity of the amplicons was measured by
using the absorbance at 260 nm (Ayg0)/Azgo and Ajgo/Anzg ratios
with a spectrophotometer (Nanodrop 3300; Thermo Scientific, Ver-
non Hills, IL, U.S.A.) and electrophoresis in a 1% (wt/vol) agarose
gel with Gel Red nucleic acid stain (New England Biolabs, Ipswich,
MA, U.S.A) for 1 h at 90V.

For sequencing, amplicons were purified by mixing 2 pl of Exo-
SAP-IT (Thermo-Fisher, Waltham, MA, U.S.A.) with 5 pl of the
PCR and incubated at 37°C for 15 min followed by 80°C for
15 min. In total, 3 pl of each individual primer at a concentration
of 2 pmol was mixed with 6 pl of purified PCR product for a final
concentration of 20 ng/ul. Purified and diluted PCR products were
submitted to the Molecular and Cellular Imaging Center (MCIC) at
the OARDC or the OSU James Genomic Shared Resources for
Sanger sequencing using both forward and reverse primers. Sequen-
ces from both primers were quality filtered and assembled using
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Codon Code Aligner (Codon Code Corporation, Centerville, MA,
U.S.A)). Sequences were then compared with voucher specimens
deposited at the NCBI nucleotide nonredundant database for identi-
fication. The isolates were then classified to species based on 100%
sequence match combined with the morphological features.

The ITS sequence for Pythium sp. CAL was deposited in NCBI
and can be found under accession MN512275.

Pathogenicity assay. The pathogenicity of 25 isolates plus 3
isolates from the OSU soybean pathology collection and a nonino-
culated treatment were evaluated in a root cup assay. The isolates
were selected for this assay to be representative of the diversity of
species of Phytophthora, Phytopythium, and Pythium recovered
from fields in 2017. The root cup assay was done in the growth
chamber as previously described by Ellis et al. (2013). Briefly,
spawn bags (Myco Supply, Pittsburgh, PA, U.S.A.) containing 950
ml of Clean Play Sand (Quikrete, Ravenna, OH, U.S.A.), 50 ml of
cornmeal (Quaker Oats Company, Chicago, IL, U.S.A.), and 250
ml of deionized distilled water were prepared and then autoclaved
on two consecutive days. Individual sterile bags were inoculated
with 8 to 10 plugs (5 mm) from the edge of a 5- to 7-day-old cul-
ture and sealed with a sealer-electrical impulse (Harbor Freight
Tools, Calabasas, CA, U.S.A.). Bags were incubated at room tem-
perature for 10 days and mixed manually every day. A single
spawn bag was mixed with 4 liters of fine vermiculite in a 1:4 ratio,
and 300 ml of inoculum was placed on top of 100 ml of coarse ver-
miculite (Perlite Vermiculite Packing Industries, Inc., North Bloom-
field, OH, U.S.A.) in each 0.5-liter styrofoam cup and watered
prior to planting three times over 24 h. In total, 10 seeds of Kott-
man, Lorain, or Sloan were then placed on top of each individual
cup and covered with an additional 100 ml of coarse vermiculite.
Cups were placed in a growth chamber at 20°C, with 16 h of light
and the humidity set for 20%. Data were collected for plant germi-
nation and emergence at 7 dap. At 14 dap, plants were gently
removed from cups and washed under tap water. Data for root rot
score, root weight, shoot weight, shoot height, and final number of
plants per cup were collected. Based on previous disease assays,
three isolates—Miami 1-3-7 (P. ultimum var. ultimum), Brown 2-3-5
(P. irregulare), and OH25 (Phytophthora sojae)—were used as
controls in each assay (Ellis et al. 2013; Scott et al. 2019). The
experiment was arranged as a randomized complete block with
three replications for each cultivar and isolate combination. This
experiment was conducted three times.

Soil DNA extraction. The pooled soil collected from the rhizo-
sphere of the seedlings from each plot was ground in a blender for
a homogenous sample. The PowerLyzer Power Soil Kit (Qiagen,
Carlsbad, CA, U.S.A.) was used to extract the DNA following the
manufacturer’s protocol, with some modifications. These included
PowerLyzer Homogenizer (Qiagen) at 4,000 rpm for 45 s, a 5-min
incubation period at 2°C, and DNA was diluted with 50 pl of the
solution C6 from kit. Quality and quantity of DNA was measured
with the 260:280 absorbance method (Nanodrop 3300; Thermo
Scientific). For each sample, there were three separate DNA
extractions, and these were pooled equimolar to a final concentra-
tion of 5 ng/ul. Only the ITS1 of the RNA ribosomal genes was
amplified with primers ITS6/ITS7 (Cooke and Duncan 1997,
Cooke et al. 2000) using the Phusion High Fidelity DNA Polymer-
ase (New England Biolabs) to reduce PCR errors. The reaction
consisted of 5 pl of 5x High Fidelity Buffer, 0.5 pl of nucleotide
mix (10 uM), 1 pl of primers ITS6 and ITS7 (2 uM) containing
[lumina adapters, 5 pl of template (5 ng/pl), 0.2 pl of Phusion
Taq (1.0 U per 50 pl of PCR), and 9.3 pl of ultrapure water. The
PCR parameters were 96°C for 3 min; followed by 25 cycles of
96°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and completed

with 72°C for 5 min. Samples were submitted to the MCIC for
library preparation and sequencing.

Illumina library preparation and sequencing. There were
two Mi-seq (Illumina) runs, one for environments sampled in 2017
and the second for those sampled in 2018. Amplicons of the ITS1
region generated at the laboratory were submitted to the MCIC for
library preparation and sequencing. In total, 3 pl of the first cleaned
PCR product was used as the template for the second PCR to add
the Illumina adapter sequence, which contains a unique dual combi-
nation of the Illumina Nextera indices for individual tagging of
each sample. These products were then purified using the Agen-
court AMPure XP beads (Beckman Coulter Life Sciences). All of
the steps for library preparation and cleaning were carried out on
the epMotion5075 automated liquid handler (Eppendorf,
Hauppauge, NY, U.S.A.). The amplicon libraries were quantified
and pooled at equimolar ratios before sequencing. The final pool
was purified using the Pippin Prep size-selection system (Sage Sci-
ence) to discard the presence of any primer dimers. The Mi-Seq
sequencing platform (Illumina) was used for amplicon sequencing

TABLE 1
Species listed within each Pythium clade have identical
sequences between internal transcribed spacer (ITS)6 and ITS7
based on phylogenetic analysis of 959 positions of the full-
length ITS sequence from 113 voucher accessions using
MEGA7

Pythium clade® Species®

Clade A

Pythium adhaerens

. chondricola

. porphyrae

. aristosporum

. catenulatum

. folliculosum*

Clade B1 . myriotylum

. torulosum

. zingiberis

Clade B2 . capillosum

. coloratum

. diclinum

. dissotocum

. flevoense

. lutarium

. marinum

. pachycaule*

Clade D . amasculinum

. aff. hydnosporum*

. oligandrum

Clade E1 . acrogynum*

. hypogynum
. ultimum*

Clade |

. ultimum var. sporangiiferum

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

. ultimum var. ultimum

& Pythium clades based on taxonomic analysis of the genus Pythium
by Lévesque and de Cock (2004) and Robideau et al. (2011).

b Species designated with an asterisk (*) indicates names used to
designate the operation taxonomic unit (OTU) for that clade.
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at a final concentration of 14.3 pM. Amplicon libraries were spiked
with PhiX libraries to allow a more heterogeneous sample and
reduce error in the run introduced by the high levels of similar
nucleotides among oomycetes. The run was clustered to a density
of 905 k/mm? and the libraries were sequenced using a 300 PE Mi-
Seq sequencing kit with the standard Illumina sequencing primers.
Image analysis, base calling, and data quality assessment were per-
formed on the Mi-seq platform.

Amplicon sequencing data processing. Data quality was first
assessed using the FastQC and MultiQC software (Wingett and
Andrews 2018). Removal of Illumina barcodes and merging of the
short paired-end reads was performed using the BBMerge com-
mand in BBTools suit. Prior to data processing using the
USEARCH pipeline (Edgar 2010), the two Mi-seq runs were
pooled together. Quality filtering was done using a threshold of 1%
expected errors (Edgar and Flyvbjerg 2015). The ITS1 region was
trimmed from the sequences using the ITSx (Bengtsson-Palme et al.
2013) software, version 1.0.11. This was followed by dereplication
to find set of unique sequences and remove duplicated short reads
from initial data set. Dereplicated short reads were first clustered
into operational taxonomic unit (OTU) clustering using a de novo
approach at 97% similarity level using the UPARSE distance-based
greedy-approach algorithm (Edgar 2013). Finally, taxonomy was
assigned to OTUs using the —sintax command with 100% similarity
level using a custom-made database. The database was the same as
used in an earlier study (Navarro et al. in press), and this was com-
posed of full ITS sequence accessions retrieved from Hyde et al.
(2014), Lévesque and de Cock (2004), and Robideau et al. (2011)
in addition to internal sequences generated from the laboratory dur-
ing previous surveys. The database was trimmed to only the ITS1
region using the ITSx (Bengtsson-Palme et al. 2013) software, ver-
sion 1.0.11. Further filtering steps and data analysis were carried out

using the phyloseq (McMurdie and Holmes 2013), MetagenomeSeq
(Paulson et al. 2013), and Vegan (Oksanen et al. 2019) packages
in R, version 3.5.0.

The microbiome data for this paper was deposited to the
Sequence Read Archive under project number is PRINA590039.

Statistical analysis. Early plant population and yield data were
first analyzed for all environments. Assumptions were tested using
the Levene’s test for homogeneity of variance and Shapiro-Wilk for
normality in SAS (SAS version 9.4; SAS Institute, Cary, NC,
U.S.A.). An analysis of variance (ANOVA) to test the main effect
of environment, cultivar, and replicate as well as the interactions of
these three factors was run using PROC MIXED. Significant
(P value < 0.05) interactions of environment—cultivar dictated that
ANOVAs were run independently for each environment to test
effects of cultivar.

For the amplicon sequencing data, OTU tables were first subset
for species of Phytophthora, Phytopythium, and Pythium. In this
data set, only three, seven, eight, three, two and two Pythium spp.
within the clades A, B1, B2, D, E1, and I, respectively, shared iden-
tical sequences when using primers ITS6 and ITS7 (Table 1)
(Lévesque and de Cock 2004; Redekar et al. 2019; Robideau et al.
2011). For species with identical sequences, taxonomical identifica-
tion for the OTU was to one species. The Shannon’s diversity index
was calculated using the diversity function in the vegan package
(Oksanen et al. 2019) in R (R Core Team 2018) to assess species
richness and evenness from nonnormalized data. Due to violation
of normality assumptions, comparison of the mean diversity index
between environments was done using the Kruskal-Wallis test
(Kruskal and Wallis 1952) followed by a posthoc analysis using the
Dunn test for multiple comparison of environments. To test the main
effects of environment and cultivar on the community composition
of oomycetes, OTU sequence counts were normalized using the

TABLE 2
Summary of total precipitation and average temperature for each environment in Ohio where soybean seedlings were sampled and
the total number of isolates of Phytophthora, Phytopythium, and Pythium recovered from cultivars Kottman (K), Lorain (L), and Sloan
(S) with different levels and types of resistance

Water (cm)®

Number of isolates recovered®

Environment® R14 Irrig Total-14° R25 T (cC)¢ E K L S
DAK17 2.4 - 2.4 - 15 3 0 3 0
CLN17 3.3 - 3.3 - 17 41 9 7 25
VW17 3.9 - 3.9% - 14 18 1 5 12
VW25dap - - - 10.2 - - - - -
DEF17 7.2 - 7.2% - 14 4 0 2 2
DEF25dap - - - 8.5 = = = = =
NWB17 3.8 6.1 9.3 - 15 74 17 20 37
SNY17 5.2 - 5.2 - 14 58 12 14 32
PAL18 2.8 - 2.8 - 19 15 3 4 8
NWB18 2.2 3.6 5.8 - 16 45 10 12 23
LOG18 3.3 - 3.3 - 19 2 0

CLN18 5.8 - 5.8 - 21 13 7

SNY18 3.5 - 3.5 - 18 4 2 0 2
Total - - - - - 277 61 69 147

2 Abbreviations indicate county and year.

® R14 and R25 = rain at 14 and 25 days after planting, respectively; Irrig = irrigation; and Total-14 = R14 plus irrigation.
¢ An asterisk (*) indicates that precipitation occurred 3 days before sampling.

d Average air temperature.
¢ Total number of isolates recovered by environment (E) or cultivar.
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cumulative-sum scaling method in the package Metagenomeseq in R
(Paulson et al. 2013). Data were then relativized to convert each
OTU to a percentage of the total OTUs per sample. A Bray-Curtis
dissimilarity matrix was then calculated from relativized data and
subject to nonmetric multidimensional scaling (NMDS) ordination
plots using the function metaMDS. Based on the species assigned to
each OTU, a permutation analysis of variance (PERMANOVA)
(Anderson 2001) was conducted with the adonis function in R to
assess significance of environment, cultivar, and the environment—
cultivar interaction in the community composition of Phytophthora,
Phytopythium, and Pythium (Anderson 2001). To understand the
oomycete species indicative of each environment, the package indic-
species (De Céceres and Legendre 2009) was used. This allowed us
to determine which oomycete species were indicator species in each
environment.

RESULTS

Environmental conditions. The amount of rainfall and mean
air temperature from planting to sampling date for each environ-
ment are summarized in Table 2. Rainfall amounts were similar
overall in 2017 and 2018 and ranged from 22.6 to 74.9 mm. For
two environments, VW17 and DEF17, rainfall occurred 3 to 5 days
prior to sampling, and this may have limited seedling disease devel-
opment (Table 2). For SNY18, conditions were conducive for dis-
ease based on rainfall; however, the slope of the field allowed for
drainage, thus limiting the amount of damping-off that occurred.
Flooding conditions occurred at CLN18 following the first stand
counts, where stand and yield losses reached 100% in many of the
plots and the surviving plots were discarded. The NWB17 and
NWBIS fields were irrigated to field capacity (Supplementary Fig.
S1) and these two environments had the greatest number of isolates
recovered across both years.

Early plant population and yields. There was a highly signifi-
cant effect (P < 0.0001) of environment and cultivar for early plant
population and yield (Supplementary Table S1) and the interaction
between environment and cultivar was highly significant for early
plant population (P < 0.0001) and yield (P = 0.0090). Due to sig-
nificance of the interaction term, the environments were analyzed
individually. Based on ANOVA for the environments separately,
there was a significant difference (P < 0.01) among the cultivars in
6 of 11 and 5 of 10 environments for early plant population and
yield, respectively. Due to heavy flooding injury, the yield data for
CLNI18 was not collected. Among the six environments, the culti-
var Kottman (Rps/k and 3a plus moderate resistance to Phytoph-
thora sojae) had significantly higher early plant populations
compared with Sloan (moderately susceptible) in five environments
(CLN17, DEF17, NWB17, CLN18, and PAL18). Similarly, the cul-
tivar Lorain (Rpslc plus partial resistance to Phytophthora sojae
and moderate resistance to Pythium ultimum var. ultimum and P.
ultimum var. sporangiiferum) had significantly higher stands com-
pared with Sloan, but only in two environments (CLN17 and
NWB17). In terms of yield, Kottman had significantly higher yields
in five environments (DAK17, NWB17, NWBI18, PALI8, and
SNY18). Yields for Lorain were similar to Kottman, except for
environments SNY 18, where yields were not significantly different
from Sloan (Fig. 2), and NWB17, where both early plant popula-
tion and yield were significantly higher than both Kottman and
Sloan. Based on lower plant population per hectare for the suscepti-
ble cultivar Sloan compared with other cultivars, six environments
(CLN17, DEF17, NWB17, CLN18, PAL18, and SNY18) had the
highest disease pressure. It is noteworthy that two environments
were marginally significant for early plant population PAL (P =
0.0666) and NWBI18 (P = 0.0755).

Direct isolation. In total, 277 isolates representing 2, 4, and 20
species of Phytophthora, Phytopythium, and Pythium, respectively,
were recovered from symptomatic seedlings across the 11 environ-
ments sampled at seedling stage. Each of the environments had dif-
ferent species composition of pathogens recovered from the
soybean seedlings (Fig. 3; Supplementary Table S2). Overall, the
species of Pythium isolated from soybean seedlings at a high fre-
quency were P. oopapillum, P. sylvaticum, P. ultimum var. ulti-
mum, P. dissotocum, P. torulosum, and P. inflatum with 51, 32, 30,
18, 13, and 12 total isolates, respectively. In addition, from all of
the isolates recovered, 147 were retrieved from the susceptible
cultivar Sloan, whereas 69 and 61 isolates were recovered from
Kottman and Lorain, respectively (Table 2; Fig. 3).

There were 10 and 26 isolates of Phytophthora sojae recovered
from Lorain and Sloan, respectively, whereas there were 5 and 10
of Phytophthora sansomeana from the same cultivars. Kottman
had the fewest isolates, with 1 and 5 of P. sojae and P. sanso-
meana; respectively (Fig. 3). P. sojae and P. sansomeana were
isolated from seedlings from seven and five environments. Among
the four species of Phytopythium, Phytopythium mercuriales was
recovered from NWB18, located in northern Ohio, while Phyto-
pythium vexans was recovered only from CLN17, located in
southern Ohio (Fig. 3). Interestingly, a high proportion of isolates
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Fig. 2. Field assessment of the soybean cultivars Kottman, Lorain,
and Sloan with different levels and types of resistance toward
Phytophthora sojae and species of Pythium across 11 environments
in Ohio. A, Early plant population data were collected at V1 to V3
soybean growth stages whereas B, yield data were collected at
soybean growth stage R8. Analysis of variance showed significant
differences for cultivar, environment, and the cultivar—environment
interaction (P values < 0.0001). Means followed by the same letter
are not significantly different based on the Fisher’s protected least
significant difference test within each environment. Bars represent
standard deviation of the mean, with n = 8 plots per cultivar per
environment sampled.
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(33 of 51) were identified as Pythium oopapillum from NWB17
(Fig. 3).

Pathogenicity of isolates recovered from the field. Twenty-
five of the isolates recovered from the environments sampled in
2017 along with three control isolates and a noninoculated were
tested for pathogenicity toward the soybean cultivars Kottman,
Lorain, and Sloan. All of the roots had symptoms of root rot fol-
lowing inoculation, ranging from minor browning to total seedling
death. The root weight following inoculation was used to compare
pathogenicity among the isolates (Fig. 4). There was a highly sig-
nificant difference for seedling root weight among isolates (P <
0.001), a marginally significant effect for cultivar (P = 0.06), and
no significance for the interaction between isolate and cultivar (P >
0.05). The check isolate, P. ultimum (Miami), had significantly
lower root weight compared with the noninoculated control in the
three cultivars, whereas the check isolate P. irregulare (Brown 2-3-5)
had lower root weights in Kottman and Lorain and isolate Phy-
tophthora sojae (OH25) had lower root weights in Sloan and
Lorain (Fig. 4). In addition, seedlings inoculated with Pythium per-
plexum had significantly lower root weight across all cultivars.
Inoculations with isolates of Phytophthora sansomeana, Phytoph-
thora sojae, Pythium sylvaticum, P. ultimum var. ultimum, and
P. attrantheridium resulted in significantly lower root weight for
Lorain. Overall, five, eight, and four isolates had significantly lower
root weight compared with the noninoculated control for Kottman,
Lorain, and Sloan, respectively (Fig. 4).

Diversity and community composition of Phytophthora,
Phytopythium, and Pythium based on amplicon sequencing.
Due to violation of normality assumptions, data for the Shannon’s
diversity index was analyzed using the nonparametric Kruskal-
Wallis test (Kruskal and Wallis 1952). Environment had a highly
significant effect (P < 0.0001) on the diversity of Phytophthora,
Phytopythium, and Pythium spp. but cultivars (P = 0.4564) and the
cultivar—environment interaction (P = 0.0963) were not significantly
different. The environments DAKI17, VW17, LOGI8, and
VW25dap had the lowest diversity, with indices of 1.3, 1.8, 1.9,

and 2.0, respectively (Supplementary Table S3). The VW25dap is
the same environment as VW17 and diversity values were not sig-
nificantly different from each other (P = 0.50). Interestingly, the
mean Shannon’s diversity index was significantly different between
DEF17 and DEF25dap (P < 0.001) environments sampled at the
V1 to V3 and V3 to V5 growth stages. Environments NWB17 and
NWBI18 were not significantly different (P = 0.41), showing how
diversity was consistent at this location (Fig. 5; Supplementary
Table S3).

To test whether the community composition of Phytophthora,
Phytopythium, and Pythium spp. was different among environments
and cultivars, PERMANOVA was conducted on the OTU counts.
There was a significant effect for both environment (P < 0.001;
R? = 0.48) and cultivar (P < 0.001; R*> = 0.01) on community com-
position. Distinct communities were observed in each environment
and these were different even at the two sampling times for envi-
ronments DEF17, DEF25dap, and VW17, VW25dap (Fig. 6). How-
ever, the environments which were irrigated to field capacity
(NWB17 and NWBI18) had very similar communities but differed
from all other environments (Fig. 6). The effect of cultivar could
only explain 1% of the total variance within each environment. To
test whether cultivar influenced the abundance of specific genera,
the data were subset to the genus level. Based on ANOVA, the rel-
ativized abundance of Phytophthora spp. was significantly (P <
0.001) influenced by soybean cultivar but cultivar had no effect on
the abundance of Phytopythium and Pythium spp.

Effect of environment on the species abundance of
Phytophthora, Phytopythium, and Pythium. The abundance of
Phytophthora, Phytopythium, and Pythium spp. was different
among environments. At a threshold of 100 counts, at least 31
OTUs of species of Pythium, 2 species of Phytophthora, and 1 spe-
cies of Phytopythium were detected in one or more of the 11 envi-
ronments as well as the 2 environments that were sampled at 25
dap (Fig. 7, Supplementary Table S2). Because OTUs were
detected that match species within Pythium clades B1, B2, D, El,
and I, there may, in fact, be more species present. Overall,
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environments DAK17 and DEF25dap had the lowest number of
species, with only five and six species of Pythium present, respec-
tively (Fig. 7). Some Pythium spp. were found in all of the environ-
ments, including P. attrantheridium, P. heterothallicum, and P.
sylvaticum, all known pathogens of soybean. The undescribed
Pythium sp. CAL2011f was highly abundant across all cultivars
and environments, except for DEF17. Also, P. monospermum was
present in nine environments, except for NWB17 and NWBIS.
Similarly, P. minus was present in 10 environments, except for
DEF25dap. Based on the relativized abundance in the NMDS anal-
ysis, environments NWB17 and NWB18 did not differ in commu-
nity composition; however, there were a few species that differed.
For example, OTUs belonging to the species P. nodosum, P. oopa-
pillum, and P. ultimum were only observed at NWB17, whereas P.
acanthicum, P. orthogonon, and Pythium sp. CAL2011f were only
at NWB18. The two environments sampled at two different growth
stages had very distinct communities at each sampling time. For
example, in the VW17 early growth stage sample, five species
were found and the community was characterized by Phytophthora
sojae, Pythium acanthicum, and P. periilum whereas, at VW25dap,
the community was characterized by the presence of three species,
including Phytophthora sansomeana, Pythium acrogynum, and
Pythium sp. CAL2011f. For DEF17, OTUs representing a total of
16 species of Pythium were found whereas, at the second sampling
date (DEF25dap), only six species of Pythium were found.

Effect of cultivar on the species abundance of
Phytophthora, Phytopythium, and Pythium spp. The abundance
of Phytopythium and Pythium spp. was influenced by environment
while Phytophthora spp. abundance was influenced by both envi-
ronment and cultivar (Table 2). At the threshold of detection, Phy-
tophthora sojae and Phytophthora sansomeana were not present in
environments DAK17, CLN17, DEF17, and DEF25dap when the
seedlings were sampled. However, late-season stem rot caused by
Phytophthora sojae was widely distributed in all three environ-
ments. For CLNI18, Phytophthora sansomeana was 84% more
abundant than Phytophthora sojae. More importantly, the abundance
of Phytophthora sojae in the rhizosphere was significantly affected
by cultivars. For example, the abundance of Phytophthora sojae
associated with Sloan was greater than from resistant Kottman
(ANOVA; P = 0.001) across all environments (Fig. 7), whereas the
abundance of Phytophthora sansomeana was not affected by culti-
var. For Pythium spp., Pythium pachycaule (representing Pythium
clade B2) (Table 1) was the only species for which abundance was
significantly (P = 0.013) affected by cultivar, with greater abundance
associated with Sloan compared with Kottman (Table 3).

Indicator species associated with 11 environments in Ohio.
Based on OTUs of Pythium, Phytopythium, and Phytophthora, there
were 50 species that were significant indicators of the environments
selected (Table 4). Based on specificity, fidelity, and the indicator
values from the indicator species analysis, environmental conditions
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Fig. 4. Mean root weight from pathogenicity assays of Phytophthora, Phytopythium, and Pythium isolates recovered from soybean seedlings in
2017. Species with more than one isolate are represented with an A or B. Control = noninoculated and Phytophthora sojae OH25, Pythium
irregulare (Brown), and Pythium ultimum (Miami) were controls from the soybean pathology collection. Soybean cultivars Kottman, Lorain, and
Sloan, with different levels and types of resistance (Rps7k + Rps3a and high partial resistance, Rps7c and high partial resistance, and
moderately susceptible, respectively), were tested using the root cup assay method. An asterisk (*) represents a significant reduction in root
weight (P < 0.05) when compared with the noninoculated control. Bars represent standard deviation of the means.

Vol. 5, No. 3, 2021 295



CLN17 CLN18 DAK17
3' °
| T ma .- .
I
i —_—
01 ° °
DEF17 DEF25dap LOG18
|-
. —_— s = ==
1- [ ]
o
o 01
£ NwB17 NWB18 PAL18
P
.-l: —_— > e
53 * —— —_—
S 2 ==
(=) s 1
1
c
2 0-
S SNY17 SNY18 VW17
L
Nl b
[ == = —
2 : § ——
—
1_
01 o ] ] ! . : :
VW25dap s = c G = =
= © ® £ ® I
£ o] = £ o el
31 o — 2 8 i %)
2] * = *
1_
0- T T T
é £ =
©
g 5 @
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played an important role in in the abundance, development, and
competition of oomycete species in these fields in Ohio. Indicator
analyses suggest that oomycete community composition was driven
more by fidelity (lack of occurrence in other environments) than by
specificity (occurrence exclusively within a environment), because
32 of the 50 identified species had larger fidelity values relative to
specificity values (Table 4). The notable exception to this was in
CLNI18 and DEF17, which both had more species with higher spe-
cificity values than fidelity values.

Based on PERMANOVA analysis, community compositions in
environments NWB17 and NWB18 were not significantly different
from each other. However, the species indicators for these two envi-
ronments were not the same (Table 4). For example, the species
Pythium longandrum, P. nodosum, P. acrogynum, Phytopythium
mercuriales, and Phytophthora sansomeana were significant indica-
tor species in NWB17, while Pythium ultimum, P. aphanidermatum,
Phytopythium vexans, Pythium orthogonon, Phytophthora sojae, and
Pythium nunn were significant indicators of NWBI18. For the
remaining environments, there were one to six indicator species with
very few similarities (Table 4). Additionally, when environments

sampled in the same year at two different time points were com-
pared, there were different indicators species observed. The species
Pythium chondricola was an indicator of the environment DEF17
whereas, in the same environment sampled later (DEF25dap), the
unclassified Pythium sp. CAL2011f was one of the five indicator
species. Only one indicator species was observed for environments
VW25dap and CLN17.

DISCUSSION

The diversity of species of Phytophthora, Phytopythium, and
Pythium recovered from soybean in this and previous surveys from
regions where environmental conditions and soil types differ from
one another demonstrates the adaptability and diversity of this
group of oomycetes to many different environments (Dorrance et al.
2004; Broders et al. 2007. 2009; Matthiesen et al. 2016; Navarro
et al. in press; Radmer et al. 2017; Rojas et al. 2017a; Serrano and
Robertson 2018; Zitnick-Anderson and Nelson 2015). This study
characterized the community composition of Phytophthora, Phyto-
pythium, and Pythium spp. from three soybean cultivars with
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Fig. 6. Nonmetric multidimensional scaling (NMDS) plots using Bray-Curtis dissimilarity of Phytophthora, Phytopythium, and Pythium community
data retrieved from the rhizosphere of three soybean cultivars with different levels and types of resistance across 11 field environments were
sampled at in Ohio. Colors represent environments sampled and shapes represent cultivars. Environments DEF25dap and VW25dap were
sampled at growth stages V3 to V5, whereas the other environments were sampled at V1 to V2. Permutation analysis (PERMANOVA) showed
environments significantly contributing to the community composition. Lines are depicting convex hulls enclosing all samples pertaining to the

same environment.
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different types and combinations of resistance across 11 high-disease
environments and 2 environments sampled a second time at 25
dap. It should be noted, as others have in these types of studies
(Navarro et al. in press; Redekar et al. 2019), that an amplicon
sequencing approach can underestimate the total number of spe-
cies, because the region that is amplified is identical for a few
species in some of the clades (Lévesque and de Cock 2004;
Robideau et al. 2011). Even with this limitation, more than 30
OTUs were detected in this amplicon sequencing approach, and
those were quite different across environments.

Environment (soil plus environmental factors) can significantly
affect microbial communities in the rhizosphere. For example, the
microbial communities associated with the rhizosphere of straw-
berry (Fragaria ananassa), oilseed rape (Brassica napus), and
potato (Solanum tuberosum) were affected by the seasonal changes
that occurred during a 2-year sampling period (Smalla et al. 2001).
Similarly, Phytophthora, Phytopythium, and Pythium spp. may be
affected by environmental changes, requiring optimal temperatures
and high moisture levels for growth and pathogenicity based on lab-
oratory and field experiments of several species of oomycetes
(Erwin and Ribeiro 1996; Martin and Loper 1999; Matthiesen et al.
2016; Radmer et al. 2017; Schroeder et al. 2013; Serrano and
Robertson 2018). Latitude, longitude, and precipitation were among
the most significant factors driving overall abundance and commu-
nity composition in a survey of soybean seedlings conducted across
the Midwest (Rojas et al. 2017b). In addition, Navarro et al. (in
press) reported that communities of Phytophthora, Phytopythium,
and Pythium spp. were different between soil incubated at 15°C
compared with 25°C using a soil-bating technique.

Among the species of Phytophthora, Phytopythium, and Pythium
detected in this study via amplicon sequencing and direct isolation,
several had been previously reported in Ohio. For example,
Pythium sylvaticum and P. oopapillum were found across all envi-
ronments and cultivars and are also among the most recovered
species across previous surveys conducted in Ohio (Broders
et al. 2007, 2009; Dorrance et al. 2016) (unpublished data). In addi-
tion, the distribution of these species suggests that they may be
core species associated with soybean. Other species such as

P. attrantheridium and P. heterothallicum were also highly abun-
dant based on the number of OTUs but few isolates were recovered
from seedlings. This low recovery of isolates may have been due to
the different soil temperatures among the environments at the time
of planting, compared with incubation temperatures during isola-
tion. For instance, some studies have used temperatures of 23 to
25°C for the recovery of isolates of P. attrantheridium and when
testing for pathogenicity against soybean (Broders et al. 2007;
Radmer et al. 2017; Rojas et al. 2017a; Zitnick-Anderson and
Nelson 2015). In this study, 20°C was used for root tissue incubation
during isolation, which may have reduced the ability to recover this
species because warmer temperatures appear to be optimal for
growth and pathogenicity (Radmer et al. 2017; Rojas et al. 2017a;
Zitnick-Anderson and Nelson 2015). P. ultimum was readily
detected by both amplicon sequencing and direct isolation in this
study. Both P. ultimum var. ultimum and P. ultimum var. sporangii-
Sferum have been recovered from many soybean-producing regions
and have been used in many germplasm screenings. P. ultimum is
highly pathogenic toward soybean and its detection through this
and many other surveys suggests that this species is also a core spe-
cies. P. monospermum was also highly abundant across all environ-
ments but has not been reported as a pathogen of soybean or corn.
This species was originally isolated from dead insects in many parts
of the world (van der Plaats-Niterink 1981) as well as reported to
parasitize nonstylet-bearing nematodes (Tzean and Estey 1981).
The saprophytic and parasitic lifestyles of P. monospermum have
been hypothesized to be part a survival mechanism when the host
is not present (Tzean and Estey 1981). Interestingly, this species
was also detected from soils of fields with a soybean-corn rotation
scheme in Pennsylvania with amplicon sequencing (Coffua et al.
2016) and isolated from soybean seedlings in the North-Central
region of the United States (Rojas et al. 2017a). Another important
aspect of amplicon sequencing is the detection of low-abundance
taxa and the detection of taxa that cannot be isolated when using
traditional isolation methods alone. In this study, P. periilum was
detected in some fields with amplicon sequencing but not isolated
directly from seedlings and was also an indicator species for
PALIS. This species was previously isolated from soybean
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Fig. 7. Relative abundance based on cumulative sum scaling normalized counts (n = 8) of the species of Phytophthora, Phytopythium, and
Pythium detected in the rhizosphere of the cultivars Kottman, Lorain, and Sloan with different levels and types of resistance, across 11 field

environments in Ohio.
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seedlings in North Dakota, where it was first reported as a pathogen
of soybean in the United States (Zitnick-Anderson and Nelson
2015). It was isolated from soybean seedlings plated into PARB+B
media incubated at 23°C which was different from the protocol

TABLE 3
Analysis of variance significance P values of the effects of
environment and cultivar for the abundance of species of
Phytophthora, Phytopythium, and Pythium using an amplicon
sequencing approach?

Pythium
Species clade® Environment  Cultivar
Phytophthora sojae 0.002 0.016
Phytophthora sansomeana 0.314 0.124
Phytopythium chamaehyphon K 0.376 0.242
Phytopythium helicoides K 0.405 0.385
Phytopythium vexans K 0.010 0.461
Phytopythium mercuriale K 0.231 0.436
Pythium acanthicum D 0.012 0.523
Pythium acrogynum E1 <0.001 0.382
Pythium aff. hydnosporum D 0.001 0.752
Pythium aff. pleroticum E2 <0.001 0.694
Pythium aff. volutum B1 <0.001 0.383
Pythium aphanidermatum A 0.123 0.409
Pythium arrhenomanes B1 <0.001 0.407
Pythium attrantheridium F <0.001 0.720
Pythium chondricola <0.001 0.346
Pythium conidiophorum B1 <0.001 0.732
Pythium folliculosum B1 <0.003 0.287
Pythium heterothallicum | <0.001 0.740
Pythium inflatum B1 <0.001 0.117
Pythium irregulare F <0.001 0.470
Pythium longandrum E1 0.268 0.382
Pythium middletonii E2 0.444 0.428
Pythium minus E2 0.417 0.820
Pythium monospermum A 0.001 0.605
Pythium nodosum J 0.329 0.317
Pythium nunn J <0.001 0.217
Pythium oopapillum B 0.132 0.596
Pythium orthogonon J <0.001 0.429
Pythium pachycaule B2 <0.001 0.013
Pythium parvum E2 0.014 0.607
Pythium periilum B <0.001 0.162
Pythium periplocum D 0.089 0.379
Pythium perplexum J <0.001 0.384
Pythium rostratifingens E 0.001 0.573
Pythium selbyi E1 0.004 0.559
Pythium sp. CAL2011f ND <0.001 0.301
Pythium sylvaticum F <0.001 0.345
Pythium ultimum | <0.001 0.562

@ Species highlighted in bold were significant at P = 0.05.

b pythium clades based on taxonomic analysis of the genus
Pythium by Lévesque and de Cock (2004) and Robideau et al.
(2011). ND indicates a nondescribed sequence or species.

used in this study both in incubation temperature and isolation
media. Another potentially important finding, Pythium sp.
CAL2001f, was detected across environments and a few isolates
were directly recovered from soybean seedlings in this study. This
species has been previously detected in Ohio using an amplicon
sequencing approach but was not isolated from seedlings (Navarro
et al. in press) and was also an indicative species for environment
DEF25dap in this study. This species has also been reported in
other surveys, including in North Dakota (Zitnick-Anderson and
Nelson 2015) and the North-Central region of the United States
(Rojas et al. 2017a). Due to the number of reports in this and other
studies of this putative species and soybean, further studies are
needed for this species.

The effects of host genotype on the microbial rhizosphere com-
munity have been studied in several other plant hosts, including
Arabidopsis (Micallef et al. 2009), barley (Hordeum vulgare)
(Bulgarelli et al. 2015), maize (Peiffer et al. 2013), wild mustard
(Boechera stricta) (Wagner at al. 2016), sweet potato (I[pomoea
batatas) (Marques et al. 2014), and potato (S. tuberosum) (inceoglu
et al. 2010). Although the effect of genotype on community compo-
sition has been explored for these plant species, those studies
focused primarily on beneficial microbes; however, little is known
about how the abundance, diversity, and community composition of
pathogenic species are affected by cultivars. In this study, which is
the first to measure the effect of soybean genotype on the abun-
dance of Phytophthora, Phytopythium, and Pythium spp., environ-
ment masked the effect of soybean genotype on community
composition. For example, soybean genotype explained <1% of the
overall variance whereas environment explained almost 50%, as
calculated using PERMANOVA. However, when the abundance of
Phytophthora, Phytopythium, and Pythium spp. was analyzed for
each genotype, some effects were observed, and these varied by
environment. For instance, the susceptible cultivar Sloan had an
overall higher abundance of species of all three genera compared
with Kottman and Lorain based on both amplicon sequencing and
direct isolation from seedlings. This was expected because Sloan is
moderately susceptible to all of the species. For Phytophthora
sojae, the presence of Rpslk and Rps3a plus high levels of partial
resistance in Kottman and Rps/c plus high levels of partial resis-
tance in Lorain could explain the reduced abundance in the rhizo-
sphere soil and lower number of isolates recovered via direct
isolation, although Kottman tends to be susceptible to more species
of Pythium and Phytopythium compared with Lorain based on cup
assays (Balk 2014). In addition, the necrotrophic and broad host
range for many species of Pythium allows this group of pathogens
to proliferate regardless of the plant genotype encountered. This is
further emphasized through genomic comparisons because pathoge-
nicity mechanisms between these genera may be associated with
the types of effectors and enzymes associated with carbohydrate
metabolism (Adhikari et al. 2013). Although unexplored, one possi-
ble explanation for the differences in Phytophthora sojae abundance
may be associated with different root exudate profiles among the
cultivars that may lead to the recruitment of zoospores from specific
species within these groups of oomycetes. Soybean root exudate
compounds such as flavonoids (Hassan and Mathesius 2012) and
soyasaponins (Shiraiwa and Kurosawa 2001; Tsuno et al. 2018) can
alter the rhizosphere communities. Soyasaponins are allelochemi-
cals and act as repellents for certain microbes (Waller et al. 1999)
while flavonoids are also crucial in the development of rhizobia, as
well for the interactions with other plant-growth-promoting bacteria,
mycorrhizal fungi, pathogens, and nematodes of soybean (Hassan
and Mathesius 2012). Phytophthora sojae is also positively attracted
to the isoflavones daidzein and genistein, which are secreted by
soybean into the rhizosphere (Morris and Ward 1992; Morris et al.
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TABLE 4
Indicator species (State) values calculated for communities of Pythium, Phytopythium, and Phytophthora spp. associated with 11
environments sampled at 14 days after planting (dap) as well as 2 sites that were sampled 25 dap in Ohio®

Specificity Fidelity (occurrence
(occurrence within in other

Environment, indicator species® environment) environments) Indicator value P value Significance level
LOG18

Pythium sylvaticum 0.179 1.00 0.423 0.002 ok

Pythium attrantheridium 0.165 1.00 0.406 0.001 ok
NWB17

Pythium longandrum 0.683 1.00 0.827 0.001 ot

Pythium nodosum 0.816 0.783 0.799 0.001 ot

Pythium acrogynum 0.530 1.00 0.728 0.001 o

Phytopythium mercuriale 0.752 0.522 0.626 0.001 ofoful

Phytophthora sansomeana 0.323 0.826 0.517 0.018 o

Pythium acanthophoron 0.395 0.348 0.371 0.009 *
NWB18

Pythium ultimum* 0.856 1.00 0.925 0.001 ok

Pythium aphanidermatum 0.943 0.833 0.887 0.001 ok

Phytopythium aff vexans 0.990 0.750 0.862 0.001 ofotl

Pythium orthogonon 0.676 1.00 0.822 0.001 otk

Phytophthora sojae 0.380 1.00 0.617 0.001 oty

Pythium nunn 0.435 0.667 0.538 0.002 W
PAL18

Pythium periilum 0.795 0.917 0.853 0.001 o

Pythium acanthicum 0.341 0.917 0.559 0.001 ot

Pythium aff. pleroticum 0.407 0.667 0.521 0.002 i
SNY17

Pythium takayamanum 1.00 0.864 0.929 0.001 otk

Pythium selbyi 0.562 1.00 0.750 0.001 ok

Pythium folliculosum* 0.467 1.00 0.683 0.001 ok

Phytophthora humicola 0.961 0.227 0.467 0.003 ok

Pythium vanterpoolii 0.387 0.455 0.419 0.001 ok

Pythium adhaerens 0.357 0.455 0.403 0.005 ok
SNY18

Pythium irregulare 0.578 1.00 0.760 0.001 ok

Pythium arrhenomanes 0.531 0.909 0.695 0.001 ot

Pythium rostratifingens 0.336 1.00 0.579 0.001 o

Pythium conidiophorum 0.443 0.636 0.531 0.001 ot
VW25dap

Pythium emineosum 0.301 0.667 0.448 0.002 ok
CLN17

Pythium parvum 0.394 0.714 0.530 0.001 oK
CLN18

Pythium inflatum 0.676 0.909 0.784 0.001 oK

Phytopythium helicoides 0.996 0.455 0.673 0.001 Rt

Phytopythium chamaehyphon 0.657 0.636 0.646 0.001 ok

Phytopythium vexans 0.617 0.546 0.580 0.001 St

(Continued on next page)

& Significance levels were assessed using permutation analysis of variance.

b An asterisk (*) next to Pythium ultimum indicates that, based on amplicon sequencing, this name represents both P. ultimum var. ultimum
and P. ultimum var. sporangiiferum; P. folliculosum represents seven species within Pythium clade B1, as described by Lévesque and de
Cock (2004).
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TABLE 4 (Continued from previous page)

Specificity Fidelity (occurrence
(occurrence within in other
Environment, indicator species® environment) environments) Indicator value P value Significance level
Pythium rhizosaccharum 0.812 0.364 0.543 0.001 ot
Pythium angustatum 0.672 0.273 0.428 0.005 ko
Phytophthora rosacearum 0.694 0.182 0.355 0.028 &
DAK17
Pythium aff. volutum 0.575 0.826 0.689 0.001 oK
Pythium perplexum 0.469 0.739 0.589 0.001 ok
Pythium periplocum 0.330 0.739 0.494 0.005 ok
DEF17
Pythium chondricola 0.734 0.706 0.720 0.001 oK
Pythium aff. hydnosporum 0.380 0.882 0.578 0.001 et
Pythium carolinianum 0.764 0.412 0.561 0.001 okk
Phytophthora cryptogea 0.987 0.235 0.482 0.001 oty
Pythium multisporum 0.960 0.235 0.475 0.001 ot
Pythium heterothallicum 0.198 1.00 0.445 0.004 ot
DEF25dap
Pythium marinum 0.797 0.913 0.853 0.001 K
Pythium sp. CAL2011f 0.712 1.00 0.844 0.001 ok
Pythium oopapillum 0.505 1.00 0.710 0.001 otk
Pythium pachycaule 0.471 0.783 0.607 0.001 ok
Phytophthora megasperma 0.489 0.348 0.412 0.006 ok

1998; Tyler et al. 1996). However, other Phytophthora spp. and
Pythium irregulare were not attracted to these compounds, indicat-
ing that root exudates may play a role in the assembly of communi-
ties in the rhizosphere (Morris and Ward 1992). Different cells and
root exudates have also been reported to affect the establishment
of oomycetes. Goldberg et al. (1989) showed that zoospores of P. dis-
sotocum and P. catenulatum were chemotactically attracted to border
cells of cotton and cucumber, respectively, but were not attracted to
the nonhost species. Border cells which are produced on the root tip
and that are released into the environment have also been found to
attract nematodes (Zhao et al. 2000), bacteria (Hawes et al. 2016),
and fungi (Gunawardena and Hawes 2002) and are hypothesized to
be a mechanism used by plants to defend against pathogens. The
role of root exudates and cell characteristics toward repelling or
attracting multiple oomycete species should be further explored.

In this study, the baseline or confirmation that genotype may
influence the pathogen communities was addressed. A greater num-
ber of isolates was retrieved from the moderately susceptible culti-
var Sloan compared with the moderately resistant cultivars Kottman
and Lorain. Most importantly, a significant reduction in the abun-
dance of Phytophthora sojae was observed in the rhizosphere soil
of Kottman compared with Sloan. Further studies should focus on
the profiling of root exudates by these soybean genotypes to better
characterize compounds involved in the interaction of oomycetes
with soybean. Finally, results from this study will enable the devel-
opment of more targeted disease management practices by selecting
cultivars that can perform better in fields where conducive condi-
tions are encountered.

This study shows that species of Phytophthora, Phytopythium, and
Pythium should be monitored on a regular basis because populations

can change and different species can emerge. We also generated a
collection of isolates obtained from symptomatic and asymptomatic
soybean seedlings from 11 different environments across Ohio,
including isolates of the undescribed Pythium sp. CAL2011f. With
this understanding of the diversity of the community composition
among these environments, microbial plant engineering has been pro-
posed as a possible breeding strategy to help select beneficial
microbes or repel pathogens and, thus, improve yields (Bakker et al.
2012; Quiza et al. 2015; Oger et al. 2004; Pérez-Jaramillo et al. 2017;
Ryan et al. 2009). One means to explore the effectiveness of this
approach is by deciphering the communities enhanced or reduced in
cultivars that exhibited diverse levels and types of resistance.

Using an amplicon sequencing approach, this study revealed that
environment, which includes a combination of previous production
practices, temperature, and precipitation, was the primary factor
driving community composition. Plant genotype affected the abun-
dance of Phytophthora sojae, a hemibiotroph, and Pythium pachy-
caule (eight species in Pythium clade B2) in the soybean seedling
rhizosphere whereas it had no effect on the abundance the Pythium
or Phytopythium spp., which are necrotrophs and generalists, that
were directly isolated or detected in the rhizospheric soil during this
study. In addition, this study enabled the detection of Pythium perii-
lum OTU for the first time in Ohio and the isolation of the unde-
scribed Pythium sp. CAL2011f from soybean seedlings.
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