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Abstract

Phytophthora stem and root rot (PSRR) of soybean, caused by the
oomycete Phytophthora sojae, is prevalent in lowa and Nebraska.
Reducing losses to PSRR primarily relies on growing cultivars
with specific resistance (Rps) genes. Predominant genes used in
commercial soybean cultivars include Rps 1a, Rps 1c, Rps 1k, and
Rps 3a. Knowing which Rps gene to deploy depends on knowledge
of which genes are effective against the pathogen. From 2016 to
2018, 326 isolates of P. sojae from were recovered from fields in
lowa and Nebraska and classified into pathotypes based on their
virulence on 15 soybean genotypes. A total of 15 and 10 patho-
types were identified in lowa and Nebraska, respectively. Almost
all isolates were virulent on Rps 1a, and over 70% of isolates

Understanding pathogen diversity is important knowledge for
developing disease management tools. One of the most effective
tools for managing plant pathogens is host resistance, which is
governed by one or many genes. In some crop pathosystems,
such as Phytophthora stem and root rot of soybean, leaf rust of
wheat, and northern corn leaf blight of corn, specific genes in
the pathogen interact with a corresponding gene in the host
(Gevers 1975; Kolmer 1996; Ward 1990). This is known as the
gene-for-gene interaction and was proposed by Flor (1955). Sim-
ply put, when a pathogen infects a host plant, the pathogen secretes
an effector protein, encoded by an avirulence gene. If the effector
is recognized by a protein encoded by a specific resistance gene in
the host plant, the defense system of the host plant is triggered, and
no disease develops. If, however, the resistance protein is not pro-
duced in the host plant or the pathogen does not secrete the effec-
tor, there is no recognition that infection is occurring, and disease
will develop. This gene-for-gene relationship has been exploited to
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were virulent on Rps 1c and Rps 1k. Only 2.3% of isolates from
lowa were virulent on Rps 3a. Among commercial soybean culti-
vars tested in the lllinois Soybean Variety trials from 2010 to
2020, Rps 1c was always the most frequently reported gene, fol-
lowed by Rps 1k. In contrast, Rps 1a and Rps 3a were present in
less than 10% and less than 5% of the cultivars tested, respectively.
Because many of the P. sojae isolates in our study were virulent on
Rps 1a, Rps 1c, and Rps 1k, soybean cultivars with these genes are
unlikely to provide protection against PSRR unless they have a high
level of partial resistance.

Keywords: resistance, oomycete, Glycine max

characterize the diversity of pathogen populations both spatially
(among fields and states) and temporally (across years) (Costami-
lan et al. 2013; Dorrance et al. 2003, 2016; Grijalba et al. 2020;
Kolmer 2019; Robertson et al. 2009; Ryley et al. 1998; Stewart
et al. 2016; Weems and Bradley 2018; Xue et al. 2015). It is impor-
tant to monitor changes in pathogen virulence (ability of the patho-
gen to cause disease on a specific resistance gene) to commercially
deployed host resistance genes. Knowledge of pathogen virulence
provides information on the stability of the resistance genes in a
region. This information ensures effective resistance genes are
utilized and thereby enables successful disease management.
Phytophthora stem and root rot (PSRR), caused by Phytoph-
thora sojae, is a soilborne pathogen that ranks among the top
five pathogens causing economic losses of soybean annually in
the United States (Allen et al. 2017). In Iowa and Nebraska,
PSRR is widespread and tends to be more of a problem in poorly
drained soils and after periods of heavy precipitation (Dorrance
et al. 2009; Garnica and Giesler 2019; Robertson et al. 2009).
Losses vary widely from year to year. Soybean pathologists in
the two states estimate 7.1 million and 5.6 million bushels of soy-
bean were lost to PSRR in Iowa and Nebraska, respectively, from
2010 to 2019 (Crop Protection Network 2020). Symptoms of the
disease include damping off of seedlings, root and basal stem
rot, and blight of plants at any growth stage (Dorrance et al.
2008). This disease is primarily managed with soybean cultivars
that either contain specific gene(s) that govern resistance to P.
sojae (Rps genes), multiple genes that provide incomplete resis-
tance to the pathogen (partially resistant), or both forms of
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resistance (Dorrance et al. 2004). More than 30 Rps genes have
been identified (Van et al. 2020). In the United States, Rps la,
Rps lc, Rps 1k, and Rps 3a have been deployed in many commer-
cial soybean cultivars, and cultivars with Rps 1b, Rps 6, or Rps
8 are occasionally available (Dorrance et al. 2016; Slaminko et al.
2010). The durability of the effectiveness of Rps genes, however, is
estimated to be 8 to 20 years due to changes in the virulence of P.
sojae populations (Dorrance et al. 2003; Grau et al. 2004). Yan and
Nelson (2019) reported adaptation of P. sojae populations in North
Dakota to Rps 1c and Rps 1k from 1994 through 2015. Similarly,
adaptations of P. sojae populations to Rps lc, Rps 1k, and Rps la
have been detected in Iowa, Indiana, Michigan, Minnesota, and
Ontario, Canada (Dorrance et al. 2016).

P. sojae is characterized into pathotypes (originally called races)
based upon its virulence on a standard differential set of 8 to 14
soybean genotypes that each contain a different Rps gene, and a
universal susceptible genotype (Dorrance et al. 2004, 2008). Iso-
lates of the pathogen are inoculated separately on each genotype,
and the absence or presence of the disease is assessed approxi-
mately 7 days after inoculation (Dorrance et al. 2008). Prior to
2000, a set of eight genotypes was used to officially classify P.
sojae into 55 races (Grau et al. 2004). The identification of new
Rps genes (Van et al. 2020) led to the addition of several soybean
genotypes to the standard differential set of eight genotypes orig-
inally used to characterize P. sojae isolates (Dorrance et al.
2008). Consequently, it became difficult to assign race numbers
to P. sojae isolates, because the number of potential races is 2%,
where N is the total number of Rps genes (Stewart et al. 2014).
Therefore, an isolate of P. sojae is now classified as a pathotype
(i.e., a virulence formula listing the Rps genes on which an isolate
is able to cause disease) (Dorrance et al. 2008; Stewart et al. 2014).

The diversity of P. sojae in Midwestern states of the United
States has been characterized several times since the pathogen
was first reported in Indiana in 1957 (Bernard et al. 1957; Dorrance
et al. 2003, 2016; Niu 2004; Stewart et al. 2016; Yang et al. 1996).
Surveys have shown the pathogen continues to diversify, and new
pathotypes are reported with each survey. In Iowa, 17 pathotypes
were identified from 99 fields sampled in 2001 to 2003 using eight
genotypes (Niu 2004), compared with 37 pathotypes recovered
from 35 fields that were sampled in 2012 to 2013, using 10 geno-
types (Dorrance et al. 2016). In Nebraska, three comprehensive
studies documenting the virulence diversity of P. sojae have
been conducted since early 1980s. From 1980 to 1981, seven path-
otypes were identified in six eastern counties (White et al. 1983).
The number of genotypes used in this study to pathotype the iso-
lates was not specified. Schimelfenig et al. (2005) identified 11
pathotypes on eight genotypes in soil and plant samples recovered
from 52 fields with a history of seedling disease from 2000 to
2004, whereas 10 pathotypes were recovered from six fields using
10 genotypes in 2012 to 2013 (Dorrance et al. 2016). Moreover,
the complexity, defined as the number of Rps genes on which
an isolate is pathogenic, continues to increase in the Midwest
(Dorrance et al. 2016).

From 2016 to 2018, a survey of soybean fields in Iowa and
Nebraska was conducted as part of a larger study examining P.
sojae populations within the north central region of the United
States. Because lowa and the primary soybean region of Nebraska
have similar production zones, soil, precipitation, maturity group
use, and even growers’ seed brand preferences, data regarding
P. sojae populations could be useful to breeding companies to pro-
vide effective resistance genes. Therefore, this study was con-
ducted to (i) characterize the pathotype diversity in each state

and (ii) compare the diversity and complexity of pathotypes
between states. In addition, changes in Rps gene deployment in
commercial soybean cultivars from 2010 to 2020 were reported
to elucidate any relationship between Rps gene deployment and
virulence diversity. Data from this study could identify which
Rps genes would be more effective for PSRR management in
each state.

Methods

Soil sampling. In Iowa, 26 soybean fields in 21 counties were
arbitrarily selected and sampled for P. sojae (Fig. 1A). Ten fields
were sampled in 2016 and 16 fields in 2017 during the growing
seasons. In a low-lying area of each field, soil samples were col-
lected from 10 soil sampling sites, 20 to 25 m apart from each other
(approximately 1,000 m?). At each site, approximately 1 liter of the
top 20 cm of soil was dug with a shovel and placed in a plastic bag.
Soil samples were transported to lowa State University and stored
at 4°C until they were processed for baiting of P. sojae. In
Nebraska, soil samples were collected from soybean fields during
the 2017 and 2018 growing seasons. In total, 39 fields in 23 coun-
ties were sampled to represent P. sojae populations endemic to the
soybean-producing areas of the state (Fig. 1B). Soil cores were col-
lected across various points in a field using a sampling probe at 15
to 20 cm deep to form a composite soil sample of approximately
300 cm®.

Plant sampling. P. sojae was also recovered from symptomatic
plants submitted to the Plant and Pest Diagnostic Clinic at the Uni-
versity of Nebraska-Lincoln from 2016 through 2018. Fresh stem
sections with distinctive dark-brown lesions were surface sterilized
with 0.5% sodium hypochlorite solution for 30 s, washed under tap
water, and triple rinsed in distilled water before being placed in
laminar flow hood to dry. Stem sections were then split in half
and cut into 1-cm-long pieces, which were placed onto PBNIC
selective medium (Dorrance et al. 2008). A single colony of P.
sojae was then transferred to V8 juice medium and stored until
pathotype characterization.

Baiting and isolation. Standard methods for baiting and isola-
tion of P. sojae similar to that described in Dorrance et al. (2008)
were used. Briefly, for soil samples collected in Iowa, each soil
sample was manually passed through a sieve and then air dried
on a bench in the laboratory. For soil samples from Nebraska,
each sample was air dried in the greenhouse and ground into
fine soil particles using a Romer Series II Mill (Romer Labs, New-
ark, DE). Soil samples from each field were thoroughly mixed and
combined and then placed into 10 polystyrene squat cups (355 ml)
or plastic pots (200 ml) with four 3-mm holes on the bottom of
each cup for drainage. The cups were flooded with deionized water
for 24 h and then drained for approximately 24 to 48 h. After drain-
ing, cups were placed in plastic bags and incubated at 25°C in the
dark for 14 days. At this time, the plastic bags were removed, each
pot was planted with five seeds of the P. sojae-susceptible cultivar
Sloan, and the seeds were covered with coarse vermiculite. Three
days after planting, cups were flooded again with deionized water
for 24 h and then removed from trays and placed in a growth cham-
ber at 25°C with a 16-h photoperiod. Cups were watered with
deionized water daily. Seedlings with PSRR symptoms (brown
to tan lesions on the hypocotyl, brown root lesions, and damping
off) were observed 7 to 10 days after the second flooding and
removed for isolation of P. sojae. If no isolates were recovered
in the first baiting, all remaining ungerminated seeds and asymp-
tomatic seedlings were removed from the cups. One or two subse-
quent baitings were performed using the same soil sample by
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replanting the cups with five soybean seeds (cultivar Sloan) and
processed as described above.

Symptomatic seedlings were washed with sterilized distilled
water. Tissue, containing the leading edge of a lesion, was excised
and transferred to Phytophthora-selective medium (PBNIC) (Dor-
rance et al. 2008) and incubated at 22°C in the dark. Characteristic
myecelia of P. sojae that grew from tissue samples were excised and

transferred to medium containing PBNIC or DV8++ (DV8
medium containing neomycin sulfate [0.10 g/liter] and chloram-
phenicol [0.01 g/liter]) (Dorrance et al. 2008; Matthiesen et al.
2016). After 2 to 7 days at 22°C in the dark, cultures were exam-
ined under the microscope, and those that appeared to be P. sojae
were transferred to a new 100 x 15-mm Petri dish containing 20 ml
of DV8++. All isolates were identified as P. sojae morphologically
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FIGURE 1

Maps of lowa (A) and Nebraska (B) indicating counties from which soil samples were collected from commercial soybean fields to isolate Phytophthora sojae from
2017 to 2018. Donut charts represent proportion of isolates recovered from the soil samples that were virulent on Rps 1a, Rps 1¢, Rps 1k, and Rps 3a. The numberin

the center of the chart represents the number of fields sampled in that county.
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(Waterhouse 1963), and those collected in Nebraska were placed
on potato dextrose agar to evaluate mycelial growth (Dorrance
et al. 2008). Further identification was conducted by sequencing
the internal transcribed spacer region (Cooke et al. 2000) of four
isolates that had slow growth on 20% clarified V8 agar.

Pathotyping. Isolates from both Iowa and Nebraska were path-
otyped at Iowa State University on a set of 14 genotypes and one
P. sojae-susceptible cultivar (Table 1). Soybean seeds were
placed on germination paper (no. 38 cut to 30 x 60 cm, Anchor
Paper, St. Paul, MN). The germination paper was rolled and
then placed in a plastic box (12.7 cm high x 35 cm long x 21
cm wide) containing 2 liters of deionized water. The boxes of ger-
mination rolls with seeds were placed in a controlled environmen-
tal room at 25°C with a 16-h photoperiod (Nebraska isolates) or in
the dark at room temperature (22°C) (Iowa isolates). After 7 days,
the germination paper was unrolled to expose the hypocotyls of
the seedlings for inoculation. For each soybean genotype, ten
1-week-old seedlings were inoculated 1 cm below the cotyledons
by injecting approximately 200 to 400 pl of mycelial slurry of an
isolate into the hypocotyl using an 18-guage needle (Dorrance
et al. 2008). The germination paper with the inoculated seedlings
was then rerolled, placed back into the plastic box containing
water, and returned to the controlled environmental room at
25°C with a 16-h photoperiod (Nebraska isolates) or grown in
the dark at room temperature (22°C) (Iowa isolates). For both pro-
cedures, the pathogenicity of each isolate was evaluated 7 days
after inoculation. Reactions were scored as resistant or susceptible
based on the presence of lesions on the hypocotyl of less than 20%
or more than 70% of the seedlings, respectively. Pathotype tests
were repeated once.

Survey of Rps genes present in commercial soybean
cultivars. The frequency of various Rps genes present in commer-
cial soybean cultivars was determined using data from the Illinois
Soybean Variety trials conducted from 2010 through 2020 (Ames
et al. 2015, 2016; Esgar et al. 2010, 2011, 2012; Joos 2017, 2018,
2019, 2020; Joos et al. 2013, 2014). These trials are conducted
annually at 13 sites in Illinois and compare the performance (yield,
lodging, maturity, height, and shattering) of private and public cul-
tivars from seed companies in Illinois and the surrounding states.

TABLE 1
Soybean differential set used to determine the pathotypes
of isolates of Phytophthora sojae recovered from lowa and

Nebraska from 2016 to 2018

Soybean line Rps gene
Harlon la
Harosoy 13XX 1b
Williams 79 lc

PI 103091 1d
Williams 82 1k
L76-1988 2
L83-570 3a
PRX 146-36 3b
PRX 145-48 3c
L.85-2352 4
L85-3059 5
Harosoy 62XX 6
Harosoy 7
PI-399073 8
Sloan Susceptible

Although similar trials were done in Iowa and Nebraska, informa-
tion regarding Rps genes present in the cultivars tested was not
included. Because similar soybean maturity groups, and conse-
quently similar cultivars, are grown in Iowa, Illinois, and
Nebraska, the Illinois Soybean Variety trial data were reasoned
to be a useful resource for determining frequency of various Rps
genes present in commercial soybean cultivars. In each year, the
number of cultivars that were reported to contain Rps la, Rps lc,
Rps 1k, or Rps 3a was calculated as a percent of the total number
of cultivars grown in the trials for that year. Only the presence of
these Rps genes was reported, and not all cultivars tested in the tri-
als reported the presence of an Rps gene.

Data analysis. Only those isolates that had consistent patho-
types in both pathotype test experimental runs were included in
the analysis. Isolate virulence data were analyzed for each state
individually using the “hagis” R package (McCoy et al. 2019).
Pathotype virulence data were compared between states, frequency
distributions of the virulence of lowa and Nebraska isolates to spe-
cific Rps genes were produced, and the complexity of the patho-
type of isolates from both states was described. A paired-sample
t test was done to compare the mean complexity between states.
Differences were considered statistically significant at P < 0.05.
Furthermore, the following diversity indices were calculated using
the “hagis” R package (McCoy et al. 2019) in R 3.2.2 (R Core
Team 2019): simple diversity index (proportion of distinct patho-
types relative to the number of isolates collected), where 0 = no
diversity and 1 = infinite diversity; Gleason’s index, which also
indicates pathotype richness within a population but is less sensi-
tive to sample size than the simple index (Dorrance et al. [2016]
reported Gleason index’s ranging from 0.4 to 22.94); Shannon’s
index (indication of the evenness of distribution of pathotypes
within a sample), which ranges from 1.5 (less diversity) to 3.5
(more diversity); Simpson index (proportion of pathotypes relative
to the total number of pathotypes), where 0 = no diversity and 1 =
infinite diversity; and evenness index (relative abundance of the
different pathotypes composing the sample), which ranges from
0 to 1, where 1 represents an even distribution of the frequency
of each pathotype within the population.

Results

Altogether, 65 fields from 45 counties in Iowa and Nebraska
(Table 2, Fig. 1) representing approximately 30% of soybean acre-
age in the two states (https://www.nass.usda.gov/Statistics_by_
State/index.php) were sampled. A total of 326 isolates of P. sojae
were recovered (Table 2). The number of isolates recovered from
each field in Towa varied from five to 17, and those in Nebraska
varied from one to seven. In addition, there were nine isolates of
P. sojae recovered from mature PSRR symptomatic plants in
Nebraska.

Pathotype diversity and complexity. Consistent pathotypes
were recorded for 258 Iowa and 68 Nebraska isolates (Table 2).
Of the isolates from Iowa, 100% were virulent on Rps la and
Rps 7, whereas 95.6 and 97.1% of the Nebraska isolates were vir-
ulent on these two Rps genes (Fig. 2). Over 70% of isolates from
both states were virulent on Rps 1b, Rps 1c, Rps 1k, and Rps 2,
whereas 35.1 and 17.6% of the isolates from Iowa and Nebraska,
respectively, were virulent on Rps 3b (Fig. 2). Very few isolates
from Iowa (2.3%) and none from Nebraska were virulent on Rps
3a (Fig. 2). No Iowa isolates were virulent on Rps 3c, Rps 4,
Rps 6, and Rps 8; however, a few (less than 2.0%) of the Nebraska
isolates were virulent on at least one of these genes (Fig. 2). A total
of 15 and 10 pathotypes were identified in Iowa and Nebraska,
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respectively (Table 1; Supplementary Table 1). Six of the patho-
types identified were alike across states; nine pathotypes were
unique to Iowa, and four were unique to Nebraska (Supplementary
Table 1).

TABLE 2
Number of counties and fields sampled in lowa and
Nebraska (2016 to 2018), number of fields where

Phytophthora sojae was recovered, number of isolates, and
number of pathotypes in each state, and indices of diversity

Parameter lowa Nebraska
Number of*
Counties 21 22
Fields 26 39
Isolates pathotyped 258 68
Pathotypes 15 10
Indices of diversity”
Simple 0.06 0.15
Gleason 2.52 2.13
Shannon 2.04 1.64
Simpson 0.83 0.71
Evenness 0.75 0.71

# Number of counties and fields sampled, fields from which P. sojae was
recovered, isolates of P. sojae recovered, isolates with consistent
pathotype across two runs, and pathotypes.

" Indices of diversity: simple diversity index (proportion of distinct
pathotypes relative to the number of isolates collected), Gleason’s index
(indication of pathotype richness), Shannon’s index (indication of the
evenness of distribution of pathotypes within a sample), Simpson index
(proportion of pathotypes relative to the total number of pathotypes), and
evenness index (relative abundance of the different pathotypes
composing the sample).
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The complexity of the pathotypes recovered in each state dif-
fered slightly in this study, with mean complexity estimated at
5.5 and 6.5 in Iowa and Nebraska, respectively (P < 0.001; Fig.
3). Of the Iowa isolates, 41.3% of the isolates were virulent on
six Rps genes, followed by 26.7% of the isolates on three Rps
genes (Fig. 3). In Nebraska, 58.8% of isolates were virulent on
seven Rps genes, followed by 14.7% of isolates on six Rps genes
(Fig. 3). Six isolates that were virulent on eight Rps genes were
recovered in Nebraska, whereas four and three isolates from
Iowa were virulent on nine and 10 Rps genes, respectively (Fig. 3).

The percent of isolates that were virulent on Rps 1a, Rps 1b, Rps
lc, Rps 1k, and Rps 3a in Iowa increased in this survey compared
with the surveys done from 1991 to 1994 and 2012 to 2013 (Sup-
plementary Fig. 1). In this survey, however, no isolates with viru-
lence to Rps 6 or Rps 8 were detected in Iowa, although they had
been detected in the earlier surveys. Similarly, in Nebraska, the
prevalence of isolates that were virulent on Rps la, Rps 1b, and
Rps 1k increased while those that were virulent on Rps lc, Rps
3a, Rps 6, and Rps 8 decreased compared with the 2000 to 2004
and 2012 to 2013 surveys (Supplementary Fig. 2).

Comparison of the calculated diversity indexes between the two
states should be done with caution, because sample sizes (the num-
ber of isolates evaluated) varied greatly (5.5-fold more isolates
from Iowa versus Nebraska). Even so, indices were similar
between states (Table 2). Simple diversity was low for both states,
indicating the proportion of distinct pathotypes relative to the total
number of isolates collected was low, with the value for Iowa less
than half of that for Nebraska (Table 2). Low values for both states
were also calculated for the Gleason diversity index, which indi-
cated the richness of pathotypes among the isolates (Table 2).
The Shannon diversity index, which measures relative differences
in pathotypes among the isolates, was greater for lowa compared
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FIGURE 2

Percentage of Phytophthora sojae isolates recovered in a survey of soybean fields in lowa and Nebraska in 2016 to 2018 that were virulent on a specific Rps gene.
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with Nebraska (2.04 versus 1.64) (Table 2). The evenness scores
for lowa and Nebraska isolates were similar (0.75 and 0.71, respec-
tively) and indicated the number of pathotypes of isolates within
each community was not similar (Table 2). Simpson’s index,
which gives a measure of pathotype richness and evenness, was
close to 1 for both states (Table 2). The closer the value to 1, the
more diverse the population.
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Survey of Rps genes present in commercial soybean
cultivars. The number of cultivars tested in the Illinois Soybean
Variety trials varied from 236 cultivars in 2019 to 588 cultivars
in 2010 (Fig. 4). The percentage of cultivars reported to have an
Rps gene also varied from year to year (Fig. 4). Across all years,
however, Rps 1c was always the most frequently reported gene,
followed by Rps 1k (Fig. 4). The Rps lc gene was present in

mIA mNE

10 11 12 13 14

Number of Rps genes

FIGURE 3

Complexity (the number of Rps genes on which an isolate is pathogenic) of Phytophthora sojae isolates recovered in a survey of soybean fields in lowa and
Nebraska in 2016 to 2018. Figure shows the percentage of isolates that were pathogenic on one to 14 Rps genes tested.
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FIGURE 4

Percentage of soybean varieties with Rps 1a, Rps 1¢, Rps 1k, and Rps 3a tested in the Illinois Variety Testing trials from 2010 to 2020. Rps genes were not reported for

all varieties tested.
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approximately 28.0% of cultivars tested in 2014 and 2020, and
more than 50% of cultivars in 2011, 2012, 2013, 2017, and 2018
(Fig. 4). In general, the frequency of the Rps 1k gene in cultivars
tested decreased from 2010 (24.3%) to 2018 (7.2%); however, in
2019 and 2020, 11.0 and 14.8%, respectively, of cultivars were
reported to have the gene (Fig. 4). The Rps la gene was present
in less than 10% of cultivars tested from 2010 through 2020, and
Rps 3a was present in less than 5% of the cultivars tested and
was not reported in any cultivars in 2018 and 2019 (Fig. 4).

Discussion

This study compared the pathotype diversity of P. sojae from
Iowa and Nebraska to other similar studies in the region (Dorrance
et al. 2016; Schimelfenig et al. 2005; Stewart et al. 2016; White
et al. 1983; Yang et al. 1996). Similar to previous studies, the path-
ogen was recovered from all fields sampled in lowa and Nebraska,
suggesting it is endemic in commercial soybean fields throughout
both states. The lowa isolates were categorized into 15 pathotypes,
which is half of the number of pathotypes that were reported for
Iowa in the Dorrance et al. (2016) study, which was conducted 3
to 4 years previously, whereas the Nebraska isolates were catego-
rized into 10 pathotypes, which is similar to the Dorrance et al.
(2016) study. Although the number of pathotypes in populations
of the pathogen in Iowa and Nebraska have not increased since
2013, the complexity of the pathotypes has increased. Pathotype
complexity of Iowa isolates increased (5.5 versus 3.6) compared
with that reported in Dorrance et al. (2016).

We tested virulence of lowa and Nebraska isolates on 15 soy-
bean genotypes, which is more than the eight to 10 genotypes
used in previous studies (Dorrance et al. 2016; Yang et al. 1996)
but similar to another study done in Iowa in which 14 genotypes
were used (Robertson et al. 2009). In that study, 23 pathotypes
were present in two fields that were intensively sampled, whereas
the current study sampled 26 fields. Surprisingly, we detected
fewer pathotypes among the Iowa isolates in this study compared
with these previous studies, despite using more genotypes in the
differential set. Nevertheless, in both states the frequency of iso-
lates that were virulent on Rps la, Rps lc, and Rps 1k remained
high, whereas the frequency of isolates virulent on all other genes
evaluated remained comparatively low, as has been reported in
previous studies (Dorrance et al. 2016; Robertson et al. 2009;
Schimelfenig et al. 2005; White et al. 1983; Yang et al. 1996).
One explanation for the reduced number of pathotypes detected
in Iowa in this survey compared with other surveys could be due
to where the soil was collected for baiting. In this survey, soil
was collected from fields arbitrarily selected across lowa, whereas
in Dorrance et al. (2016) soil samples were collected from fields
with a history of PSRR or stand establishment issues. Another
explanation may be a function of the fitness of the pathotype.
Plates were checked daily for signs of mycelium growing from
symptomatic tissue. Mycelium that is first noticed growing out
from symptomatic tissue is typically the first and only mycelium
to be isolated. Therefore, pathotypes that are faster growing may
have been recovered more frequently than slower growing patho-
types. Niu (2004) reported differences in mycelial growth rate,
zoospore production, and infective ability of 16 isolates represent-
ing five pathotypes (races) of P. sojae.

Diversity indices allow differences between populations to be
compared (McCoy et al. 2019). In this study, all of the diversity
indices, except the simple index, were slightly higher for Iowa
than Nebraska, indicating more pathotype diversity in lowa.

Because considerably more isolates were collected in Towa than
Nebraska (258 isolates versus 68 isolates, respectively), there
was a greater chance of detecting unique pathotypes (greater rich-
ness), thus affecting a diversity index. In Iowa, 15 pathotypes were
detected compared with 10 pathotypes in Nebraska. A greater sim-
ple index was calculated for Nebraska compared with Iowa. This
was because a comparatively higher number of pathotypes were
detected among the lower number of isolates collected from
Nebraska. Thus, the simple index indicated greater diversity in
Nebraska, although because the values for both states were both
close to zero (0.6 and 0.15), diversity was still relatively low.
The Gleason, Shannon, and Simpson indices of diversity for iso-
lates of P. sojae recovered from lowa were similar to those
reported in other studies (Dorrance et al. 2016; Stewart et al.
2016); however, the simple index was also lower in this study com-
pared with the Dorrance et al. (2016) study. Similarly, we evalu-
ated considerably more isolates in this study (258 isolates)
compared with the Dorrance et al. (2016) and Stewart et al.
(2016) studies (130 and 47 isolates, respectively), but we detected
proportionally fewer pathotypes (15 versus 37 and 10, respec-
tively). Even so, comparison of the calculated diversity indices
among studies should be done with caution, because diversity indi-
ces are dependent on sample size, evenness, and richness, and, fur-
thermore, there are subtle differences in the characteristics of
diversity they report (Daly et al. 2018).

Several studies have suggested that widespread deployment of
Rps genes in commercial soybean cultivars has contributed to
the high frequencies of isolates with virulence to the genes
deployed (Dorrance et al. 2016; Jackson et al. 2004; Schmitthenner
et al. 1994; Yan and Nelson 2019; Yang et al. 1996). Certainly,
data from the Illinois Soybean Variety trials support this sugges-
tion, because Rps lc and Rps 1k have been extensively incorpo-
rated into commercial soybean cultivars over the past decade:
42.8 and 17.2% of all cultivars tested, respectively. Thus, detection
of higher frequencies of isolates virulent on these genes could be a
function of these genes being available in many conventional soy-
bean cultivars. Regarding Rps 3a, approximately 2% of isolates
tested in this study were virulent on this gene, which is less than
that reported by Dorrance et al. (2016) in their study. Only 1.4%
of cultivars evaluated in the Illinois Soybean Variety trials were
reported to have Rps 3a. Consequently, the low frequency of P.
sojae isolates with virulence to Rps 3a may be a function of low
selection pressure. In contrast, Rps 1a has been deployed in few
(5%) cultivars over the same time period, and yet almost all of
the isolates tested in this study (323 of 324 isolates) were virulent
on Rps 1a. Other studies have also reported high frequencies of iso-
lates that are virulent on Rps la (Dorrance et al. 2016; Robertson
et al. 2009; Yang et al. 1996). Rps la was the first resistance gene
against P. sojae deployed in commercial soybean cultivars in the
north central United States (Grau et al. 2004). Because almost
all the isolates were virulent on Rps la, this implies that there
are few, if any, fitness costs associated with loss of the avirulence
gene Avr la in P. sojae.

Our data suggest populations of P. sojae in Iowa and Nebraska
have adapted to Rps la, Rps lc, or Rps 1k, because nearly 70 to
100% of isolates recovered from fields in Iowa and Nebraska
were virulent on these three genes. Indeed, the frequency of iso-
lates from lowa that are virulent on Rps lc and Rps 1k has
increased since the last survey in 2012 to 2013 (Dorrance et al.
2016). Although the frequency of virulence on Rps 1k in Nebraska
has increased and the frequency of virulence on Rps 1c was slightly
lower, this may be because fewer isolates (14 isolates) were
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collected in the 2012 to 2013 survey (Dorrance et al. 2016).
Despite the high frequency of P. sojae isolates that are virulent
on Rps genes commonly used in commercial soybean cultivars
(Rps 1c and Rps 1k), in the past 5 years widespread outbreaks of
PSRR have not been reported in either lowa or Nebraska. Reasons
for this include unfavorable conditions for infection and disease
development (Robertson et al. 2009; Rojas et al. 2017), widespread
use of seed treatments that reduce damping off (Dorrance et al.
2009; Garnica and Giesler 2019) and therefore loss of crop stand,
or high partial resistance in cultivars being planted.

Data from our study suggest incorporating Rps 3a into commer-
cial cultivars could be useful for reducing losses to PSRR in lowa
and Nebraska, because so few isolates were virulent on the Rps 3a
differential line (PI 171442) used. Dorrance et al. (2016) also sug-
gested that Rps 3a would be a good candidate for incorporation into
commercial cultivars, because less than 15% of the isolates in that
study were virulent on the gene. Interestingly, no cultivars with
Rps 3a were tested in the Illinois Soybean Variety trials in 2018,
2019, and 2020. Because the durability of an Rps gene is estimated
to be 8 to 20 years (Dorrance et al. 2003; Grau et al. 2004), stack-
ing Rps genes has also been suggested to prolong the life of an Rps
gene (Dorrance et al. 2016; Yan and Nelson 2019). Between 2010
and 2020, of the more than 4,000 cultivars entered into the Illinois
Soybean Variety trials, only 13 cultivars were reported to have
stacked Rps genes: either Rps la and Rpslc (two cultivars), Rps
Ic and Rpslk (three cultivars), Rps 1c and Rps 3a (six cultivars),
or Rps 1k and Rps3a (two cultivars).

Data from this study corroborate previous work reporting that
the diversity and complexity of P. sojae in the north central United
States continues to increase. Effective management of PSRR in
Iowa and Nebraska will rely on strategic deployment of P.
sojae-resistant cultivars. Because many of the P. sojae isolates in
our study were virulent on Rps la, Rps 1c, and Rps 1k, cultivars
with these genes may not provide adequate protection against
PSRR unless the cultivars also have a high level of partial resis-
tance. Multigenic partial resistance is effective against all patho-
types of the pathogen (Schmitthenner 1985). Although partial
resistance is only expressed after the first true leaves have emerged
(Dorrance et al. 2007), cultivars with partial resistance can still be
infected by the pathogen. However, the level of root colonization is
reduced, and consequently disease development is slower and a
soybean plant is still productive, albeit yields may be reduced.
Commercial soybean cultivars with partial resistance are available,
and this information, along with Rps gene information, is usually
presented in seed company catalogs. Cultivars with Rps 3a should
reduce PSRR; however, to maintain durability of this gene, stack-
ing Rps 3a with another Rps gene and/or partial resistance is rec-
ommended. The Illinois Soybean Variety trials data listed
varieties with two Rps genes; however, zero to less than 1% of
the varieties tested in any one year from 2010 to 2020 contained
stacked genes. Therefore, these data suggest varieties with stacked
genes are not easily available. No data for partial resistance was
available in the Illinois Soybean Variety trials data, so it was dif-
ficult to determine the percent of varieties that had an Rps gene
stacked with partial resistance. Alternatively, rotating Rps genes
with each other or partial resistance may also help with Rps
durability. In the P. nicotianae-tobacco pathosystem, rotating
single-gene resistance and cultivars with high levels of partial
resistance mitigated race shifts of the pathogen (Sullivan et al.
2010). However, rotating Rps genes in the P. sojae-soybean
pathosystem needs to be explored further, because Stewart et al.
(2014) reported that changes in pathotype of P. sojae were not a

function of the type of resistance deployed. Another option to
maintain durability of Rps genes could be seed treatments to pro-
tect against damping off caused by P. sojae (Dorrance et al. 2009;
Garnica and Giesler 2019).

Literature Cited

Allen, T., Bradley, C., Sisson, A., Byamukama, E., Chilvers, M., Coker, C.,
Collins, A., Damicone, J., Dorrance, A., Dufault, N., Esker, P., Faske, T.,
Giesler, L., Grybauskas, A., Hershman, D., Hollier, C., Isakeit, T.,
Jardine, D., Kelly, H., Kemerait, R., Kleczewski, N., Koenning, S., Kurle,
J., Malvick, D., Markell, S., Mehl, H., Mueller, D., Mulrooney, R.,
Nelson, B., Newman, M., Osborne, L., Overstreet, C., Padgett, G., Phipps,
P., Price, P., Sikora, E., Smith, D., Spurlock, T., Tande, C., Tenuta, A.,
Wise, K., and Wrather, J. 2017. Soybean yield loss estimates due to
diseases in the United States and Ontario, Canada, from 2010 to 2014.
Plant Health Prog. 18:19-27.

Ames, K. A., Joos, D. K., and Nafziger, E. D. 2015. Soybean Variety Test
Results in Illinois — 2015. University of Illinois at Urbana-Champaign
Crop Sciences Special Report 2015-04.

Ames, K. A, Joos, D. K., and Nafziger, E. D. 2016. Soybean Variety Test
Results in Illinois - 2016. University of Illinois at Urbana-Champaign
Crop Sciences Special Report 2016-04.

Bernard, R. L., Smith, P. E., Kaufmann, M. J., and Schmitthenner, A. F. 1957.
Inheritance of resistance to Phytophthora root and stem rot in soybean.
Agron. J. 49:391.

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

Costamilan, L. M., Clebsch, C. C., Soares, R. M., and Dorrance, A. E. 2013.
Pathogenic diversity of Phytophthora sojae pathotypes from Brazil. Eur. J.
Plant Pathol. 135:845-853.

Crop Protection Network. 2020. Estimates of corn, soybean, and wheat yield
losses due to disease: An online tool. https://doi.org/10.31274/cpn-
20191121-0.

Daly, A. J., Baetens, J. M., and De Baets, B. 2018. Ecological diversity:
Measuring the unmeasurable. Mathematics 6:119.

Dorrance, A. E., Berry, S. A., Anderson, T. R., and Meharg, C. 2008.
Isolation, storage, pathotype characterization, and evaluation of resistance
for Phytophthora sojae in soybean. Plant Health Prog. 9. doi: 10.1094/
PHP-2008-0118-01-DG.

Dorrance, A. E., Jia, H., and Abney, T. S. 2004. Evaluation of soybean
differentials for their interaction with Phytophthora sojae. Plant Health
Prog. 5. doi: 10.1094/PHP-2004-0309-01-RS.

Dorrance, A. E., Kurle, J., Robertson, A. E., Bradley, C. A., Giesler, L., Wise,
K., and Concibido, V. C.2016. Pathotype diversity of Phytophthora sojae in
eleven states in the United States. Plant Dis. 100:1429-1437.

Dorrance, A. E., McClure, S. A., and de Silva, A. 2003. Pathogenic diversity
of Phytophthora sojae in Ohio soybean fields. Plant Dis. 87:139-146.

Dorrance, A. E., Mills, D., Robertson, A. E., Draper, M. A., Giesler, L., and
Tenuta, A. 2007. Phytophthora root and stem rot of soybean. Plant Health
Instructor. https://doi.org/10.1094/PHI-1-2007-0830-07

Dorrance, A. E., Robertson, A. E., Cianzo, S., Draper, M., Giesler, L., Tenuta,
A., Anderson, T., and Grau, C. 2009. Integrated management strategies for
Phytophthora sojae combining host resistance and seed treatments. Plant
Dis. 93:875-882.

Esgar, R. W, Joos, D. K., Henry, B. R., Nafziger, E. D., and Smyth, C. A.
2010. Soybean Variety Test Results in Illinois - 2010. University of Illinois
at Urbana-Champaign Crop Sciences Special Report 2010-04.

Esgar, R. W, Joos, D. K., Henry, B. R., Nafziger, E. D., and Smyth, C. A.
2011. Soybean Variety Test Results in Illinois - 2011. University of Illinois
at Urbana-Champaign Crop Sciences Special Report 2011-04.

Esgar, R. W, Joos, D. K., Henry, B. R., Nafziger, E. D., and Smyth, C. A.
2012. Soybean Variety Test Results in Illinois - 2012. University of Illinois
at Urbana-Champaign Crop Sciences Special Report 2012-04.

Flor, H. H. 1955. Host—parasite interaction in flax rust — Its genetics and other
implications. Phytopathology 45:680-685.

Garnica, V. C., and Giesler, L. J. 2019. Soybean canopy coverage, population,
and yield responses to seed treatment and cultivar resistance to Phytophthora
sojae in Nebraska. Plant Health Prog. 20:229-237.

Gevers, H. O. 1975. A new major gene for resistance to Helminthosporium
turcicum leaf blight of maize. Plant Dis. Rep. 59:296-299.

Grau, C. R., Dorrance, A. E., Russin, J., and Bond, J. 2004. Fungal diseases.
Pages 679-763 in: Soybeans: Improvement, Production and Uses. H. R.

PLANT HEALTH PROGRESS ¢ 2021, Vol. 22, No. 3 ¢ Page 307



Boemann and J. E. Specht, eds. American Society of Agronomy, Crop
Science Society of America, Soil Science Society of America, Madison, W1.

Grijalba, P. E., del C. Ridao, A., Guillin, E., and Steciow, M. 2020. Pathogenic
diversity of Phytophthora sojae in the southeast of the Province of Buenos
Aires. Trop. Plant Pathol. 45:397-401.

Jackson, T. A., Kirkpatrick, T. L., and Rupe, J. C. 2004. Races of
Phytophthora sojae in Arkansas soybean fields and their effects on
commonly grown soybean cultivars. Plant Dis. 88:345-351.

Joos, D. K. 2017. Soybean Variety Test Results in Illinois - 2017. University of
Tllinois at Urbana-Champaign Crop Sciences Special Report 2017-04.

Joos, D. K. 2018. Soybean Variety Test Results in Illinois - 2018. University of
Tllinois at Urbana-Champaign Crop Sciences Special Report 2018-04.

Joos, D. K. 2019. Soybean Variety Test Results in Illinois - 2019. University of
Illinois at Urbana-Champaign Crop Sciences Special Report 2019-04.

Joos, D. K. 2020. Soybean Variety Test Results in Illinois - 2020. University of
Illinois at Urbana-Champaign Crop Sciences Special Report 2020-04.

Joos, D. K., Esgar, R. W., Henry, B. R., and Nafziger, E. D. 2013. Soybean
Variety Test Results in Illinois - 2013. University of Illinois at Urbana-
Champaign Crop Sciences Special Report 2013-04.

Joos, D. K., Esgar, R. W., Henry, B. R., and Nafziger, E. D. 2014. Soybean
Variety Test Results in Illinois - 2014. University of Illinois at Urbana-
Champaign Crop Sciences Special Report 2014-04.

Kolmer, J. A. 1996. Genetics of resistance to wheat leaf rust. Annu. Rev.
Phytopathol. 34:435-455.

Kolmer, J. A. 2019. Virulence of Puccinia triticina, the wheat leaf rust fungus
in the United States in 2017. Plant Dis. 103:2113-2120.

Matthiesen, R. L., Abeysekara, N. S., Ruiz-Rojas, J. J., Biyashev, R. M.,
Saghai Maroof, M. A., and Robertson, A. E. 2016. A method for
combining isolates of Phytophthora sojae to screen for novel sources of
resistance to Phytophthora stem and root rot in soybean. Plant Dis. 100:
1424-1428.

McCoy, A. G., Noel, Z., Sparks, A. H., and Chilvers, M. 2019. hagis, an R
package resource for pathotype analysis of Phytophthora sojae
populations causing stem and root rot of soybean. MPMI 32:1574-1576.

Niu, X. 2004. Assessment of Phytophthora sojae Race Population and Fitness
Components in Iowa. M.S. thesis. Iowa State University, Ames, IA.

R Core Team. 2019. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Robertson, A. E., Cianzio, S. R., Cerra, S. M., and Pope, R. O. 2009. Within-
field pathogenic diversity of Phytophthora sojae in commercial soybean
fields in Iowa. Plant Health Prog. 10. doi: 10.1094/PHP-2009-0908-01-RS.

Rojas, A., Jacobs, J. L., Napieralski, S., Karaj, B., Bradley, C. A., Chase, T.,
Esker, P. D., Giesler, L. J., Jardine, D. J., Malvick, D. K., Markell, S. G.,
Nelson, B. D., Robertson, A. E., Rupe, J. C., Smith, D. L., Sweets, L. E.,
Tenuta, A. U., Wise, K. A., and Chilvers, M. 1. 2017. Oomycete species
associated with soybean seedlings in North America — Part I:
Identification and pathogenicity characterization. Phytopathology 107:280-
292.

Ryley, M. J., Obst,N. R., Irwin, J. A. G., and Drenth, A. 1998. Changes in the
racial composition of Phytophthora sojae in Australia between 1979 and
1996. Plant Dis. 82:1048-1054.

Schimelfenig, J., Giesler, L. J., and Ziems, A. 2005. Diversity of Phytophthora
sojae pathotypes in Nebraska soybean fields from 2000 to 2004. (Abstr.).
Phytopathology 95:S93.

Schmitthenner, A. F. 1985. Problems and progress in control of Phytophthora
root rot of soybean. Plant Dis. 69:362-368.

Schmitthenner, A. F., Hobe, M., and Bhat, R. G. 1994. Phytophthora sojae
races in Ohio over a 10-year interval. Plant Dis. 78:269-276.

Slaminko, T. L., Bowen, C. R., and Hartman, G. L. 2010. Multi-year
evaluation of commercial soybean cultivars for resistance to Phytophthora
sojae. Plant Dis. 94:368-371.

Stewart, S., Abeysekara, N., and Robertson, A. E. 2014. Pathotype and genetic
shifts in a population of Phytophthora sojae under soybean cultivar rotation.
Plant Dis. 98:614-624.

Stewart, S., Robertson, A. E., Wickramasinghe, D., Draper, M. A., Michel, A.,
and Dorrance, A. E. 2016. Population structure among and within Iowa,
Missouri, Ohio, and South Dakota populations of Phytophthora sojae.
Plant Dis. 100:367-379.

Sullivan, M. J., Parks, E. J., Cubeta, M. A., Gallup, C. A., Melton, T. A.,
Moyer, J. W., and Shew, H. D. 2010. An assessment of the genetic
diversity in the field population of Phytophthora nicotianae with changing
race structure. Plant Dis. 94:455-460.

Van, K., Rolling, W., Biyashev, R. M., Matthiesen, R. L., Abeysekara, N. S.,
Robertson, A. E., Veney, D. J., Dorrance, A. E., McHale, L. K., and
Saghai-Maroof, M. A. 2020. Mining germplasm panels and phenotypic
datasets to identify loci for resistance to Phytophthora sojae in soybean.
Plant Genome 14:¢20063.

Ward, E. 'W. B. 1990. The interaction of soya beans with Phytophthora
megasperma f. sp. glycinea: pathogenicity. Pages 311-327 in: Biological
Control of Soil-Borne Plant Pathogens. D. Hornby, ed. CAB International,
Oxon, U.K.

Waterhouse, G. M. 1963. Key to the species of Phytophthora de Bary. Mycol.
Pap. 92. CAB International, Wallingford, United Kingdom. Commonwealth
Mycological Institute, Kew, U.K.

Weems, J. D., and Bradley, C. A.2018. Exserohilum turcicum race population
distribution in the north central United States. Plant Dis. 102:292-299.

White, D. M., Partridge, J. E., and Williams, J. H. 1983. Races of
Phytophthora megasperma f. sp. glycinea on soybeans in eastern
Nebraska. Plant Dis. 67:1281-1282.

Xue, A. G., Marchand, G., Chen, Y., Zhang, S., Cober, E. R., and Tenuta, A.
2015. Races of Phytophthora sojae in Ontario, Canada, 2010-2012. Can. J.
Plant Pathol. 37:376-383.

Yan, H., and Nelson, B., Jr. 2019. Adaption of Phytophthora sojae to Rps
resistance genes over the past two decades in North Dakota. Plant Health
Prog. 20:88-93.

Yang, X. B., Ruff, R. L., Meng, X. G., and Workneh, F. 1996. Races of
Phytophthora sojae in lowa soybean fields. Plant Dis. 80:1418-1420.

PLANT HEALTH PROGRESS ¢ 2021, Vol. 22, No. 3 ¢ Page 308



