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Abstract

High levels of genetic diversity have been described within the Pythium
irregulare complex from several host plants; however, little is known about
the population structure in fields used for grain production. Therefore, the
objective of this study was to evaluate the genetic diversity and population
structure of 53 isolates baited from 28 soybean and corn production fields
from 25 counties in Ohio. Genetic diversity was characterized based on se-
quence analysis of the internal transcribed spacer (ITS1-5.8S-ITS2) region
and with 21 simple sequence repeat (SSR) markers. In addition, aggres-
siveness on soybean, optimum growth temperature, and sensitivity to met-
alaxyl fungicide were determined. ITS sequence analysis indicated that

four isolates clustered with P. cryptoirregulare, whereas the remaining iso-
lates clustered with P. irregulare that was subdivided into two groups (1
and 2). Cluster analysis of SSR data revealed a similar subdivision, which
was also supported by structure analysis. The isolates from group 2 grew at
a slower rate, but both groups of P. irregulare and P. cryptoirregulare re-
covered in this study had the same optimum growth at 27°C. Variability of
aggressiveness and sensitivity toward metalaxyl fungicide was also ob-
served among isolates within each group. The results from this study will
help in the selection of isolates to be used in screening for resistance, assess-
ment of fungicide efficacy, and disease management recommendations.

Seed and seedling disease of soybean (Glycine max [L.] Merr.) can
be caused by several Pythium spp. leading to reduction in seed ger-
mination, stand, and yield. Typically, cool and moist conditions at
the beginning of the growing season are conducive for infection
and favor disease development (Martin and Loper 1999). Among
all Pythium spp. that can infect soybean, Pythium irregulare Buis-
man is one of the most common and aggressive pathogens recovered
from symptomatic plants in Ohio (Broders et al. 2007, 2009; Dorrance
et al. 2004) and other regions in the United States (Jiang et al. 2012;
Radmer et al. 2017; Rizvi andYang 1996; Zitnick-Anderson andNelson
2015).
P. irregulare is a homothallic oomycete with a diploid vegeta-

tive state that reproduces sexually with the formation of oospores
or asexually with formation of sporangia and zoospores (van der
Plaats-Niterink 1981). Based on phylogenetic studies of the internal
transcribed spacer (ITS) region of the nuclear ribosomal DNA,
P. irregulare is placed into clade F, which also includes other impor-
tant plant pathogens such as P. sylvaticum and P. spinosum (Lévesque
and De Cock 2004). P. irregulare has been described as a cryptic spe-
cies complex (Al-Sa’di et al. 2008; Garzón et al. 2005a, b) because
it includes two or more phylogenetic species that cannot be distin-
guished based onmorphological features (Milgroom2015).Additionally,
cryptic species of some fungi may differ in pathogenicity features

such as toxin production in Aspergillus flavus (Geiser et al. 2000)
or host preference as in Ceratocystis fimbriata (Steimel et al.
2004). High levels of diversity within the P. irregulare complex
have been reported based on biochemical (Barr et al. 1997), molec-
ular (Garzón et al. 2005a; Matsumoto et al. 2000; Spies et al. 2011;
Weiland et al. 2015), morphological (Barr et al. 1997; Matsumoto
et al. 2000), and serological studies (White et al. 1994). Conse-
quently, diagnostics and management of this important water mold
could become more challenging.
The intraspecific variation of P. irregulare has been documented

in several previous studies. Initially, Barr et al. (1997) separated a
worldwide collection of 125 isolates into two groups (A and B) based
on analysis of 11 isozyme loci. Matsumoto et al. (2000) used 47 iso-
lates from different hosts and 17 geographic origins, mostly from Ja-
pan but also from other countries, for ITS-RFLP and RAPD analyses,
and four groups were identified (I to IV). These same four groups
were confirmed with phylogenetic analysis based solely on the ITS
sequence by Lévesque and De Cock (2004). Later, Garzón et al.
(2005b) identified genetic differentiation among 68 isolates from dif-
ferent hosts, mainly from ornamental plants in Pennsylvania but also
from other regions around the world, that separated into two groups
(IR-I and IR-II). The isolates from this same study were evaluated
further, and a new species within the P. irregulare complex was char-
acterized based onmorphological features as well as variation in both
the ITS region and cox II gene (Garzón et al. 2007).
In agricultural systems, genetic diversity and population structure

of pathogens may be affected by location (Brewer and Milgroom
2010; Frenkel et al. 2012; Lamour and Hausbeck 2001), host range
(Chowdappa et al. 2016; Frenkel et al. 2012; Harvey et al. 2000;
Lin et al. 2015; Mammella et al. 2013; Peever et al. 1999), fungicide
resistance (Konstantinou et al. 2015; Mohd-Assaad et al. 2016;
Suzuki et al. 2010), and cultural practices such as crop or cultivar ro-
tation (Leach et al. 2012; Stewart et al. 2014). Overall, soilborne
pathogens are thought to have limited gene flow, and as a result, pop-
ulation structure over time tends to be affected by processes such as
random genetic drift that leads to a reduction in genetic diversity
(Harvey et al. 2000) and development of subpopulations. Although
P. irregulare is homothallic, there is evidence of outcrossing (Harvey
et al. 2000, 2001), which could result in recombinant genotypes and
contribute to increased genetic diversity. This could impact soybean
production by development of pathogen populations that are more
prone to develop resistance to fungicide seed treatments as well as
the ability to readily adapt to host resistance. A significant interac-
tion between different soybean genotypes and isolates has been
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demonstrated for P. ultimum (Balk 2014), and it may also occur for
other Pythium species. Therefore, understanding the genetic variation
within P. irregularemay identify isolates that are more suitable for ef-
fective germplasm screening for resistance.
Population genetics combined with epidemiology can provide in-

sights about the population biology of pathogens, which may con-
tribute to the development of more effective disease management
strategies (McDonald and Mundt 2016; Milgroom 2015). An impor-
tant component of population genetic structure analysis is the es-
timation of genetic diversity (Grünwald et al. 2003), which can be
performed at different scales such as number of alleles at a single
locus, multilocus genotypes, or nucleotide sequences (Milgroom
2015). Sequence analysis of nuclear (Garzón et al. 2005a; Lévesque
and De Cock 2004; Matsumoto et al. 2000; Spies et al. 2011; Villa
et al. 2006) or mitochondrial (Garzón et al. 2005a; Martin 2000;
Spies et al. 2011; Villa et al. 2006) DNA is a common technique used
to assess genetic diversity. However, contrasting results have been
obtained when comparing nuclear and mitochondrial phylogenies
of isolates of P. irregulare (Spies et al. 2011), which may be due
to different inheritance patterns and selective forces acting indepen-
dently. Hence, the use of complementary methods is desirable to bet-
ter characterize the genetic diversity within P. irregulare. In the past,
restriction fragment length polymorphism (RFLP) (Harvey et al.
2001; Wang and White 1997), random amplified polymorphic
DNA (RAPD) (Matsumoto et al. 2000), and amplified fragment
length polymorphism (AFLP) (Al-Sa’di et al. 2008; Garzón et al.
2005a, b; Weiland et al. 2015) were widely used for population ge-
netic studies of P. irregulare. More recently, the increased amount
of sequence data available and use of next-generation sequencing
at reduced costs (Fernandez-Silva et al. 2013; Santana et al. 2009;
Schoebel et al. 2013) has accelerated the development and use of
simple sequence repeat (SSR) markers (Lee and Moorman 2008;
Stewart et al. 2016; Weiland et al. 2015) as well as single nucleotide
polymorphisms (SNPs) for population genetic studies of other plant
pathogens (Mammella et al. 2013; Milgroom et al. 2014, 2016; Talas
and McDonald 2015).
In Ohio, soybean and corn are produced in several regions on

heavy clay soils with a long history of occurrence of diseases caused
by soilborne pathogens. Despite the widespread occurrence and dam-
age caused by P. irregulare, little is known about the genetic diver-
sity of this pathogen in Ohio. Due to the assumed limited gene flow
of soilborne organisms and the potential effect of cultural practices
on genetic diversity of plant pathogens, we hypothesized that the
genetic structure of P. irregulare varies greatly among and within
regions, counties, or even fields, whichmay have their own or several
subpopulations as already reported for Phytophthora sojae, another
homothallic oomycete (Stewart et al. 2016). Therefore, the character-
ization of the genetic diversity and population structure of P. irregu-
lare, along with identification of factors associated with the detected
variation, may be used to make inferences about evolutionary
processes (Brewer and Milgroom 2010; Goss et al. 2009; Villa
et al. 2006) as well as to provide insights into disease management
(McDonald and Mundt 2016). Hence, the objective of this study
was to assess and compare the population structure and genetic diver-
sity of isolates of P. irregulare based on SSR markers as well as to
characterize their aggressiveness, growth rate, and fungicide sensitiv-
ity. Isolates were baited from soil collected from soybean and corn
fields from 25 production regions in Ohio. The same SSR markers
previously developed by Lee and Moorman (2008) were used in this
study. Ultimately, we aim to use this information primarily for select-
ing isolates for further use in germplasm screening for resistance and
assessment of the efficacy of novel fungicides.

Materials and Methods
Origin of the isolates. Fifty-three isolates of P. irregulare from

the Soybean Pathology Laboratory Oomycete Collection at the Ohio
Agricultural Research and Development Center, Wooster, OH, were
used for this study (Table 1). Isolates were first obtained from a sur-
vey in 2004 and 2005 by baiting from soil with either soybean or corn
seedlings (Broders et al. 2009; Dorrance et al. 2004), and stored at

15°C in slant vials (Wheaton, Millville, NJ) containing 10 ml of po-
tato carrot agar (PCA; 20 g liter−1 agar, 20 g liter−1 carrot, 20 g liter−1

potato). Isolates were selected to represent two production regions,
Northwest and Southwest, across the state of Ohio (Fig. 1) with his-
tory of seedling diseases and located in distinct soil regions (Broders
et al. 2009).
DNA extraction. Four 5-mm plugs from a culture grown on PCA

for 3 days were transferred to a 125-ml Erlenmeyer flask containing
50 ml of sterile V8 broth (40 ml V8 juice, 0.6 g CaCO3, 0.2 g yeast
extract, and 1 g sucrose per liter), and were incubated at approxi-
mately 23 to 26°C in the dark for 7 days. Mycelia were collected
through vacuum aspiration through a P5 Whatman filter paper
(Fisher Scientific, Pittsburg, PA). Mycelia were transferred to a cold
sterile mortar, frozen with liquid nitrogen, ground with a cold sterile
pestle, placed in a 2-ml microcentrifuge tube, and stored at –20°C.
DNA was extracted following the protocol described by Zelaya-
Molina et al. (2011). DNA quality was assessed on agarose gel (1%
w/v) electrophoresis, and by measuring the absorbance at ratio 260/
280 using a NanoDrop ND-1000 Spectrophotometer (ThermoFisher
Scientific, Wilmington, DE). DNA concentration was adjusted to
50 ng ml−1 and stored at –20°C.
ITS sequence analysis. The ITS1-5.8S-ITS2 sequences were

obtained by using the universal primers ITS1 (5¢-TCCGTAGGTGA
ACCTGCGG-3¢) and ITS4 (5¢-TCCTCCGCTTATTGATATGC-3¢)
(White et al. 1990). The polymerase chain reaction (PCR) reaction
mix, adapted from the Promega Protocol GoTaq Flexi DNA poly-
merase (Promega Corp., Madison,WI), contained 1×GoTaq reaction
buffer, 1.63 mM MgCl2, 0.43 mM dNTPs, 0.25 ml of Taq polymer-
ase, 0.22 mM of each primer (ITS1 and ITS4), and 1 ml of DNA tem-
plate (50 ng ml−1) in 25 ml reactions. The PCR parameters for
amplification were the same as those in Moorman et al. (2002):
94°C for 5 min, 34 cycles of 94°C for 1 min, 53°C for 1 min, and
72°C for 1 min, a final extension at 72°C for 5 min, and hold at
4°C. The PCR amplicons of the correct size were confirmed by
gel electrophoresis and were then submitted to the Molecular and
Cellular Imaging Center at the Ohio Agricultural Research and De-
velopment Center (MCIC, Wooster, OH) for Sanger sequencing
by capillary electrophoresis using ABI Prism 3100xl genetic ana-
lyzer with 3¢-BigDye labeling chemistry. Sequence quality was
checked with CodonCode Aligner (CodonCode Corporation, Cen-
terville, MA) and ends with low quality were removed. The compli-
mentary reverse sequence was obtained and sequences from the
forward and reverse primers were aligned with CodonCode Aligner
and sequence was assessed for alignment errors. Sequence data
were compared with voucher sequences deposited in the National
Center for Biotechnology Information (NCBI) using the Basic Lo-
cal Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.
gov/Blast.cgi) to verify the identity of each isolate.
The ITS sequences were aligned with ClustalW (Thompson et al.

1994) and manually edited for alignment errors in MEGA version
7.0.25 (Kumar et al. 2016). UPGMA algorithm was used to estimate
the phylogenetic tree. Bootstrap analysis was performed with 1,000
replications to estimate branch support. The ITS sequences obtained
from this study were compared with sequences deposited in NCBI
(Supplementary Table S1) including the neotype strain of P. irregu-
lare in clade F from Lévesque and De Cock (2004); five sequences of
P. irregulare s.s. (sensu stricto); three sequences of P. cryptoirregu-
lare from Garzón et al. (2007); and two sequences from Matsumoto
et al. (2000) representing groups I and II. Even though Matsumoto
et al. (2000) described four groups of P. irregulare, sequences from
group III and IV are closely related to P. sylvaticum (Garzón et al.
2007), and since none of the sequences from this study matched iso-
lates from these groups, they were not included in our final analysis.
A sequence of P. spinosum from clade F (Lévesque and De Cock
2004) was included as outgroup.
SSR analysis. Simple sequence repeat (SSR) markers were used

to evaluate genetic diversity among the P. irregulare isolates.
Twenty-one primer sets previously identified and characterized by
Lee and Moorman (2008) were used in this study. The PCR reaction
mix contained 1× Green GoTaq reaction buffer, 1.63 mM MgCl2,
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0.43 mM dNTPs, 0.25 ml of Taq polymerase, 0.26 mM of each
primer, and 1 ml of DNA template (50 ng ml−1) in 23 ml reactions.
PCR amplification was performed as follows: 94°C for 2 min, 35 cy-
cles of 94°C for 30 s, annealing temperatures ranged from 55 to 60°C
depending on primer set for 30 s, extension at 72°C for 30 s, final ex-
tension at 72°C for 10 min, and hold at 4°C. A 5-ml aliquot of the
PCR product was loaded into a well of a 4% high density agarose
(Amresco, Solon, OH) gel pre-stained with GelRed (Biotium Inc.,

Fremont, CA), and electrophoresis was carried out at 95 v for 6 h.
In each gel, multiple wells were loaded with 100 and 20 bp DNA lad-
ders (O’Range Ruler, ThermoScientific, Waltham, MA). Bands were
visualized under UV light using an imaging system (Gel Logic 112,
Carestream, Woodbridge, CT). Alleles at each locus were scored
based on the size of PCR products compared with the ladders. Differ-
ent band sizes were considered as different alleles. Since P. irregu-
lare is a diploid organism (van der Plaats-Niterink 1981), one allele

Table 1. Isolates of Pythium irregulare complex recovereda from soybean and corn production fields in Ohio used in this study

Isolate Region County Soil type Host MLGb SSR groupc Accession numberd

Ash-1-1-7 Northwest Ashland Loam Soybean 1 1 MF765683
Ash-1-4-14 Northwest Ashland Loam Corn 36 1 MF765684
Ash-1-6-3 Northwest Ashland Loam Soybean 37 1 MF765685
Ash-2-1-12 Northwest Ashland HiSilt Soybean 5 1 MF765686
Ash-2-2-10 Northwest Ashland HiSilt Soybean 22 2 MF765687
Ash-2-4-2 Northwest Ashland HiSilt Soybean 43 1 MF765688
Ash-2-6-2 Northwest Ashland HiSilt Soybean 6 1 MF765689
Br-2-3-4 Southwest Brown Clay loam Soybean 48 1 MF765690
Br-2-3-5 Southwest Brown Clay loam Soybean 49 1 MF765691
Br-2-5-14 Southwest Brown Clay loam Corn 3 1 MF765692
Br-2-6-4 Southwest Brown Clay loam Soybean 46 1 MF765693
Cham-2-1-3 Southwest Champaign Clay loam Soybean ND 3 MF765732
Clark-1-4-13 Southwest Clark Clay loam Corn 14 2 MF765694
Clark-1-5-3 Southwest Clark Clay loam Soybean 13 2 MF765695
Cler-1-1-12 Southwest Clermont HiSilt Soybean 44 1 MF765696
Cler-1-4-1 Southwest Clermont HiSilt Soybean 47 1 MF765697
Cler-2-1-10 Southwest Clermont Loam Soybean 26 2 MF765698
Craw-1-1-10 Northwest Crawford Clay loam Soybean ND 3 MF765733
Darke-3-1-8 Southwest Darke HiSilt Soybean 15 2 MF765699
Darke-3-2-14 Southwest Darke HiSilt Soybean 21 2 MF765700
Darke-4-3-22 Southwest Darke HiSilt Corn 20 2 MF765701
Def-2-2-6 Northwest Defiance HiSand Soybean 12 2 MF765702
Def-2-4-14 Northwest Defiance HiSand Soybean 19 2 MF765703
Def-2-5-22 Northwest Defiance HiSand Corn 4 1 MF765704
Erie-2-6-4 Northwest Erie Clay loam Soybean ND 3 MF765734
Fay-2-3-2 Southwest Fayette Clay loam Soybean 18 2 MF765705
Ful-2-6-4 Northwest Fulton HiSand Soybean 9 1 MF765706
Gr-1-5-1 Southwest Green Clay loam Soybean 11 2 MF765707
Gr-2-3-3 Southwest Green Clay loam Corn 29 2 MF765708
Hen1-4-3 Northwest Henry Loam Soybean 17 2 MF765709
Hen-1-6-4 Northwest Henry Loam Soybean 41 2 MF765710
Hen-1-1-9 Northwest Henry Loam Soybean 30 1 MF765711
High-2-5-8 Southwest High Clay loam Soybean 25 2 MF765712
Hur-1-4-11 Northwest Huron Loam Soybean 42 1 MF765713
Logan-1-3-10 Southwest Logan Clay loam Soybean 39 1 MF765714
Lucas-2-1-1 Northwest Lucas Loam Soybean 23 2 MF765715
Mad-2-1-4 Southwest Madison Clay loam Soybean 31 2 MF765716
Mad-2-2-1 Southwest Madison Clay loam Soybean 32 2 MF765717
Mad-2-5-4 Southwest Madison Clay loam Soybean 24 2 MF765718
Miami-1-3-13 Southwest Miami Clay Corn 33 2 MF765719
Mont-1-1-2 Southwest Montgomery Clay loam Soybean 34 2 MF765720
Mont-1-4-7 Southwest Montgomery Clay loam Soybean 35 2 MF765721
Mor-2-1-16 Northwest Morgan Clay loam Corn 2 1 MF765722
Mor-2-3-15 Northwest Morgan Clay loam Corn 7 1 MF765723
Mor-2-4-8 Northwest Morgan Clay loam Soybean 10 1 MF765724
Mor-2-5-9 Northwest Morgan Clay loam Soybean 8 1 MF765725
Pick-1-6-16 Southwest Pickaway Clay loam Corn 16 2 MF765726
Sand-1-4-25 Northwest Sandusky HiSand Corn 38 1 MF765727
Sand-1-6-22 Northwest Sandusky HiSand Corn 40 1 MF765728
War-1-1-1 Southwest Warren Clay loam Soybean 27 2 MF765729
War-1-6-3 Southwest Warren Clay loam Soybean 45 1 MF765730
Wood-1-4-13 Northwest Wood Clay loam Corn ND 3 MF765735
Wood-1-6-9 Northwest Wood Clay loam Soybean 28 2 MF765731

a Isolation was performed by baiting from soil with soybean or corn seedlings in 2004 and 2005 (Broders et al. 2007).
b Multilocus genotype (MLG) based on 21 simple sequence repeat (SSR) markers. ND = MLG was not determined for this isolate because it clustered with
P. cryptoirregulare.

c SSR group determined based on analysis of simple sequence repeat genetic markers. Group 1 and group 2 correspond to isolates of P. irregulare and group 3
corresponds to isolates of P. cryptoirregulare.

d GenBank identification number for the internal transcribed spacer (ITS1-5.8S-ITS2) sequence.
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per locus represented a homozygous condition while two alleles per
locus were heterozygous. Absence of a band was treated as missing
data.
Analysis was focused on region level considering two populations,

Northwest and Southwest (Fig. 1). Allelic diversity, number of abso-
lute alleles per locus (Na), number of effective alleles (Ne), observed
heterozygosity (Ho), expected heterozygosity (He), Hardy-Weinberg
equilibrium (HWE), fixation index (FST), Shannon’s information in-
dex (I), and gene flow (Nm) among populations were determined for
each locus with GenAlEx version 6.5 (Peakall and Smouse 2012).
Moreover, genetic distances were calculated, a principal coordinate
analysis (PCoA) was completed, and an analysis of molecular vari-
ance (AMOVA) was performed with 999 permutations. Genetic dis-
tances, calculated by Bruvo’s genetic distance method (Bruvo et al.
2004), were used to generate a dendrogram using UPGMA algorithm
with bootstrap support based on 1,000 replications. All of these anal-
yses were performed with poppr R package version 2.4.1 (Kamvar
et al. 2014) in R version 3.4.0.
Population structure was also analyzed with a Bayesian ap-

proach using STRUCTURE 2.3.4 (Hubisz et al. 2009; Pritchard
et al. 2000). Parameters were set to 50,000 replications as burn-in
and 150,000 replications for the Markov-Chain Monte Carlo method
(Rodriguez-Bonilla et al. 2014). The most likely number of popula-
tions (K) was determined by the delta K (ΔK) method (Evanno et al.
2005) with STRUCTURE HARVESTER Web v.0.6.94 (Earl and
vonHoldt 2012).

Mycelial growth rate and optimum growth temperature. All
isolates were grown on PCA for 3 days. A 5-mm diameter mycelial
plug taken from the edge of the growing colony was transferred to a
100 × 15 mm Petri dish containing 15 ml of PCA media. Cultures
were incubated in the dark at 12, 15, 18, 21, 24, 27, 30, 33, and
36°C for 24 h. Mycelial growth was determined by measuring the di-
ameter of the colony with a ruler. The experiment was carried out in a
split-plot design with temperature as main plot and isolates as sub-
plots. There were three replicated plates for each isolate × tempera-
ture combination, and the experiment was completed twice. Data
analyses were performed with PROC MIXED using SAS 9.4 (SAS
Inc., Cary, NC). Initially, a group number was assigned to each iso-
late based on ITS sequence and SSR data analyses. Then, for statis-
tical analysis, isolate group and temperature were considered as
fixed factors, while experiment and interaction of temperature and
experiment were considered as random factors. Least square means
(lsmeans) statements was used to estimate the expected value (means)
for the main effects and interaction, and contrast statements were used
to compare the main and simple effect means for all significant effects
and interactions. The temperature that allowed the highest rate of
growth was considered as the optimal temperature for each group
and each isolate within groups.
Isolate aggressiveness in seed plate assay. Isolates were grown

for 3 days in 60 × 15 mm Petri dishes containing PCA media and ag-
gressiveness was evaluated with a seed plate assay following the
methodology described by Broders et al. (2007). A 5-mm mycelial

Fig. 1. Location of regions and respective counties where isolates of Pythium irregulare complex were recovered from soybean and corn production fields in Ohio. In this study,
based on the number of the isolates, the area was divided into two main macro regions designated as Northwest (North, North-central, and Northeast soil regions), and Southwest
(South-central and South soil regions).
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plug was transferred to the center of a 100 × 15 mm Petri dish con-
taining PCAmedia with 1.2% agar, and allowed to grow for 3 days at
20°C. Soybean seeds were surface sterilized in a 0.525% sodium hy-
pochlorite solution for 1 min, rinsed twice in sterile deionized water,
and allowed to dry in a laminar flow hood for 30 min. Ten soybean
seeds were placed into the Petri dishes containing 3-day-old colonies,
and were incubated at 20°C in the dark. After 7 days, the number of
germinated seeds was counted in each plate. A seed was considered
germinated if the radicle was more than 1 cm long and no visible ne-
crosis or browning of the roots were observed. The susceptible cul-
tivar Kottman and the moderately susceptible cultivar Dennison
(Balk 2014) were used for the assay. Aggressiveness was scored as
follows (Supplementary Fig. S1): 0 = 100% germination and no
symptoms; 1 = 70 to 99% germination and lesions on roots; 2 = 30
to 69% germination with coalesced lesions; 3 = 0 to 29% germination
and all seed tissues colonized. A noninoculated control was added for
each cultivar to verify germination and identify the presence of seed-
borne pathogens. If seedborne pathogens were present, those seeds
were removed from the final data. The experiment was performed
twice in a completely randomized design with three replicate plates
for each isolate. Since seed germination was expressed as percentage
of total seeds used in each plate, the values were transformed to arc-
sine square root and statistical analysis was performed with PROC
MIXED using SAS 9.4 (SAS Inc., Cary, NC) with isolate, soybean
cultivar, and interaction as fixed factors, and experiment and replica-
tion nested within experiment as random factors. Data were back
transformed for presentation of the results.
Isolate aggressiveness in seedling root rot assay. A cup assay to

measure the level of root rot was performed according to methodol-
ogy previously described (Balk 2014; Ellis et al. 2013). Briefly,
spawn bags (Myco Supply, Pittsburgh, PA) containing 950 ml of
play sand (Quikrete, Atlanta, GA), 50 ml of cornmeal (The Quaker
Oats Company, Chicago, IL), and 250 ml of deionized water were
autoclaved for 30 min in two consecutive days. Ten mycelial plugs
(10 mm diameter) of a specific isolate, previously grown at 20°C
for 3 days in 60 ×15 mm Petri dishes containing PCA, were placed
into a sterile spawn bag. The bags were sealed with a sealer-electrical
impulse (Harbor Freight Tools, Calabasas, CA) andmaintained at room
temperature for 9 days. They were shaken every other day for approx-
imately 2 min to allow for uniform colonization of the media by the
pathogen.
The colonized sand-cornmeal media was mixed with fine vermic-

ulite (Perlite Vermiculite Packaging Industries, North Bloomfield,
OH) in a ratio of 1:4 based on volume. Holes were made with a pencil
at the bottom of 473-ml styrofoam cups (Dart Container Corporation,
Mason, MI) to allow for water drainage; 100 ml of coarse vermiculite
(Perlite Vermiculite Packaging Industries, North Bloomfield, OH)
was then placed in the bottom, followed by 300 ml of the inoculum
and fine vermiculite mixture. The cups were kept at 20°C, and
watered three times over a period of 24 h. Eight soybean seeds were
then placed directly on the inoculum mixture and covered with
100 ml of coarse vermiculite. The cups were maintained in a growth
chamber set at 20°C, 14:10 h cycle of light/dark, and 60% relative
humidity. Cups were watered three times a day with nonsterile deion-
ized water. Stand count data were collected at 7 and 14 days after
planting (dap), and a seedling was considered emerged if the cotyle-
dons were above the coarse vermiculite surface. Data for root rot,
root and shoot weight were collected at 14 dap at VC growth stage
(unifoliate leaves expanded). Plants were removed from the cups
and after washing off the vermiculite and inoculum with tap water,
they were placed and wrapped in wet paper towels, which were kept
in a plastic bag at 4°C until processed. Plants were scored for root rot
based on the scale (Supplementary Fig. S2): 1 = no lesions, healthy
roots; 2 = lesions on of 1 to 20% of the lateral roots; 3 = lesions on
tap root and 21 to 75% of the lateral roots; 4 = lesions on tap root and
>75% of the lateral roots; 5 = no germination of seed (Balk 2014).
Mean plant height was determined based on the measurement of
three plants. Fresh root and shoot weight was also determined,
and the values were expressed by plant according to the final stand
count.

Due to limited space in the growth chamber, the experiment was
performed in an incomplete block design with half of the isolates
evaluated in each run of the experiment. The isolates Br-2-3-5 and
Gr-1-5-1 were used as controls and were present in all runs of the ex-
periment. A noninoculated control was also added to each assay to
verify seed germination, pathogen contamination, and growth condi-
tions. The soybean cultivars Dennison and Kottman were used for all
the assays. Each treatment (isolate × cultivar) was replicated three
times within the experiment, and the assay was completed twice
for each isolate. Nonparametric analysis was performed with the dis-
ease scores following the approach described by Shah and Madden
(2004). Data were rank-transformed and lsmeans of ranks were com-
puted. The relative effect (RE) of each treatment was calculated and
Wald-type statistics were obtained. Emergence at 7 dap, emergence
at 14 dap, plant height, fresh root weight per plant, and fresh shoot
weight per plant were analyzed with PROC MIXED using SAS
9.4 (SAS Inc., Cary, NC) with isolate, cultivar, and interaction as
fixed factors, and experiment and replication nested within experi-
ment as random factors. Lsmeans were calculated and contrast state-
ments were used to compare the main and simple effect means for all
significant fixed effects and interactions.
Fungicide sensitivity assay. Sensitivity to metalaxyl fungicide

was evaluated with an amended potato carrot broth (PCB) assay
adapted from Olson et al. (2013). Sterile PCB (20 g carrots and
20 g potatoes per liter) that had cooled to 50°C was amended with
technical grade metalaxyl (Syngenta, Greensboro, NC) dissolved in
1 ml dimethylsulfoxide (DMSO) to final concentrations of 0, 5,
and 100 mg ml−1. DMSO was also added to the control. A 3-mmmy-
celia plug from culture grown for 3 days was placed in a well of a 24-
well cell culture plate (Corning Inc., Corning, NY) containing PCB
only, PCB + 5 mg ml−1, and PCB + 100 mg ml−1 of metalaxyl (Sup-
plementary Fig. S3). A noninoculated control was added to verify
possible contamination in the liquid media. The plates were placed
in a plastic bag and maintained at 20°C in the dark. After 48 h,
the plates were examined under a stereoscope (10× magnification)
and mycelial growth was scored based on a scale: 0 = no growth;
1 = microscopic sporadic hyphae growing from the plug, no unifor-
mity; 2 = microscopic uniform hyphae growth; 3 = uniform myce-
lium and visible macroscopically; 4 = mycelium uniform, 85 to
95% of growth compared with the nonamended control; 5 = myce-
lium growth the same as nonamended control. Each treatment (iso-
late × fungicide concentration) was replicated three times within the
experiment, and the assay was completed twice. Since mycelial
growth was assessed in an ordinal scale, nonparametric analyses
were performed following approach described by Shah and Mad-
den (2004) for factorial experiments using PROC RANK and
PROC MIXED of SAS (SAS Inc., Cary, NC). Data were rank-
transformed and lsmeans of ranks were computed. The relative ef-
fect (RE) of each treatment was calculated and Wald-type statistics
were obtained.
Morphological studies. Three isolates from each SSR group were

selected for morphological studies on grass blade cultures (Water-
house 1967). Leaf blades of ryegrass grown at 25°C with a 12-h light
cycle were cut from young tissue and added to 200 ml of deionized
water. The water and the grass blades were autoclaved for 30 min
on two consecutive days. Three sterile grass blades were placed in
a 60 × 15 mm Petri dish containing 5 ml of 10% sterile soil extract
(Moorman et al. 2002). Four 3-mm mycelial plugs from a 3-day-old
PCA culture were added to the plates in contact with the grass blades.
Plates were maintained at 20°C for 3 to 7 days. The morphology of
oospore, oogonia, and sporangia was observed under a compound
microscope equipped with a digital camera (AmScope, Irvine, CA).
Twenty oospores were randomly selected for measurement under a
compound microscope (Matsumoto et al. 2000). Another plate was
prepared for each isolate and after 3 days in the dark at 20°C, the soil
extract was discarded and another 5 ml of 10% sterile soil extract was
added. Cultures were transferred to 15°C with a 12 h light-dark cycle.
Zoospore release was monitored every 2 h. Twenty sporangia were
randomly selected for measurement of the diameter under a compound
microscope (Matsumoto et al. 2000).
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Results

ITS sequence analysis. Sequences from the ITS region (ITS1-
5.8S-ITS2) from 53 isolates previously recovered from soybean
and corn fields in Ohio were compared with 11 sequences selected
to represent the different groups used to describe the intraspecific di-
versity within P. irregulare. Distance analysis using the UPGMA al-
gorithm indicated that there are three main groups with bootstrap

support higher than 90%. Four isolates from four different counties
clustered with P. cryptoirregulare, and the remaining 49 isolates
could be divided into two groups (Fig. 2). Group 1 included 26 iso-
lates representing 13 counties, and they clustered with the P. irregu-
lare neotype CBS250.28 from Lévesque and De Cock (2004),
P. irregulare group I from Matsumoto et al. (2000), and three se-
quences of P. irregulare s.s. from Garzón et al. (2007). Group 2
was composed of 23 isolates representing 14 counties that clustered

Fig. 2. A, Unweighted pair group method with arithmetic mean (UPGMA) dendrogram of Pythium irregulare isolates based on Bruvo’s genetic distance obtained with simple
sequence repeat (SSR) markers and their respective ITS groups. B, Bar plot of clusters (K = 2) assigned by STRUCTURE based on 19 microsatellite loci to P. irregulare
species complex isolates from soybean fields from different regions in Ohio. Dark gray represents group 1 and light gray represents group 2 of P. irregulare.
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with two sequences of P. irregulare s.s. from Garzón et al. (2007).
The two P. irregulare groups differed by the presence of five nucle-
otide substitutions positioned at 216 bp (A/G), 294 bp (T/G), 757 bp
(T/C), 761 bp (C/T), and 822 bp (A/G) in the ITS sequence.
Population analyses. Population analysis was performed with the

49 isolates that mostly clustered with P. irregulare group 1 and 2
based on the ITS sequence analysis. Each of the 21 SSR primer pairs
amplified at least one locus for almost all of the isolates (Supplemen-
tary Table S2). Two SSR markers (SSR4 and SSR8) were monomor-
phic, and therefore were not included in further analyses. For the 19
SSR markers that were informative, there were four to 11 alleles ob-
served per locus, and in total, 129 alleles were scored with an average
of 6.8 alleles per locus. Putative heterozygosity was detected for 13
loci with the presence of two bands for six isolates. Each isolate had
its own distinct multilocus genotype and no clones were identified
among the 49 isolates from Ohio in this study. Even though popula-
tion genetic analysis did not include the four isolates of P. cryptoir-
regulare, it is relevant to mention that each SSR marker amplified a
product for these isolates, which indicated that cross-amplification
does occur between two closely related species. In addition, no clones
were identified among these four isolates.
Allele frequency analysis considering region as population param-

eter revealed lower numbers of alleles, expected heterozygosity, and
Shannon’s information index in the Southwest region compared with
the Northwest region. The alleles detected in the isolates from the
Northwest region could be found in isolates from the Southwest re-
gion and vice versa. As a result, low to moderate genetic differenti-
ation (FST = 0.06) was observed between the two regions, and gene
flow analysis (Nm = 4.34) suggested genetic exchange or migration
between the regions. The results at the region level were further sup-
ported by AMOVA (Table 2), where moderate genetic differentiation
was observed between regions (FST = 0.071). Moreover, 90.09% of
the genetic variation was observed among individuals and 7.07% be-
tween populations.
Cluster analysis of SSR data with UPGMA algorithm revealed two

main clusters (Fig. 2A), which, with the exception of two isolates
(Pick-1-6-16 and High-2-5-8), mostly agreed with the ITS groups.
Based on STRUCTURE analysis, an optimal value of two popula-
tions (K = 2) best fit the data (Supplementary Fig. S4) and the clus-
tering of the isolates agreed with both ITS and SSR groups (Fig. 2B),
but they were not associated with region of origin (Fig. 3).
Mycelial growth rate at different temperatures. All isolates

were able to grow from 12°C up to 36°C; however, considerable re-
duction in growth rate was observed at 36°C (Fig. 4). There was a
significant effect (P < 0.001) of isolate group, temperature, and inter-
action on the mycelial growth rate. There was a significant difference
(P < 0.05) in the growth rates of P. irregulare group 2 compared with
group 1 and P. cryptoirregulare for all temperatures, except at 36°C
(Fig. 4). Furthermore, no significant (P > 0.05) statistical difference
was observed between the growth rate of P. irregulare group 1 and P.
cryptoirregulare (Supplementary Table S3). The optimal growth
temperature for all the groups occurred between 26 to 29°C.
Aggressiveness in seed plate assay. All of the isolates were path-

ogenic and very aggressive toward both soybean cultivars Dennison
and Kottman in the seed plate assay. There was no interaction be-
tween isolate groups and soybean cultivars within P. irregulare

group 1 and P. cryptoirregulare. However, within P. irregulare group
2, all isolates but two (Gr-1-5-1 and Def-2-4-14) caused 100% inhibi-
tion of seed germination and complete colonization of the seeds (data
not shown).

Table 2.Analysis of molecular variance (AMOVA)a between and within populations of isolates of Pythium irregulare from soybean and corn production fields in
Ohio determined with 21 simple sequence repeat (SSR) markers

Source of variation df Sum of squares Mean square

Estimated variation

FST
b P NmcDecimal %

Between populations 1 39.89 39.89 0.53 7.07 0.071 0.001 3.284
Among individuals 47 649.43 13.82 6.80 90.09 … … …

Within individuals 49 10.50 0.21 0.21 2.84 … … …

a AMOVA performed with GenALEx v. 6.5 (Peakall and Smouse 2012) using 999 permutations.
b Fixation index: FST < 0.05 = low genetic differentiation; 0.05 < FST < 0.15 = moderate; 0.15 < FST < 0.25 = great; FST > 0.25 = very great.
c Nm = absolute number of migrants per generation: Nm > 1 = great gene flow; 0.5 <Nm > 1 = weak gene flow, but exchange of alleles may still occur;Nm < 0.5 =
groups almost fully genetically isolated (Milgroom 2015).

Fig. 3. Scatter plot of the first and second coordinate from principal coordinate analysis
(PCoA) of pairwise genetic distances of multilocus genotypes of Pythium irregulare
isolates from soybean fields in the Northwest (n = 26; triangles) and Southwest
(n = 28; circles) regions in Ohio. The multilocus genotypes were based on simple
sequence repeat (SSR) data.

Fig. 4.Mycelia growth rate (mm 24 h−1) of the two groups of Pythium irregulare and P.
cryptoirregulare obtained from soybean fields in Ohio at different temperatures.
Groups were determined by cluster analysis based on 19 simple sequence repeat
(SSR) markers. Bars represent the standard error of the mean at each temperature.
Probability (P) values are indicated in the box for each source of variation:
isolate groups (IG), temperature (T), and interaction IG × T. Asterisks indicate that
P. irregulare group 2 was significantly different (P < 0.05) from the other groups
based on contrast analysis. The range of optimum growth temperature is indicated by
the gray vertical lines.
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Aggressiveness in growth chamber. Symptoms of root rot char-
acterized by brown discoloration and limited development of the
root system were observed on both soybean cultivars, Dennison
and Kottman, following inoculation of isolates of P. irregulare group
1, P. irregulare group 2, and P. cryptoirregulare. Based on the sta-
tistical analysis within each group, there were significant effects of
isolate for the severity of seed, seedling, and root rot for P. irregulare
group 1 and P. irregulare group 2 (Supplementary Table S4). How-
ever, among the four isolates of P. cryptoirregulare, there were only

significant effects for the mean seedling emergence, fresh root
weight, and root rot score. Soybean cultivar was also significantly
different for the mean plant height and fresh root weight among
the isolates within P. irregulare group 1 and P. irregulare group 2,
and fresh root weight within P. cryptoirregulare. The isolate by soy-
bean cultivar interaction was not significant within each group. Even
though all of the isolates were pathogenic, they differed in the level
of aggressiveness for emergence at 14 dap, fresh root weight, and
root rot score (Fig. 5). Very similar trends were also observed for

Fig. 5. Emergence at 14 days after planting (E14dap, %), fresh root weight (FRW, g) and root rot score (RRS) of the soybean cultivars Dennison (black bar) and Kottman (white bar)
inoculated with different isolates of Pythium irregulare group 1, P. irregulare group 2, and P. cryptoirregulare. The bars represent the least square means with the standard errors.
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emergence at 7 dap, plant height, and fresh shoot weight (data not
shown). Isolates of P. irregulare group 1 were more aggressive based
on the higher mean rank of root rot score, followed by P. irregulare
group 2 and P. cryptoirregulare (Supplementary Table S5).
Fungicide sensitivity assay.All 53 isolates were screened for sen-

sitivity to metalaxyl at 5mg a.i. ml−1 and 100mg a.i. ml−1 in a 24-well
plate bioassay. At 48 hours postinoculation, mycelial growth ratings
ranged from 2.0 to 4.0 and from 2.0 to 3.0 for media amended with
5mg a.i. ml−1 and 100mg a.i. ml−1 of metalaxyl, respectively (Fig. 6).
There was significant effect of isolate, fungicide concentration, and
interaction on mycelial growth for all three groups (Supplementary
Table S6) and high variability of isolates was observed within each
group (data not shown). In this study, 35.8% (n = 19) of the isolates
were considered sensitive and 64.2% (n = 34) of the isolates were
considered insensitive at 100 mg a.i. ml−1. In all, from the 34 isolates
insensitive to metalaxyl, 18 belong to P. irregulare group 1, 15 to
P. irregulare group 2, and one belongs to P. cryptoirregulare.
Morphological studies.Measurements of morphological features

(Fig. 7) indicated that hyphae varied from 2.29 to 4.97 mm wide
(Supplementary Table S7). All of the isolates formed globose to sub-
globose sporangia. In addition, intercalary or terminal globose and
subglobose oogonia were formed. The mean diameter of the oogo-
nium was 17.13 ± 1.50 mm, 18.00 ± 2.37 mm, and 19.10 ±
2.49 mm for P. irregulare group 1, P. irregulare group 2, and
P. cryptoirregulare, respectively. Oospores were mostly aplerotic,
and the diameter averaged from 14.14 ± 1.42 mm in P. irregulare
group 1, 15.26 ± 2.36 mm P. irregulare group 2, and 16.21±
2.31 mm in P. cryptoirregulare. The mean diameter of the ooplast
was 9.59 ± 2.81 in P. irregulare group 1, 10.14 ± 1.66mm in P. irreg-
ulare group 2, and 10.80 ± 2.38 mm in P. cryptoirregulare. The an-
theridia were predominantlymonoclinous, but some diclinous antheridia
were also observed. The number of antheridia per oogonium ranged
from one to three. There were significant differences among the groups
for all features evaluated. In addition, significant differences among iso-
lates were observedwithinP. irregulare group 1 for hyphae and ooplast,
withinP. irregulare group 2 for oospore and ooplast, andwithinP. cryp-
toirregulare for sporangia, hyphae, oogonia, and oospores.

Discussion
This study analyzed the genetic diversity, population structure, ag-

gressiveness, sensitivity to metalaxyl, and morphological features of
P. irregulare recovered from soybean and corn production fields in
Ohio. A comparison of the ITS region of 53 isolates from Ohio with
sequences from other studies deposited in NCBI identified three groups:
group 1 (n = 26) and 2 (n = 23) that corresponded to subdivisions of
P. irregulare (Garzón et al. 2005a; Matsumoto et al. 2000), and group
3 (n = 4) that clustered with P. cryptoirregulare (Garzón et al. 2007).
Two main clusters within P. irregulare from SSR analysis also corre-
sponded to the ITS groups 1 and 2, with exception of two isolates. Dif-
ferences in mycelial growth rate, aggressiveness, and sensitivity to
metalaxyl were observed among and within the groups, whichmay have
implications for germplasm screening and assessment of fungicide
efficacy.
Genetic diversity and population structure of P. irregulare from

three forestry nurseries’ soils in Oregon and Washington was re-
cently studied by Weiland et al. (2015). In that population of 48 iso-
lates, 19% of the SSR markers were polymorphic and three to six
alleles were observed per locus. For P. irregulare population in Ohio,
90% of the markers were polymorphic, and four to 11 alleles ob-
served per locus based on gel electrophoresis. The observed hetero-
zygosity of 0.53 from the study by Weiland et al. (2015) is
considerably higher compared with our results (Ho = 0.02). While
the same SSR markers were used in these studies, the difference in
the number of alleles per locus may be a reflection of the actual num-
ber of fields that were sampled as well as differences due to demog-
raphy, environment, and host plants. Evolutionary forces could be
acting differently in intensive agriculture for grain production com-
pared with less disturbed forestry nurseries.
Each of the 49 isolates of P. irregulare in this study is a unique ge-

notype. High levels of diversity among isolates was also observed by

Harvey et al. (2001), who identified 31 multilocus genotypes among
a total of 34 isolates from wheat, medic, or subclover in Australia. In
contrast, among the 48 isolates of P. irregulare recovered from for-
estry nursery soils by Weiland et al. (2015), 16 isolates presented
unique AFLP profiles whereas 32 isolates were classified into 11
clonal lineages with up to six isolates per lineage.
The two main groups identified in this study based on cluster anal-

ysis were not associated with region of origin (Northwest and South-
west), similar to what was observed by other authors (Harvey et al.
2000, 2001; Weiland et al. 2015). As a result, low to moderate genet-
ic differentiation of P. irregularewas observed at region level (FST =
0.071), which is similar to what Weiland et al. (2015) observed
among forestry nurseries (FST = 0.076). Moreover, in both cases,
the number of migrants (Nm) per generation was higher than 1, which
demonstrated that the same alleles in isolates from one location could

Fig. 6.Histogram of the distribution of the median scores for mycelial growth of isolates
of Pythium irregulare group 1 (n = 26), P. irregulare group 2 (n = 23), and
P. cryptoirregulare (n = 4) tested in potato carrot broth nonamended, and amended
with 5 or 100 mg ml−1 of metalaxyl. Growth was rated at 48 h postinoculation
based on the scale adapted from Olson et al. (2013): 0 = no growth; 1 =
microscopic sporadic hyphae growing from the plug, no uniformity; 2 = microscopic
uniform hyphae growth; 3 = uniform mycelium and visible macroscopically; 4 =
mycelium uniform, 85 to 95% of growth compared with the nonamended control;
5 = mycelium growth the same as nonamended control. Isolates with score of less
than 3 are considered sensitive, and 3 to 5 are insensitive to metalaxyl.
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be found in isolates from another location. Migration of genotypes
from one location to another for a soilborne pathogen such as
P. irregulare tends to be limited but still possible. Weiland et al.
(2015) suggested that movement of soil and plant material from
one nursery to another occurs in Oregon and Washington. A similar
scenario was pointed out by Lee et al. (2010) who also proposed
movement of inoculum among greenhouses to explain the lack of ge-
netic differentiation of populations of P. aphanidermatum recovered
from ornamental plants in Pennsylvania. In our study, however, con-
sidering that soybean is an annual crop usually in rotation with corn
or wheat, migration may occur with movement of soil by soil peds in
seed lots or more commonly by dirty equipment.
Low genetic variability is usually expected for homothallic organ-

isms such as P. irregulare where sexual reproduction occurs by self-
fertilization. However, Harvey et al. (2001) observed heterozygosity
based on RFLP analysis, and after crossing isolates and perform-
ing segregation analysis, the researchers confirmed outcrossing of
P. irregulare under laboratory conditions. In this study, putative hetero-
zygosity was observed in 13 SSR loci for some isolates. Interestingly,
heterozygosity was most frequently observed for the isolates that
clustered with P. cryptoirregulare. Putative heterozygosity was also
detected with SSR markers with the homothallic oomycete Phytoph-
thora sojae (Stewart et al. 2016).
Host resistance is known to apply selection pressure on pathogen

populations (Milgroom 2015). In this study, no interaction between
isolate and cultivar was observed. The soybean cultivar Dennison
is moderately susceptible to P. irregulare, whereas the cultivar
Kottman is susceptible, and this same response was observed across
all isolates in the growth chamber assay. However, significant differ-
ences in aggressiveness were observed among the groups and within
groups. Even though there are no soybean cultivars with high levels
of resistance to P. irregulare, some efforts have been directed toward
germplasm screening for resistance to this pathogen (Bates et al.
2008; Ellis et al. 2013; Stasko et al. 2016). Therefore, the use of iso-
lates that are genetically distinct and represent the different groups
should be considered in future germplasm screening programs.
The isolates used in this study were very aggressive to the seeds,

and 51 out of 53 isolates caused 100% inhibition of seed germination.

However, different levels of aggressiveness toward seedlings were
observed among isolates within each group, but no interaction of iso-
late and soybean cultivar was observed. Isolates of P. irregularewere
more aggressive than the four isolates of P. cryptoirregulare. Jiang
et al. (2012) recovered isolates of Pythium spp. from corn-soybean
rotation soil fields in Illinois, and the one isolate of P. cryptoirregu-
lare had similar level of disease severity as those of P. irregulare.
Seed and seedling diseases of soybean have been primarily man-

aged with fungicide seed treatments (Urrea et al. 2013), especially
with metalaxyl and mefenoxam (Cohen and Coffey 1986; Dorrance
et al. 2004). The repeated use of these fungicides may be a selection
factor in the field because fungicide-insensitive isolates of P. irreg-
ulare were previously identified from soybean fields in Ohio (Balk
2014; Broders et al. 2007; Dorrance et al. 2004), and floriculture
crops in North Carolina (Lookabaugh et al. 2015) and Pennsylvania
(Moorman et al. 2002). Moreover, evidence of genetic differentiation
with the presence of an AFLP fragment in metalaxyl-resistant and ab-
sence in metalaxyl-sensitive isolates was found in P. aphaniderma-
tum (Garzón et al. 2005b). In this study, 64.2% (n = 34) of the
isolates were capable of growth on media amended with metalaxyl
at 100 mg ml−1. This rate of metalaxyl or mefenoxam has been used
in numerous fungicide sensitivity assays across many Pythium spp.
(Brantner and Windels 1998; Broders et al. 2007; Garzón et al.
2005a; Moorman et al. 2002). Weiland et al. (2014) reported that iso-
lates of P. irregulare had EC50 values for mefenoxam ranging from
0.05 to 0.56 mg ml−1, and isolates were considered resistant if the
EC50 was equal or higher than 100 mg ml−1. According to Olson
et al. (2013), isolates of Phytophthora sojae tested for sensitivity to
mefenoxam in a 24-well bioassay at 100mg a.i. ml−1 with scores of less
than 3 are considered as sensitive. In fungicide seed treatments, the rec-
ommended rate for management of Pythium seedling blight is usually
lower than Phytophthora root rot (Giesler and Broderick 2016). There-
fore, if Pythium spp. can grow uniformly at such high fungicide con-
centration it can be considered as insensitive. Therefore, insensitivity
tometalaxyl is occurring independently and it is variable within groups
and across the state of Ohio. These results contrast with what was ob-
served by Garzón et al. (2005b), where all isolates of P. irregulare s.s.
were sensitive to metalaxyl/mefenoxam, whereas resistant isolates

Fig. 7. Sporangia and oospore of representative isolates of Pythium irregulare group 1, P. irregulare group 2, and P. cryptoirregulare in grass blade cultures.
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were identified only in P. cryptoirregulare. These findings will impact
the assessment of seed treatments withmetalaxyl or when used in com-
binations, as isolates with and without sensitivity to this fungicide
should be used.
The optimum growth temperature was the same for P. irregulare

group 1, P. irregulare group 2, and P. cryptoirregulare; however,
P. irregulare group 2 had an overall slower rate of growth. Matsumoto
et al. (2000) observed that 28 to 30°Cwas the optimum temperature for
growth of P. irregulare, but considerable difference in growth rate was
observed between two groups at 33°C. The growth of this pathogen at
such high temperatures is astonishing since cool andwet conditions are
usually considered as conducive for infection and disease development
by this and other Pythium spp. Interestingly, reduction in the temper-
ature is usually required for zoospore release (Waterhouse 1967),
and this may be one of the most important factors associated with in-
fections at cool temperatures. In the study by Wei et al. (2010) with
isolates of P. irregulare fromCanada, percentage of seed rot decreased
with temperature and even at 20°C, less than 60% of seed rot was
observed, which is lower than what was verified for the isolates
from Ohio. Aggressiveness and fungicide sensitivity for P. lutarium,
P. oopapillum, P. sylvaticum, and P. torulosum are also influenced by
temperature (Matthiesen et al. 2016). A possible explanation is the plas-
ticity of P. irregulare for thermal tolerance as already observed for other
plant pathogens (Lendenmann et al. 2016; Stefansson et al. 2013).More-
over, mycelial growth was measured as low as at 12°C and 15°C. How-
ever, 15°C has been the recommended temperature for long-term storage
of isolates (Erwin and Ribeiro 1996; Martin 1992) as well as room tem-
perature (Zitnick-Anderson and Nelson 2015). In addition, P. torulosum
was more aggressive at 13°C than at higher temperatures (Matthiesen
et al. 2016). Thus, conditions for long term storage, particularly tem-
perature, is something that should be reconsidered.
In this study, P. cryptoirregulare had significantly wider hyphae,

and larger oogonia, oospore, ooplast, and sporangia compared with
P. irregulare group 1. Garzón et al. (2007) also verified that P. cryp-
toirregulare presented significantly larger oogonia, oospore, and
ooplast diameter compared with P. irregulare. Based on the subtle,
but still statistically significant, differences in size among isolates
from the two species, identification solely on morphology may not
be practical as previously mentioned by Garzón et al. (2007).
Recommendation of soybean genotypes for a specific region is

usually done based upon maturity groups and profile of resistance
to a range of pathogens and insects. The results from this study dem-
onstrated that there is greater diversity of P. irregulare populations
and subpopulations have been established over time in Ohio. How
this can influence management is not very well understood at this
time. Nevertheless, the selection of isolates that represent the range
of genetic diversity and levels of aggressiveness that are present in
this region could help in screening and consequently the effective de-
ployment of resistance. A larger number of samples per field and
multiple fields within counties would be needed to better understand
the number of subpopulations that may exist within a region.
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