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ABSTRACT

Multiple species of Phytophthora, Phytopythium, and Pythium
cause detrimental effects to soybean and more than one species
have often been recovered from symptomatic soybean seedlings
or roots, suggesting that these occur as species complexes. Our
objective was to assess the species diversity and abundance of
Phytophthora, Phytopythium, and Pythium spp. associated with
soybean seedlings at two different incubation temperatures from
soils collected from the same 81-ha farm but from five fields with a
different history of production practices. To determine the effect of
incubation temperature on the species detected, soils were baited
with soybean seedlings at 15 and 25�C. At each temperature,
isolates were directly recovered from seedling roots and the
associated rhizosphere soil was assayed via amplicon sequencing
with oomycete-specific primers. Regardless of incubation
temperature or field site, the species Pythium sylvaticum and

Pythium ultimum were isolated through the baiting procedure and
these, along with Pythium acrogynum, Pythium attrantheridium,
and Pythium heterothallicum, were detected with amplicon
sequencing. Some Pythium spp. were more abundant at 15�C
while others were favored at 25�C. This study demonstrated that
the species diversity of Phytophthora, Phytopythium, and Pythium
detected on seedling roots and in the rhizosphere of soybean can
be influenced by incubation temperature. This may explain, in part,
the differences in the species composition reported from previous
surveys and suggests that production practices associated with
each of the sampled fields may have influenced the species
complexes of Phytophthora, Phytopythium, and Pythium.
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Oomycetes encompass a wide range of organisms that are found
in many niches, including agricultural fields (Fry and Grünwald
2010;Martin and Loper 1999; Robideau et al. 2011; Schroeder et al.

2013). They are closely related to brown algae and diatoms but their
filamentous growth resembles that of true fungi. Many members
have saprophytic lifestyles yet some are very important plant
pathogens. Species of the genera Phytophthora, Pythium, Phyto-
pythium, and Globisporangium, often referred to as water molds,
are among the most important members of Oomycetes due to their
pathogenicity and economic impact on a large number of crops
(de Cock et al. 2015; Hendrix and Campbell 1973; Lévesque and de
Cock 2004; Martin and Loper 1999; Robideau et al. 2011;
Schroeder et al. 2013; Uzuhashi et al. 2010). The genus Globis-
porangium encompasses the species with globose or round spo-
rangia previously classified as Pythium (Uzuhashi et al. 2010). This
study relies on older voucher specimens for identification prior to
the change of the genus name; thus, we will refer to Globispor-
angium as Pythium.
In the north-central region of the United States, more than 25

species of Pythium, Phytophthora sansomeana, and Phytophthora
sojae have been reported as important pathogens of soybean and
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corn (Broders et al. 2007, 2009; Dorrance 2018; Jiang et al. 2012;
Radmer et al. 2017; Rojas et al. 2017a; Zhang and Yang 2000;
Zitnick-Anderson and Nelson 2015). Early-season symptoms in-
clude pre- and postemergence damping-off of soybean seed and
seedlings, while root rot can occur throughout the entire season,
with reported losses from 2010 to 2014 of 6.5 billion metric tons in
the United States (Allen et al. 2017). Management practices include
fungicide seed treatments and resistant cultivars, as well as agri-
cultural practices such as crop rotation to prevent rapid buildup of
inoculum and tillage to increase soil drainage (Broders et al. 2007;
Dorrance et al. 2004, 2008; Schmitthenner and Van Doren 1985;
Zhang et al. 1998).
Pathogenicity and aggressiveness of several species of Phy-

tophthora, Phytopythium, and Pythium are known to be greatly
influenced by temperature (Hendrix and Campbell 1973). For
example, disease development in soybean was favored by lower
temperatures of 15 to 20�C for Pythium debaryanum and Pythium
ultimum (Thomson et al. 1971) and 13�C for Pythium torulosum
and Pythium lutarium (Matthiesen et al. 2016). Radmer et al. (2017)
reported that, as temperature increased from 15 to 25�C, there was
greater disease severity for 16 of 21 Pythium and Phytopythium spp.
from Minnesota. However, similar levels of disease severity were
reported for isolates of Pythium sylvaticum from Iowa at 18 and
23�C (Matthiesen et al. 2016). Higher temperatures (between 24
and 36�C) favored infection and disease development of soybean by
Pythium aphanidermatum (Thomson et al. 1971) and 25�C for
Phytophthora sojae (Kaufmann and Gerdemann 1958).
Several surveys of soybean seedling pathogens have evaluated

the association of soil edaphic factors such as soil pH, calcium,
magnesium, organic matter content, or cation exchange capacity
(CEC) with species distribution and oomycete community com-
position (Broders et al. 2009; Rojas et al. 2017b; Zitnick-Anderson
et al. 2017). From a survey of 88 fields in Ohio, 5,000 isolates of
Pythium were identified and, from this collection, five distinct
communities were identified using cluster analysis. These com-
munities were significantly influenced by the clay and silt content of
the soils (Broders et al. 2009). Other soil properties such as pH,
calcium, magnesium, organic matter content, and CEC of the soils
were also significantly associated with the community composition
of Pythium (Broders et al. 2009). Similar results were reported from
3,418 isolates recovered from diseased soybean seedlings in a
survey of 125 fields in the north-central region of the United States
and Canada (Rojas et al. 2017a). They reported that latitude,
precipitation, temperature, soil clay content, and soil water content

were significantly associated with species abundance and com-
position (Rojas et al. 2017b). Additionally, Zitnick-Anderson et al.
(2017) reported that higher levels of zinc favored Pythium ultimum,
higher CEC favored Pythium kashmirense, and both CEC and
calcium carbonate exchange favored Pythium heterothallicum and
Pythium irregulare. In media, zinc has been shown to be an es-
sential component in the development of Pythium oogonia and
vegetative growth (Lenney and Klemmer 1966) but higher levels of
zinc were also shown to inhibit zoospore activity (Donaldson and
Deacon 1993).
Direct isolation or recovery of Phytophthora, Phytopythium, and

Pythium spp. from soils can be challenging, and a soil-baiting
technique (Erwin and Ribeiro 1996) is the method used to assess
inter- and intraspecies diversity and abundance, as reported in many
studies (Broders et al. 2007; Dorrance et al. 2004; Jiang et al. 2012;
Radmer et al. 2017; Zhang and Yang 2000; Zitnick-Anderson and
Nelson 2015). This method combines intermittent flooding events
and incubation periods to break the dormancy of the survival
structures (oospores), and to enhance the production of asexual
structures (sporangia) as well as a susceptible host plant to bait for
pathogenic species (Erwin and Ribeiro 1996). However, many
samples must be collected to truly assess the species diversity of
Phytophthora, Phytopythium, and Pythium in any soil sample, and
the use of this technique alone can limit recovery, especially if
multiple species are present. With advances in sequencing
technologies, detection of microorganisms from soils can now be
evaluated in a high-throughput manner. Amplicon sequencing
has been beneficial in the detection of oomycete species asso-
ciated with disease of wheat (Bakker et al. 2017) and corn (Rojas
et al. 2019), and to determine the spatial and temporal dynamics
of oomycetes in recycled irrigation water of a commercial
container nursery (Redekar et al. 2019). Amplicon sequencing
allows for the assessment of species diversity of Phytophthora,
Phytopythium, and Pythium associated with soybean, removing
the limitations and difficulties often encountered with direct
isolation.
The influence of soil incubation temperature on pathogenicity

and aggressiveness of Pythium spp. has been evaluated in controlled
greenhouse studies. However, the effects of incubation temperature
on the detection of Phytophthora, Phytopythium, and Pythium spp.
when soil edaphic factors remain constant has not been explored.
Thus, the objective of this study was to assess the effects of in-
cubation temperature on the species of Phytophthora, Phyto-
pythium, and Pythium associated with the rhizosphere of soybean

TABLE 1
Description of agronomic practices and soil properties of five fields fromTheOhio State University Northwest Agricultural Research Station

in Wood County, OH

Agronomic practices
Soil physical and chemical propertiesb

Field Rotation Tillage Datea
OM
(%)

P
(ppm)

K
(ppm)

Mg
(ppm)

Ca
(ppm) pH

CEC
(cmolc kg

_1)

B1 (SS-Till) Continuous soybean Disk, moldboard, chisel October 2016 3.9 27 186 425 2,250 7.1 15.3

B6 (CSF-Till) Corn, soybean, fallow Chisel plow November
2017

2.1 55 161 403 1,512 6.8 13.6

D15 (CSF-Nt) Corn, soybean, fallow No till November
2016

3.5 29 169 367 2,300 6.7 16

D3 (CSWF-Till) Corn, soybean, wheat,
fallow

Disk, moldboard, chisel November
2016

3.3 29 151 400 2,400 6.6 16.9

Continuous corn No till October 2015 3.7 20 186 310 1,950 6.3 15.2

a Month and year that the soil was collected from each field for analysis of soil properties.
b Bray-P1 extractable cations. OM = organic matter and CEC = cation exchange capacity.

TA4 (CC-Nt)
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seedlings from five separate fields with different agricultural
practices. To accomplish this objective, soils were collected from an
81-ha research farm with similar physical and chemical properties.
This approach removes any bias that may occur based on soil
properties (Broders et al. 2009; Rojas et al. 2017b; Zitnick-
Anderson et al. 2017). Soils were used to evaluate the species
recovered at two incubation temperatures using soil baiting with
soybean seedlings with an amplicon sequencing approach of the
rhizosphere soil, as well as direct isolation from symptomatic tissue.
The primary hypothesis tested in this study was that the species
diversity of Phytophthora, Phytopythium, and Pythium associated
with soybean seedlings will be influenced by the soil-baiting in-
cubation temperature.

MATERIALS AND METHODS

Site description and sample collection. Five separate fields at
The Ohio State University Northwest Agricultural Research Station
located in Wood County, OH were selected for this study (Sup-
plementary Fig. S1). This research farm is located on 81 ha and has
predominantly silty clay and silty clay loam soils which are very
prone to compaction and poor drainage, with slopes of 0 to 1%. The
fields that were sampled were selected based on long-term studies
conducted at this location that included soybean breeding plots and
management studies of Phytophthora sojae. In addition, the crop
rotation and tillage histories of each field site were available for each
year beginning with 2012 (Table 1). The soil physical and chemical
properties were assessed for each field in years 2015, 2016, or 2017
(Table 1). The soils from each field all had similar levels of organic
matter, phosphorous, potassium, magnesium, and calcium. The
CEC of each soil sample was also very similar and pH values ranged
from 6.3 to 7.1.
From each field, five soil samples of approximately 5.7 liters from

the top 20 cm were collected with a shovel during January 2017.
The samples were collected randomly and spaced at least 7.6 m
apart in each field. The soils were transported to the laboratory and
stored at 4�C until processed. Soils were air dried for 24 h in the
greenhouse, then ground into fine particles using the IER Improved
Soil Grinder (The Fen Machine Co., Cleveland, OH, U.S.A.) to
homogenize samples and to make the heavy clay soil easier to
handle for baiting. After this process, approximately 60% of the

particles were less than 2 mm. Field names were abbreviated to
reflect the crop rotation scheme and tillage practice as follows: field
TA4 with continuous corn and no till (CC-Nt), field B1 with
continuous soybean and tilled (SS-Till), field B6 with corn-
soybean-fallow rotation and tilled (CSF-Till), field D3 with corn-
soybean-wheat-fallow rotation and tilled (CSWF-Till), and field
D15 with corn-soybean-fallow and no till (CSF-Nt).
Soil baiting. To increase the detection of oomycetes species from

soils, a baiting techniques was used (Broders et al. 2009; Erwin and
Ribeiro 1996). Soils from each of the five field sites were divided
and aliquots were placed into 0.09-liter pots. Pots were placed
inside long polyvinyl trays and flooded for 24 h by adding deionized
water. The water was drained from the trays and soils were dried in
the pots until moisture levels reached approximately 300 mb matric
potential. Pots were then placed in plastic trays for ease of handling,
covered with a polyethylene bag to maintain moisture, and incu-
bated inside a growth chamber (CMP6010 Adaptis; Conviron,
Winnipeg, MB, Canada) at 15 or 25�C. Each field was represented
by five pots at each temperature. After 2 weeks, 10 seeds of the
moderately susceptible soybean cultivar Sloan were placed on the
surface of the soil of each pot, covered with wet coarse vermiculite,
and incubated for three more days. After seed germinated, the pots
were moved to the greenhouse, flooded a second time for 24 h, and
placed on a greenhouse bench to drain excess water. After 3 days,
five seedlings were collected from each pot for direct isolation of
pathogens. In addition, the corresponding rhizosphere soil of the
five seedlings was collected by shaking the seedlings inside a
manila envelope. Seedlings were processed immediately while
rhizosphere soils were stored at _20�C until used.
Pathogen direct isolation. Pathogen isolation was performed as

previously described by Dorrance et al. (2008). Briefly, seedling
roots were first washed with tap water to remove debris, then taken
to a laminar flow hood. Root tissue was cut into pieces and placed in
70% ethanol for 10 s followed by a 30-s rinse with sterile distilled
water. Roots were blotted dry between sterile paper towels and
sections from the edge of the lesions were placed under V8-media +
pentachloronitrobenzene, iprodione, benlate, neomycin sulfate, and
chloramphenicol (PBNIC) selective media in a 60-by-15-mm Petri
dish. After 3 days of incubation at 20�C, cultures were examined for
coenocytic growth of mycelia, and those without this character-
istic were discarded. Hyphal tips of oomycete-like cultures were

TABLE 2
Shannon’s diversity index (DI) for species of Phytophthora, Phytopythium, and Pythium spp. from rhizosphere soil collected from soybean
seedlings grown in soil collected from five fields following incubation at 15 and 25�C during soil baiting (culture-independent analyses)

Field, agronomic practicea Temp (�C)b Shannon’s DI Tukey P value

B1 (SS-Till) 15 1.99 A …

25 1.62 A 0.08

B6 (CSF-Till) 15 2.18 A …

25 1.69 B 0.003

D15 (CSF-Nt) 15 1.61 A …

25 1.45 A 0.521

D3 (CSWF-Till) 15 1.68 A …

25 1.27 A 0.348

TA4 (CC-Nt) 15 1.76 A …

25 1.24 B 0.003

a Abbreviation for agronomic practices: SS-Till = continuous soybean and tilled; CSF-Till = corn, soybean, fallow, and tilled; CSF-Nt = corn, soybean,
and fallow with no till; CSWF-Till = corn, soybean, wheat, fallow, and tilled; and CC-Nt = continuous corn with no till.

b Soil incubation temperature.
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transferred to potato carrot agar (PCA) plates amended with ri-
fampicin antibiotic (100 mg/ml) to inhibit bacterial growth. Pure
cultures were transferred to Whatman vials with PCA for long
term storage at 15�C.
Direct colony PCR and Sanger sequencing.Direct colony PCR

was adapted from Broders et al. (2009) and Kong et al. (2005).
Briefly, the internal transcribed spacer (ITS)1 of the ribosomal RNA
(rRNA) gene was amplified using the primers ITS6 (Cooke and
Duncan 1997) and ITS7 (Cooke et al. 2000) from each individual
isolate. A master-mix solution was prepared using the Promega
GoTaq Polymerase Kit (Promega Corp, Madison, WI, U.S.A.). The
solution consisted of 5 ml of 5× colorless reaction buffer, 1.5 ml of
MgCl2 (25 mM), 1 ml of dNTPs (10 mM), 1 ml of primers ITS6
(10ml) 59-GAAGGTGAAGTCGTAACAAGG-39 and ITS7 (10ml)
59-AGCGTTCTTCATCGATGTGC-39 (Cooke et al. 2000), 0.25ml
of GoTaq DNA Polymerase (5 U/ml), and 13.25 ml of ultrapure water.
In a 96-well plate, 23ml of themastermixwas aliquoted into eachwell,
and approximately 1mm3 of mycelia from the edge of the plate of each
isolate was transferred to individual wells and macerated with a sterile
pipette tip. The plate was immediately placed in a PCR machine with

the following parameters: 95�C for 5min; followed by 30 cycles of 94�C
for 1min, 53�C for 1min, and 72�C for 1min; and completedwith 72�C
for 5 min. Quality and quantity of the amplicon were obtained by using
both the A260/A280 and A260/A230 ratios with a spectrophotometer
(Nanodrop 3300; Thermo Scientific, Vernon Hills, IL, U.S.A.) and
electrophoresis of 2ml of the PCR product on a 1% (wt/vol) agarose gel
for 1 h at 90V. The gel was stainedwithGelRed (Biotum, Fremont, CA,
U.S.A.) and product visualized using a UV light transilluminator.
For each isolate, the amplicon was purified through an enzymatic

process by mixing 2 ml of ExoSAP-IT (Thermo-Fisher, Waltham,
MA, U.S.A.) with 5 ml of the PCR product, followed by a 5-min
incubation at 37�C and 15-min incubation at 80�C. After amplicon
purification, 3 ml of each individual primer at a concentration of 2
pmol was mixed with 6 ml of the purified product at 20 ng/ml. This
mix was submitted to the Molecular and Cellular Imaging Center
(MCIC) at the Ohio Agricultural Research and Development Center
(OARDC) for Sanger sequencing using both forward and reverse
primers. Sequences from both primers were quality filtered and
assembled using Codon Code Aligner (Codon Code Corporation,
Centerville, MA, U.S.A.). Sequences were then compared with

Fig. 1. Nonmetric multidimensional scaling (NMDS) plots using Bray-Curtis dissimilarity of Phytophthora, Phytopythium, and Pythium community data
from soils collected from five fields on the same 81-ha farm following incubation at 15 and 25�C (n = 10) (culture-independent analyses). Stress values
for NMDS are shown in the bottom left of the plot. The effect of field (permutation analysis of variance [PERMANOVA];P = 0.001;R2 = 0.23), temperature
(PERMANOVA; P = 0.001; R2 = 0.04), and the interaction of field and temperature (PERMANOVA; P = 0.001; R2 = 0.10) were significantly different.
Replicates and run were not statistically different (PERMANOVA; P = 1.0; R2 = 0.004). Crops and tillage practices: field B1 with continuous soybean

with continuous corn and no till (CC-Nt), and D3 with corn-soybean-wheat-fallow rotation and tilled (CSWF-Till).
and tilled (SS-Till), field B6 with corn-soybean-fallow rotation and tilled (CSF-Till), field D15 with corn-soybean-fallow and no till (CSF-Nt), field TA4
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Rhizosphere soil DNA extraction. Rhizosphere soil collected
from all five seedlings from each individual pot was first ground
using a blender (Grainger Inc., Lake Forest, IL, U.S.A.) to make

Fig. 2. Nonmetric multidimensional scaling plots (NMDS) using Bray-Curtis dissimilarity of Phytophthora, Phytopythium, and Pythium community data
from five fields following incubation at 15 and 25�C (n = 10) (culture-independent analyses). NMDS plots are shown forA, field D15 with corn-soybean-
fallow and no till (CSF-Nt); B, field B1 with continuous soybean and tilled (SS-Till); C, field B6 with corn-soybean-fallow rotation and tilled (CSF-Till); D,
field TA4 with continuous corn and no till (CC-Nt); and E, field D3 with corn-soybean-wheat-fallow rotation and tilled (CSWF-Till). Stress values for NMDS
are shown in the bottom right. Lines are depicting convex hulls enclosing all samples pertaining to the two temperatures of incubation used for the baiting
technique.

voucher specimens deposited at the NCBI nucleotide nonredundant
database (Hyde et al. 2014; L ´evesque and de Cock 2014: Robideau
et al. 2011).
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TABLE 3
Total abundance of species of Phytophthora Phytopythium, and Pythium in the rhizosphere soil of soybean seedlings during soil baiting of

soils from five fields following incubation at 15 and 25�C (culture-independent analyses)a

Abundance per field, crop and tillage conditions, and temperature

B1 B6 D15 D3 TA4

SS-Till CSF-Till CSF-Nt CSWF-Till CC-Nt

Species 15�C 25�C 15�C 25�C 15�C 25�C 15�C 25�C 15�C 25�C

Phytophthora sansomea 3.0 23.1 5.7 25.3 14.0 0.0 0.0 3.0 5.1 4.1

Phytophthora sojae 720.2 2,525.1 1,569.3 1,270.9 1,446.5 409.5 483.2 316.0 77.1 200.5

Phytopythium aff. vexans 23.3 0.0 1.6 290.7 0.0 0.0 0.0 0.0 0.0 0.0

Phytopythium mercuriale 6.5 0.0 47.3 105.9 0.0 0.0 0.0 0.0 14.5 2.6

Pythium zeae 0.0 0.0 1.1 0.0 6.2 0.0 0.0 0.0 0.0 0.0

Pythium acanthicum 138.4 9.0 268.3 42.1 84.3 88.8 72.3 5.0 302.1 109.2

Pythium acrogynum 2,262.7 6,362.7 1,198.9 6,803.8 1,684.2 1,076.9 4,004.2 300.5 1,245.5 3,432.7

Pythium adhaerens 0.0 0.0 2.4 0.0 0.0 0.0 1,034.4 0.0 3.6 0.0

Pythium aff. hydnosporum 34.6 82.3 189.1 0.0 38.8 0.0 45.5 2.5 43.0 0.0

Pythium aff. polymastum 200.7 806.2 306.8 5,450.3 136.1 161.9 460.0 420.0 3,174.1 821.8

Pythium aff. volutum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 54.7 0.0

Pythium aphanidermatum 714.3 0.0 1.3 0.0 21.8 0.0 0.0 0.0 217.9 0.0

Pythium arrhenomanes 5.6 0.0 83.8 551.7 0.0 10.1 18.3 29.8 738.1 201.2

Pythium attrantheridium 7,929.4 3,689.5 1,868.4 32,524.8 5,368.4 5,466.2 1,019.0 502.1 7,226.0 12,324.4

Pythium debaryanum 0.0 0.0 35.4 267.1 0.0 0.0 0.0 6.0 0.0 0.0

Pythium emineosum 33.8 44.3 61.5 238.2 25.1 102.9 571.0 30.8 154.6 40.9

Pythium folliculosumb 46.2 76.0 1,673.6 23,086.0 2,758.4 10.1 149.7 107.7 1,045.5 322.0

Pythium heterothallicum 7,354.4 12,653.2 1,873.8 43,031.5 1,246.4 2,254.1 3,376.0 13,811.9 1,056.9 17,632.3

Pythium inflatum 157.5 30.8 595.6 2,487.5 623.8 23.3 33.7 17.3 554.3 0.0

Pythium insidiosum 42.5 31.3 63.3 172.4 65.1 172.3 68.4 71.1 44.4 78.0

Pythium irregulare 0.0 0.0 17.4 233.0 1.6 0.0 8.9 0.0 0.0 0.0

Pythium longandrum 133.9 132.3 1,955.6 5,189.3 45.7 18.5 10,855.3 0.0 5,190.3 834.3

Pythium longisporangium 0.0 0.0 10.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Pythium marsipium 81.7 0.0 295.1 0.0 100.9 0.0 96.4 0.0 8.0 0.0

Pythium middletonii 36.6 32.3 246.7 6,732.1 6,937.9 13.8 75.5 249.8 78.1 0.0

Pythium minus 489.1 122.2 311.1 3,691.5 2,762.5 81.9 1,310.4 42.3 26,803.7 24,241.8

Pythium monospermum 95.8 408.9 648.4 4,293.9 126.9 79.1 206.2 346.7 953.8 1,222.9

Pythium nodosum 7.8 78.7 100.1 10.5 0.0 0.0 0.0 0.0 0.0 0.0

Pythium orthogonon 944.1 315.1 2,164.7 1,559.3 0.0 175.8 297.3 94.0 670.0 3,871.3

Pythium periplocum 0.0 0.0 3.8 0.0 16.4 0.0 0.0 0.0 0.0 0.0

Pythium perplexum 1.5 0.00 17.8 537.3 0.0 0.0 0.0 0.0 0.0 0.0

Pythium rostratifingens 231.3 716.9 504.1 384.3 119.0 68.9 349.7 218.3 458.1 694.3

Pythium selbyi 1,237.4 798.9 3,742.7 11,703.5 724.6 6.9 509.3 515.9 573.5 2,261.1

Pythium sp. AL 2010 0.0 0.0 10.7 0.0 12.6 0.0 7.1 0.0 0.0 0.0

Pythium sp. CAL 2011f 1,421.8 468.1 4,878.2 62,895.2 162.6 41.7 117.5 878.5 5475.7 1504.5

Pythium sylvaticum 2,110.9 17,537.7 12,106.6 68,361.2 10,152.9 3,887.1 16,395.4 10,396.8 32,740.8 23,878.9

Pythium ultimum 9,750.8 3,040.2 628.7 21,841.3 127.5 681.5 3,817.9 172.8 15,193.6 13,793.5

Pythium vanterpoolii 0.0 0.0 0.0 0.0 0.0 0.0 16.1 0.0 0.0 0.0

Pythium violae 94.9 1,605.5 68.2 736.5 72.6 182.4 182.4 943.0 726.7 2,304.2

Pythium volutum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 5.2 0.0

a Abundances are based on cumulative sum scaled normalized data.Pythium acrogynum, Pythium attrantheridium, Pythium heterothallicum, Pythium
sylvaticum, and Pythium ultimum are species abundant in rhizosphere soil across all fields and incubation temperatures; Pythium acanthicum,
Pythium adhaerens, Pythium aff. hydnosporum, Pythium aphanidermatum, Pythium marsipium, and Pythium nodosum are species favored when
soils are incubated at 15�C; Phytopythium aff. vexans, P. debaryanum, Pythium irregulare, Pythiummonospermum, and Pythium violae are species
favored when soils are incubated at 25�C; and Pythium folliculosum, Pythium longandrum, Pythiummiddletonii, Pythiumminus, Pythium selbyi, and
Pythium sp. CAL 2011f are species where the abundance was different for temperature across fields. Abbreviations for rotation: SS-Till = continuous
soybean and tilled; CSF-Till = corn, soybean, fallow, and tilled; CSF-Nt = corn, soybean, and fallow with no till; CSWF-Till = corn, soybean, wheat,
fallow, and tilled; and CC-Nt = continuous corn with no till.

b Pythium folliculosum represents all of the species in Pythium clade B; for this and others that have identical internal transcribed spacer 1 sequences,
please refer to Supplementary Table S2.
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samples homogenous and for easier handling. The DNeasy Power
Lyzer Power Soil Kit (Qiagen, Carlsbad, CA, U.S.A.) was used to
extract the DNA following the manufacturer’s protocol, with some
modifications. Modifications included the Power Lyzer Homoge-
nizer (Qiagen ) was set at 4,000 rpm for 45 s, incubation of sample at
2�C for 5 min, and then dilution of DNA with 50 ml of solution C6
from the kit. Quality and quantity of DNA were assessed as de-
scribed above.
Sequencing of rhizosphere DNA from soils incubated at 15

and 25�C. In total, three DNA extractions were performed from the
rhizosphere soil collected from the five seedlings from each pot. The
three DNA extractions were then pooled equimolarly for a final
concentration of 5 ng/ml. Pooled DNAwas then amplified using the
Phusion High-Fidelity DNA Polymerase (New England BioLabs,
Ipswich, MA, U.S.A.), which minimizes PCR errors. The reaction
consisted of 5 ml of 5× High Fidelity Buffer, 0.5 ml of nucleotide
mix (10mM), 1ml of each primer ITS6 and ITS7 (2mM) containing
Illumina adapters, 5 ml of template (5 ng/ml), 0.2 ml of Phusion Taq
(1.0 U per 50-ml PCR), and 9.3 ml of ultrapure water. PCR was
performed using the following parameters: 96�C for 3 min; fol-
lowed 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.
PCR products. There were two technical PCR replicates for each

pool which were then submitted to the MCIC for library preparation
and sequencing.
Library preparation and Illumina MiSeq amplicon

sequencing. A second round of PCR was performed to add the
Illumina adapter sequence, which contains a unique dual combi-
nation of the Nextera indices for individual barcodes for each
sample. The first PCR product (3 ml) was then used as input for the
second PCR. The PCR products were purified after each PCR
amplification using the Agencourt 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). 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 Science)
to discard the presence of any primer dimers. The MiSeq se-
quencing platform (Illumina) was used for amplicon sequencing at a
final concentration of 14.3 pM. Amplicon libraries were spiked with
PhiX libraries (approximately 20%) 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/mm2 and the libraries were sequenced using a 300
PE MiSeq sequencing kit with the standard Illumina sequencing
primers. Image analysis, base calling, and data quality assessment
were performed on the MiSeq platform.
Amplicon sequence data processing. The ITS1 sequence data

generated from rhizosphere soil were processed using the
USEARCH pipeline (Bakker et al. 2017; Edgar 2010) and custom
scripts. The removal of the Illumina barcodes as well as merging of
the short pair-end reads was done using BBMerge in BBTools suite,
version 3 (Bushnell et al. 2017). Quality filtering was done using the
–fastq_filter command in USEARCH with a threshold of 1% ex-
pected number of errors (Edgar and Flyvbjerg 2015). After quality
filtering, the ITS1 region was extracted using the ITSx software
(Bengtsson-Palme et al. 2013), version 1.0.11. Dereplication was
performed using the fastx_uniques command to find a set of unique
sequences and remove duplicate shorts reads from the initial reads
set. Dereplicated short reads were then analyzed using the opera-
tional taxonomic unit (OTU) approach. For OTU clustering, reads
were clustered de novo at the 97% similarity level using the
UPARSE distance-based greedy-approach algorithm implemented
in the –cluster_otus command (Edgar 2013). In order to correct

sequencing errors and remove chimeric reads, the UNOISE algo-
rithm as implemented in the –unoise3 command was run. The
denoised sequences were then used to create the OTU table using
the –otutab command. Finally, taxonomy was assigned to OTUs
using the –sintax command with 100% cutoff with a custom-made
database. The database was custom made and composed 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 during previous
surveys (Supplementary Table S1). The database was trimmed to
only the ITS1 region using the ITSx software (Bengtsson-Palme
et al. 2013), version 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 sequence data were de-
posited to NCBI Sequence Read Archive SRR10479281 (DNA
extraction pools) and SRR10492905 (comparison of 15 and 25�C).
Phylogenetic analysis of the ITS1 among Pythium spp. and

OTU assignments. Some species of Phytophthora and Pythium
share identical ITS1 sequences, and this is a challenge faced by
others in microbiome studies (Redekar et al. 2019). For this study, a
customized database was developed from accessions of ITS1 and
ITS2 and the 5.8 gene of the nuclear rRNA of voucher specimens
used by Lévesque and de Cock (2004); sequences were retrieved
from NCBI nucleotide database. From these accessions, the ITS1
region was extracted using the ITSx software (Bengtsson-Palme
et al. 2013), version 1.0.11. Extracted sequences were then aligned
using ClustalW in MEGA, version 7.1 (Kumar et al. 2016). After
alignment, pairwise distance analysis was conducted using the
maximum composite likelihood model (Tamura et al. 2004). The
sequence of the ITS1 region of one or more species within Pythium
clades A, B, D, E, and I were identical and could not be differ-
entiated (Supplementary Table S2). For example, using pairwise
comparison of the ITS1, three species have the same identical
sequence within Pythium clade A. In clade B, which has many of the
reported pathogens of soybean, there was complete sequence
similarity of the ITS1 region. For example, Pythium folliculosum
shares identical sequence with Pythium torulosum and Pythium
catenulatum. However, Pythium folliculosum is rarely found in
Ohio but Pythium torulosum has been frequently recovered from
both corn and soybean. Similarly, Pythium arrhenomanes shares
identical sequence with Pythium aristosporum, the causal agent of
root dysfunction in creeping bentgrass and Pythium root rot of wheat
(Chamswarng and Cook 1985). In Pythium clade D, the species
Pythium amasculinum, Pythium oligandrum, and Pythium aff. hyd-
nosporum shared identical sequences. The sequence of this ITS1 re-
gion is also identical between Pythium ultimum var. sporangiiferum
and Pythium ultimum var. ultimum, which belong to clade I. From
clade E, Pythium acrogynum and Pythium hypogynum share identical
sequences. For those species, both known and unknown, that have
identical sequences, the name of the first species in the clade was used
in all of the analyses and in the figures and tables.
Direct isolation and amplicon sequence data analysis. Species

richness for the isolates recovered through direct isolation was
visualized as a proportion of isolates recovered compared with the
total number of isolates from each sample. Due to the low number of
isolates recovered from each sample, diversity indices were not
calculated.
Statistical analysis of the data for Phytophthora, Phytopythium,

and Pythium spp. only were selected for further analyses. To assess
species richness and evenness from read count data, the Shannon’s
diversity index was calculated using the Vegan package (Oksanen
et al. 2019) as implemented in R (R Core Team 2018). To test
whether the Shannon’s index was different between samples and
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across the incubation temperatures, a two-way analysis of variance
(ANOVA) was performed. Temperature and field were used as
main effects and technical replicates were nested inside biological
replicates.
Prior to calculating b diversity, amplicon data were normalized to

cumulative-sum scaling using the package Metagenomeseq in R
(Paulson et al. 2013). Normalized data were then converted to
relative abundances by dividing the absolute abundance of each
OTU by the total number of sequences per sample. A Bray-Curtis
dissimilarity matrix was then calculated from relative abundance
data and the output matrix was used as input data for the nonmetric
multidimensional scaling ordination plots. A permutation analysis
of variance (PERMANOVA) was conducted with the adonis
function to assess the significance of temperature, field, and the
interaction of field and temperature in the community composition
(Anderson 2001). Due to significant interactions of field and incu-
bation temperature, the data were analyzed by each field separately
using temperature as the main effect. Finally, the species richness
from the amplicon sequencing approach was visualized as a pro-
portion of reads compared with the total reads found on each sample.
These data were then used for an ANOVAwith SAS (9.4) to evaluate
the main effects of the field sampled, incubation temperature, and the
field–temperature interaction for each species.

RESULTS

The effect of soil-baiting incubation temperature and field on
oomycete species diversity. The final dataset for the oomycete
amplicon sequence of rhizosphere soil collected from soybean

seedlings planted in soils incubated at 15 and 25�C consisted of
1,343,151 ITS1 sequence reads. Read depth for each sample ranged
from 232,787 to 294,648 sequence reads. There were 5,948 OTUs
in total, and only 3,563 were kept after normalization. The primers
ITS6 and ITS7 also captured OTUs representing 13 nonoomycetes
phyla, including the Ascomycota and Basidiomycota (Supple-
mentary Fig. S2). For this article, only oomycetes were analyzed,
which comprised 101 OTUs that were classified within the genera
Phytophthora, Phytopythium, and Pythium. This subset of the data
was then used for further analysis and comparisons. A minimum of
100 reads was used as a detection threshold to determine whether a
distinct ITS sequence or “species” was present in the sample.
a and b Diversity and abundant species based on amplicon

sequencing. The Shannon’s diversity index for the species of
Phytophthora, Phytopythium, and Pythium was higher in the soils
incubated at 15�C compared with 25�C in fields B6 (CSF-Till) and
TA4 (CC-Nt) (ANOVA; P < 0.001) (Table 2). Temperature also
played a role in b diversity. Based on the PERMANOVA, a sig-
nificant difference in the community structure was observed be-
tween the two temperatures (P = 0.001), among the five fields (P =
0.001), and, more importantly, for the interaction between tem-
perature and field (P = 0.001) (Fig. 1). Due to significant interaction
between temperature and field, the effect of temperature individ-
ually for each field was plotted (Fig. 2A to E). There was a sep-
aration of communities based on temperature for all fields

bation temperature, the species Pythium acrogynum, Pythium
attrantheridium, Pythium heterothallicum, Pythium sylvaticum,
and Pythium ultimum were highly abundant (Table 3).

Fig. 3.Relative abundance based on cumulative sum scaling normalized counts (n = 10) ofPhytophthora, Phytopythium, andPythium spp. present in the
rhizosphere soil of soybean seedlings following soil incubation at 15 and 25�C during baiting (culture-independent analyses). Crops and tillage
practices: field B1 with continuous soybean and tilled (SS-Till), field B6 with corn-soybean-fallow rotation and tilled (CSF-Till), field D15 with corn-
soybean-fallow and no till (CSF-Nt), field D3 with corn-soybean-wheat-fallow rotation and tilled (CSWF-Till), and field TA4 with continuous corn and no till
(CC-Nt).
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Species composition associated with incubation temperature
based on amplicon sequencing. Temperature and the field sampled
affected the abundance of Phytophthora sojae and several species
of Pythium. For example, in soils incubated at 15�C, the species
Pythium acanthicum (P = 0.006) and Pythium marsipium (P =
0.0180) were more abundant in most fields compared with soils
incubated at 25�C, while Pythium aphanidermatum (P = 0.0805)
and Pythium aff. hydnosporum (P = 0.0624) had similar trends (Fig.
3; Tables 3 and 4). In contrast, Pythium heterothallicum (P =
0.0076) and Pythium violae (P = 0.0021) were more abundant at 25
than at 15�C. Interestingly, for Phytophthora sojae and several
Pythium spp., there was a significant interaction between the
temperature and the field which affected the abundance. This in-
teraction was highly significant (P < 0.001) for Pythium attran-
theridium, Pythium emineosum, Pythium middletonii, Pythium aff.
polymastum, and Pythium periplocum; significant (P < 0.05) for
Pythium sylvaticum; and trending (P < 0.100) for Pythium ortho-
gonon, Phytophthora sojae, Pythium debaryanum, and Pythium

Till) had significantly greater abundance of Pythium aff. polmas-
trum and Pythium attrantheridium (P < 0.05) at 25 compared with
15�C. There was also a greater abundance of Pythium emineousum
and Pythium sylvaticum (P < 0.05) in D3 (CSWF-Till) at 15
compared with 25�C. Pythium insidiosum, although found at a low
level, was marginally (P = 0.0938) influenced by baiting temper-
ature. In field D15 (CSF-Nt), this species trend was for a greater

number of relative reads (P < 0.1096) when soils were incubated at
25 compared with 15�C.
Species diversity identified through direct isolation. There

were 108 isolates of Pythium representing 10 different species
isolated from symptomatic root tissue sampled only 3 days after
plating onto selective media (Fig. 4). Based on the ITS1 sequence,
Pythium sylvaticum from clade F and Pythium ultimum from clade I
were the most prevalent, representing 48 and 36% of the total
isolates recovered, respectively. Other species recovered at a lower
frequency included Pythium attrantheridum, Pythium hetero-
thallicum, Pythium hypogynum, Pythium inflatum, Pythium
middletoni, Pythium perplexum, Pythium torulosum, and
Pythium oopapillum. The temperature at which soils were in-
cubated also impacted which species were recovered via direct
isolation. Pythium attrantheridium, Pythium oopapillum, and
Pythium torulosum were only isolated at 15�C while Pythium
middletoni, Pythium heterothallicum, and Pythium inflatum were
only isolated at 25�C. There were similar numbers of isolates
recovered from the different field sites at each temperature, with
two to six different species (Fig. 4).

DISCUSSION

Many species of Phytophthora, Phytopythium, and Pythium have
been recovered during surveys of soybean and corn seedling
pathogens in the north-central region of the United States (Broders

TABLE 4
Summary of the P values from an analysis of variance for the effect of temperature (Temp), field sampled, or their interaction among the 39
species of Phytophthora, Pythium, and Phytopythium detected in the soybean rhizosphere from an 81-ha research farm in northwest Ohio

following a soil-baiting studya

P value

Species Field Temp Field–Temp

Phytophthora sojae 0.0163 ns 0.0756

Pythium acanthicum ns 0.0060 ns

Pythium aff. hydnosporum ns 0.0624 ns

Pythium aff. polymastum 0.0057 ns 0.0008

Pythium aphanidermatum ns 0.0805 ns

Pythium attrantheridium 0.0143 0.0427 0.0032

Pythium debaryanum 0.0082 ns 0.0809

Pythium emineosum 0.0564 ns 0.0032

Pythium heterothallicum 0.2041 0.0076 0.1609

Pythium inflatum 0.0390 ns ns

Pythium insidiosum 0.2797 0.0938 0.5283

Pythium marsipium ns 0.0180 ns

Pythium middletonii 0.0893 ns 0.0130

Pythium minus 0.0039 ns ns

Pythium orthogonon 0.0080 ns 0.0558

Pythium periplocum 0.0086 0.0172 0.0086

Pythium perplexum 0.0955 ns ns

Pythium selbyi 0.0055 ns ns

Pythium sp. AL 2010 ns 0.0254 ns

Pythium sp. CAL 2011f 0.0505 ns 0.0988

Pythium sylvaticum 0.0333 ns 0.0394

Pythium violae 0.0391 0.0021 ns

a Five study sites were sampled in the 81-ha farm, each with a different history of production practices; however, soil parameters were all similar. Soils
were incubated at two different temperatures prior to soil baiting (15 or 25�C); ns = not significant.

CAL 2011 (Fig 3; Tables 3 and 4) Among these field B6 (CSF
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et al. 2007, 2009; Dorrance et al. 2004; Jiang et al. 2012; Radmer
et al. 2017; Rojas et al. 2017a; Zhang et al. 1998; Zhang and Yang
2000; Zitnick-Anderson and Nelson 2015). Using traditional cul-
turing methods directly from field-collected samples or soil baiting,
these studies attributed species diversity and disease development to
numerous factors that included rainfall after planting, soil edaphic
factors, and latitude. Often, the effect of these factors on species
composition were explored in surveys that cover a wide geo-
graphical region, different environmental conditions prior to sample
collection, and from fields that often have very different soil
characteristics. In this study, the soil composition was very similar
among the five separate field sites, allowing us to evaluate the
effects of incubation temperature during baiting on the detection of
species of Phytophthora, Phytopythium, and Pythium affecting
soybean.
The primary hypothesis we examined was accepted as soil in-

cubation temperature affected the species composition of Phy-
tophthora, Phytopythium, and Pythium associated with the soybean
rhizosphere. The species that were significantly affected by

temperature could be part of the complex of species affecting
soybean and provide further evidence that temperature at planting
may play a pivotal role in disease development. There is a need to
understand whether the different combinations of species enhance
or inhibit seedling disease development, or how these are affected
by other environmental factors, in order to be able to provide
targeted disease management practices such as seed treatments or
host resistance.
Although incubation temperature was found to affect the species

abundance and species diversity of Phytophthora, Phytopythium,
and Pythium, a few species were not affected. For example, among
the more than 30 OTU detected, Pythium sylvaticum, Pythium
ultimum, Pythium attrantheridium, and Pythium heterothallicum
were highly abundant across all samples. These species were fre-
quently recovered in previous surveys across several of the
soybean-producing states (Broders et al. 2007; Dorrance et al. 2004;
Kirkpatrick et al. 2006; Radmer et al. 2017; Rojas et al. 2017a) and
some have also been reported as highly pathogenic toward soybean,
albeit at different temperatures (Radmer et al. 2017). This suggests

Fig. 4. Distribution of Pythium spp. recovered using a culture-dependent approach from seedlings that were used as bait from soils collected from five
fields with different production practices following incubation at 15 and 25�C. Isolates were recovered from seedlings of the susceptible soybean
cultivar Sloan 3 days after flooding for 24 h. Identification of species was performed using the internal transcribed spacer (ITS)6 and ITS7 primers which
only amplified the ITS1 region of the ribosomal RNA gene. In total, five symptomatic seedlings per field were collected for each temperature. Crops and
tillage practices: field B1 with continuous soybean and tilled (SS-Till), field B6 with corn-soybean-fallow rotation and tilled (CSF-Till), field D15 with
corn-soybean-fallow and no till (CSF-Nt), field D3 with corn-soybean-wheat-fallow rotation and tilled (CSWF-Till), and field TA4with continuous corn and
no till (CC-Nt).
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that these maybe the most prevalent species of Pythium responsible
for seedling disease in soybean and should be the primary focus for
disease management. Among these most prevalent species, Pythium
heterothallicum is considered a common soilborne saprophyte (Van
der Plaats-Niterink 1981) but there are reports where pathogenicity
has been observed (Chamswarng and Cook 1985; Coffua et al.
2016; Gan et al. 2010; Ingram and Cook 1990; Zitnick-Anderson
and Nelson 2015), and it was hypothesized to be part of a species
complex with Pythium glomeratum (Robideau et al. 2011). In this
study, Pythium glomeratum was not detected; however, the high
levels of Pythium heterothallicum suggest that this species may
form a complex with other species, and this should be explored
further.
The amplicon sequencing approach relative to direct isolation

resulted in a higher resolution of species diversity and abundance
from these soybean rhizosphere samples. However, the sequence of
the ITS1 region alone is identical for some species within the same
clade, and these can only be distinguished using morphological
structures. This was also discussed in the study by Redekar et al.
(2019), where Pythium spp. were found in nursery recycled irri-
gation water. For Pythium spp., the full sequence encompassing the
ITS1 and ITS2 and the 5.8 gene operon can distinguish between
species with globose and filamentous sporangium (Lévesque and de
Cock 2004). In the previous survey conducted by Broders et al.
(2007), Pythium dissotocum was the most frequently recovered but
this species could not be distinguished from other members of clade
B in this study due to the sequence similarity (Lévesque and de
Cock 2004).
There were sequences of two species, Pythium insidiosum and the

undescribed Pythium sp. CAL, detected with amplicon sequencing
but not isolated from plant tissue in this study. Pythium insidi-
osum, known to cause pythiosis in mammals (de Cock et al. 1987),
was detected in fields with continuous soybean and is usually
found in tropical and subtropical climates such as agricultural
irrigation water and soil in Thailand (Supabandhu et al. 2008;
Vanittanakom et al. 2014). In the United States, in north-central
Florida, this species was found in 11 of the 19 lakes and ponds
sampled (Presser and Goss 2015). In Ohio, this study is the first to
report Pythium insidiosum from rhizosphere soils of soybean
seedlings using a soil-baiting technique. Although this species is
not pathogenic toward soybean, this could also be a related species
that shares the same identical ITS1 sequence and thus, should
be further confirmed using species specific probes. The species
Pythium sp. CAL has been previously isolated from soybean roots
grown under PBNIC media at an incubation temperature of 23�C
(Zitnick-Anderson and Nelson 2015), which suggests that warmer
temperatures are required for growth. It may also require more
time to grow, because our baiting procedure was limited to 3 days
after planting; thus, it may have been missed in this study when
we tried to recover it from seedling root tissue. Due to greater
abundance of Pythium sp. CAL found across all temperatures and
fields, more studies should be conducted to understand its role in
disease of soybean.
Deciphering the species diversity of Phytophthora, Phyto-

pythium, and Pythium that can form when different temperatures
are encountered can enable the development of more targeted
disease management practices. The incubation temperature during
soil baiting greatly influenced the species that were identified
through both direct isolation and amplicon sequencing. These re-
sults may explain, in part, the difference among species recovered
from the many surveys across the United States that have attempted
to identify the cause of soybean seed and seedling damping-off.

influenced by temperature or field sampling site, and these would

represent very good targets for the evaluation of seed treatment
products and breeding for disease resistance.
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