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Plant disease resistance genes are widely used in agriculture to reduce disease
outbreaks and epidemics and ensure global food security. In soybean, Rps
(Resistance to Phytophthora sogjae) genes are used to manage Phytophthora
sojae, a major oomycete pathogen that causes Phytophthora stem and root rot
(PRR) worldwide. This study aims to identify temporal changes in P. sogjae
pathotype complexity, diversity, and Rps gene efficacy. Pathotype data was
collected from 5121 isolates of P. sojae, derived from 29 surveys conducted
between 1990 and 2019 across the United States, Argentina, Canada, and
China. This systematic review shows a loss of efficacy of specific Rps genes
utilized for disease management and a significant increase in the pathotype
diversity of isolates over time. This study finds that the most widely deployed
Rps genes used to manage PRR globally, Rpsia, Rpsic and Rpsik, are no longer
effective for PRR management in the United States, Argentina, and Canada.
This systematic review emphasizes the need to widely introduce new sources
of resistance to P. sojae, such as Rps3a, Rps6, or Rpsil, into commercial culti-
vars to effectively manage PRR going forward.

Soybean (Glycine max L.) is a major source of protein and oil that is  potential of soybeans has been at the forefront of soybean breeders for
produced on approximately 130 million hectares globally each year'. decades, and consequently, present soybean varieties produce nearly
As the global population increases from 7.9 billion to an estimated 9.8  twice the seed yield they did 60 years ago®. However, efforts to achieve
billion by 2050, we will need to produce more food on less land to yield gains through genetics are often at the expense of decreased
ensure global food security’. The mission to increase the seed yield levels of disease resistance®.
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Phytophthora stem and root rot (PRR) of soybean, caused by the
soilborne oomycete Phytophthora sojae (Kaufmann & Gerdemann), is
responsible for 1-2 billion U.S. dollars in soybean yield loss worldwide®.
Outbreaks of PRR are more prevalent after heavy rains in fields where
soil moisture remains saturated and facilitates the production of
motile zoospores of P. sojae, which move chemotactically toward
soybean root exudates and infect soybean roots. During infection, the
sexual reproductive and resting structure, the oospore, is produced
within infected soybean root and stem tissue®. P. sojae is homothallic,
or self-fertile, and can produce viable oospores without the need for a
second genotype. Oospores of P. sgjae can lie dormant within plant
debris in the soil for years until environmental conditions are con-
ducive to infection (i.e., flooding) and susceptible host plants are
present®’.

Current climate models suggest that periods of intense rain may
become more frequent due to anthropogenically driven climate
change®. The increasing frequency of heavy rains could provide more
favorable environmental conditions for PRR disease throughout the
global soybean-producing regions, emphasizing that effective and
economically viable management of this destructive soybean disease
will be increasingly important’.

Currently, soybean varieties with single-dominant P. sojae resis-
tance genes (termed “Rps” genes, “resistance to Phytophthora sojae”)
and quantitative resistance are commercially available to mitigate
losses to PRR specifically. The first Rps gene available for PRR man-
agement was Rpsla, released in 1964, followed by Rpsic in 1980, and
lastly, Rps1k and Rps3a, released in 1985'°. The genes Rpsic, Rpsik, and
Rps3a were made commercially available to manage PRR after Rpsia-
mediated resistance in Ohio became no longer effective in 1972,
Given the adaptation of the P. sojae population to evade Rpsla-medi-
ated resistance over 8 years, Schmitthenner hypothesized that Rps
genes would only be effective for management for 6 to 15 years before
needing to be replaced by more efficacious Rps genes". This obser-
vation raises current concerns for the efficacy and longevity of Rpsic,
Rpsi1k, and Rps3a for PRR management on a global scale, as they have
been deployed for 35-40 years'’. Currently, more than 40 Rps genes
have been identified in soybean germplasm; however, only a few are
widely effective and released for PRR management®". In North and
South America, Rpsic and Rpsik are the most widely available Rps
genes to farmers for PRR management, while the availability of Rpsia,
Rps3a, Rps6, and Rps8 depends on country, locale, and seed
company®®,

Soybean Rps proteins initiate strong qualitative defense
responses against P. sojae isolates expressing specific Avr proteins
(effectors). This gene-for-gene relationship has been well character-
ized and is the primary means of disease management for PRR in
agricultural production worldwide®”7¢, Soybean Rps genes are
thought to encode for NBS-LRR (Nucleotide Binding Site-Leucine
Rich Repeat) receptor proteins which recognize Avr proteins or their
activity from P. sgjae. When P. sojae produces Auvr proteins detected
by the complementary soybean Rps protein(s), genetic signals are
produced that lead to a hyper-sensitive response that confers com-
plete resistance to P. sgjae”. Alternatively, P. sojae isolates that do not
express effectors recognized by the cognate soybean Rps protein
evade detection, continue infection, and cause PRR. A standard set of
soybean germplasm, which differs in the Rps gene present in the
genome, is used to characterize the gene-for-gene interaction phe-
notypically and identify effective Rps genes in the sampled P. sojae
population'. Recently, new molecular tools have been developed to
rapidly identify Avr genes present in P. sojae isolates and thus assess
the pathotype profile without going through the phenotypic
procedures®®. Through surveying populations of P. sgjae and
describing their pathogenicity phenotype, effective resistance genes
for the management of the sampled population can be identified and
recommended for use by commercial producers.

Regional or state sampling of P. sojae populations has occurred
in North America since the first pathotype of P. sojae was described in
19651214 While P. sojae was identified and known to be prevalent
in South America since the 1970s, surveys have only been conducted
since the late 1980s"”***¢, Surveys in Asia, primarily China, where P.
sojae is an invasive pest, have been performed since 1991, when the
pathogen was first identified in Heilongjiang Province, China'®*~*,
Surveys in other soybean-growing countries such as Japan, Iran, and
Australia have been infrequently conducted®®, These surveys typi-
cally were performed on a state or province scale and occasionally
aggregated to offer insights into Rps gene efficacy on a regional scale
at a single time point™'****, In addition to identifying effective Rps
genes, these studies have also been used to describe and track the
pathotype complexity, the number of Rps genes which isolates can
cause disease against, as well as the diversity of pathotypes to better
understand the durability of Rps-mediated resistance. As the patho-
type complexity of the P. sojae population increases, there will be
fewer individual Rps genes that can effectively manage the known
population and stacking, or having multiple Rps genes present within
the genotype, will be needed for effective disease management.
Likewise, observations of increasingly diverse pathotypes mean it is
highly unlikely these populations would be effectively managed
through the use of a single Rps gene. Pathotype complexity and
diversity metrics can be used to assess the potential durability of
employed Rps genes in a given population. Pathotype evaluation
surveys at multiple timeframes in the same regions have increased
concerns about increasing pathotype complexity and diversity, and
the potential loss of effectiveness of the Rpsic and Rpsik genes for
PRR management in North and South America have
emerged**3?** However, no comprehensive worldwide analysis
has been performed to evaluate the durability of Rps genes over time
and across continents, which would allow for more informed plan-
ning and decision-making in global commercial trait-introduction
programs to adequately manage PRR in the field.

Identifying how regional P. sojae pathotypes have evolved, as
well as the durability of Rps genes for PRR management, will help
guide soybean breeding and disease management recommendations
on a global scale. Here, we use a novel approach of collating data
from the past thirty years of P. sgjae pathotype surveys from four of
the largest soybean-producing countries (Argentina, Canada, China,
and the United States) across three continents to show the first
global-scale Rps gene fluctuation. Specifically, we aimed to: (1)
identify countrywide-temporal changes in pathotype complexity, (2)
evaluate Rps gene efficacy on a country-temporal scale, and (3)
determine how the pathotype diversity of sampled P. sojae popula-
tions have changed over time by country. We determined that: (1) the
pathotype complexity of P. sojae populations in Argentina, China,
and the United States has significantly increased over time, with
sampled populations now able to overcome 1-3 more of the tested
Rps genes than in previously sampled time frames, (2) Rpsic and
Rpsl1k are no longer effective in the United States, Argentina, and
Canada; however there is little change in Rpsic and Rpsik efficacy
observed in China between the time frames studied, and (3) the
diversity of pathotypes has significantly changed over time in each
country, leading to inadequate PRR disease management using cur-
rently employed Rps genes. Together, these results broadly build
upon foundational research on the management of PRR. Moreover,
they significantly improve our current understanding of Rps gene
efficacy over time and provide a rationale for deploying new Rps
genes and quantitative resistance to ensure adequate management
of PRR globally.

Results
Phytophthora sojae pathotype composition within populations is
thought to evolve and change over time due in part to the selective
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Table 1| Studies used in this systematic review

Study State or Province Country Years sampled Isolate recovery Pathotype evaluation Time frame
method® method® grouping

Schmitthenner, Hobe, and Ohio United States 1978-1991° Plant isolations and soil  Hypocotyl inoculation 1990-1999

Bhat" baiting

Yang et al.”’ lowa United States 1991-1994 Plant isolations and soil  Hypocotyl inoculation 1990-1999
baiting

Abney et al.?® Indiana United States 1993 Plant isolations and soil  Hypocotyl inoculation 1990-1999
baiting

Kaitany et al.”® Michigan United States 1993-1997 Plant isolations Hypocotyl inoculation 1990-1999

Dorrance et al.”! Ohio United States 1997-1999 Soil baiting Hypocotyl inoculation 1990-1999

Jackson et al.*® Arkansas United States 1995-1998 Soil baiting Hypocotyl inoculation 1990-1999

Malvick and Grunden®? Illinois United States 2001-2002 Soil baiting Hypocotyl inoculation 2000-2013

Nelson et al.* North Dakota United States 2002-2004 Soil baiting Hypocotyl inoculation 2000-2013

Robertson et al.** lowa United States 2005 Soil baiting Hypocotyl inoculation 2000-2013

Dorrance et al." 11 U.S states United States 2012-2013 Plant isolations and soil  Hypocotyl inoculation 2000-2013
baiting

Hebb et al.*® Illinois, Indiana, Kentucky, Ohio United States 2016-2018 Soil baiting Hypocotyl inoculation 2013-2019

Chowdhury et al.*® South Dakota United States 2013-2017 Soil baiting Hypocotyl inoculation 2013-2019

McCoy et al.*° Michigan United States 2017 Soil baiting Hypocotyl inoculation 2013-2019

Matthiesen et al.*’ Nebraska, lowa United States 2016-2018 Plant isolations and soil  Hypocotyl inoculation 2013-2019
baiting?

Barreto et al.* Buenos Aires Argentina 1989-1992 Plant isolations and soil  Hypocotyl inoculation 1989-1999
baiting

Grijalba et al.” Pampeana subregion Argentina 1998-2004° Plant isolations and soil  Hypocotyl inoculation 1989-1999/
baiting 2000-2013

Grijalba et al.** Buenos Aires Argentina 2013-2015 Plant isolations and soil  Hypocotyl inoculation 2014-2019
baiting

Grijalba et al.*® Pampas region Argentina 2013-2015 Plant isolations and soil ~ Hypocotyl inoculation 2014-2019
baiting

Xue et al.*® Ontario Canada 2010-2012 Soil baiting Hypocotyl inoculation 2000-2013

Henriquez et al.”! Manitoba Canada 2014-2017 Plant isolations Hypocotyl inoculation 2014-2019

Tremblay et al.” Quebec, Manitoba, Ontario Canada 2016-2019 Soil baiting qPCR assay for Avr genes  2014-2019

Jingzhi et al.*® Heilongjiang, Jilin China 1990-1999 Plant isolations Hypocotyl inoculation 1990-1999

Zhu et al.*® Heilongjiang, Jilin, Inner Mongolia, China 1990-1999° Plant isolations and soil  Hypocotyl inoculation 1990-1999/

Anhui, Henan, Shandong, Jiangsu, baiting 2000-2013
Zhejiang

Xiuhong et al.*° Heilongjiang, Jilin China 1990-1999 Plant isolations and soil  Hypocotyl inoculation 1990-1999
baiting

Zhang et al.”! Jilin China 2007-2015 Soil baiting Hypocotyl inoculation 2000-2013

Cui et al.*? Heilongjiang, Fujian China 2007 Soil baiting Hypocotyl inoculation 2000-2013

Linkai et al.” Xinjiang China 2007-2008 Soil baiting Hypocotyl inoculation 2000-2013

Tian et al.* Heilongjiang China 2011-2015 Soil baiting Hypocotyl inoculation 2000-2013

Zhang et al.’ Jilin China 2007-2015 Soil baiting Hypocotyl inoculation 2000-2013

“Plant isolations refers to isolations directly from field-collected plants. Soil baiting refers to soil samples having been collected and a susceptible soybean genotype used to “bait” pathogen infection

and then isolations performed.

PHypocotylinoculation refers to the method described in Dorrance et al.*® in which soybean seedlings containing a single Rps-gene are inoculated with an isolate, and the interaction is rated based on
disease development or absence of disease development. qPCR assay for Avr genes refers to the method in Tremblay et al.” in which P. sojae genomic DNA is used to detect the Avr genes that

interact with Rps genes.

“Isolates in this study were used between two time points, depending on when individual isolates were acquired. No single isolate was used at more than one time point. No data prior to 1990 was

used in this study.

dlowa used the soil baiting technique; Nebraska used plant isolations and soil baiting techniques.

pressure of always planting soybean varieties containing the same Rps
gene each rotation™. A P. sojae population adapts due to this constant
selective pressure from the host through mechanisms such as out-
crossing with other P. sojae genotypes®, as well as mutations®>®' or
gene-silencing® of the detected P. sojae Avr-gene product. If the soy-
bean Rps gene is unable to detect infection by P. sgjae, no defense
response is activated; the plant is therefore susceptible to infection,
and disease ensues. In total, 41 P. sgjae pathotype studies were iden-
tified through our search of the literature. Of these, 29 were used for
this systematic review (Table 1; Supplementary Fig. 6). The remaining
12 studies were not included as they were either conducted outside of
the time frames studied, did not test the standard soybean Rps genes

used in pathotyping, or the country in which the study took place did
not have sufficient additional surveys for temporal
analyses?> 26434655358 In this study, we focused on temporal changes
in the efficacy of eight Rps genes (Rpsla, Rpsib, Rpsic, Rpsld, Rpsik,
Rps3a, Rps6, Rps7) that have been used to describe isolate pathotypes
in P. sojae pathotype surveys for decades®. In soybean production,
Rpsic and Rpsik are currently the most commonly deployed genes
available in cultivars for the management of PRR, while Rpsia, Rps3a,
and Rps6 are available to a lesser extent®”. We did not include Rps2,
Rps3b, Rps3c, Rps4 and RpsS in this analysis, as not all studies used
these resistance genes to characterize their P. sgjae pathotype com-
position of field populations, and none of these Rps genes are used for
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94.767, 95% Cl =-2.367:-1.418, p = 4.485 x107%), 1989-1999 and 2013-2019 t-test
(t=-15.614, df =374.61, 95% Cl = -2.613:-2.029, p = <2.2 x 107"°). Panel B Canada,
2000-2013 n =253 isolates, 2014-2019 n = 394 isolates. 2000-2013 and 2014-2019
t-test (t=-2.562, df=536.52, 95% Cl=-0.462:-0.061, p = 0.01067). Panel C China,
1990-1999 n = 97 isolates, 2000-2013 n = 790 isolates. 1990-1999 and 2000-2013
t-test (¢=-1.545, df=119.9, 95% Cl = -0.678:0.083, p = 0.1249). Panel D United
States, 1990-1999 n = 1115 isolates, 2000-2013 n = 956 isolates, 2013-2019 n =1067
isolates. 1990-1999 and 2000-2013 t-test (¢=-1.278, df=1998.1, 95% Cl =
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Pathotype Complexity
-0.237:0.05, p = 0.2014), 2000-2013 and 2013-2019 t-test (¢ = -24.954, df =1894.5,
95% Cl=-1.89:-1.62, p < 2.2 x107¢), 1990-1999 and 2013-2019 t-test (¢=-28.021,
df=2168.7,95% Cl =-1.984:-1.725, p < 2.2 x 107%°). Blue coloring denotes the studies
performed in the 1990s (1989-1999, or 1990-1999), gray denotes the studies
performed between 2000 and 2013, and red coloring denotes studies performed
between 2013 and 2019 for each respective country. Dots indicate individual iso-
lates pathotype complexity. Median pathotype complexity is depicted by the black
bar within the box. Whiskers depict the first and third quartiles of data. Mean
pathotype complexity is shown as a black circle within the boxplot. Outliers are
defined as a black dot outside of the first and third quartiles. Asterisks indicate
statistically significant differences between the means of groups at o = 0.05. Source
data are provided as a Source Data file.

management of PRR in commercial soybean production in these
nations.

Pathotype complexity has significantly increased over time on a
national scale

Increases in pathotype complexity within populations reflect the total
number of Rps genes an individual P. sojae isolate within the popula-
tion can cause disease against. Thus, these genes are ineffective for
PRR management purposes. The published pathotype data from
Argentina, Canada, China, and the United States were grouped into
two or three distinct timeframes (generally: 1990-1999, 2000-2012,
and 2013-2019) for all temporal analyses, depending on the availability
of data from each country (see “Methods”; Table 1). The pathotype
complexity of each tested P. sojae isolate was determined and sum-
marized for each timeframe and country (Fig. 1). Differences in
pathotype complexity between the 1990s and 2000-2013 timeframes
within each country were not significant at p=0.05, with observed
increases in the mean complexity of less than 1 Rps gene (Fig. 1).

Significant increases in pathotype complexity over time were observed
in Argentina (¢=-7.9205, df=94.767, 95% Cl=-2.367:-1.418,
p=4.485x10"), Canada (t=-2.562, df=536.52, 95% Cl=
-0.462:-0.061, p=0.01067), and the United States (¢=-24.954, df =
1894.5, 95% Cl=-1.89:-1.62, p <2.2 x107%) between the 2000-2012/
2013 and 2013-2019 timeframes (Fig. 1). The most notable shift was
detected between the 2000-2012/2013 and 2013-2019 timeframes in
Argentina and the United States, with a mean increase in population
complexity of approximately 2 Rps genes (Fig. 1). In China, a small
insignificant (¢=-1.545, df=119.9, 95% Cl=-0.678:0.083, p = 0.1249)
increase in pathotype complexity was observed between the two
timeframes, with a mean increase of 0.317 Rps genes (Fig. 1).

Rpsic and Rpsik are no longer effective for PRR management in
Argentina, Canada, and the United States

Repeated use of an individual resistance gene to manage a phyto-
pathogenic population over time can lead to a loss of management
efficacy of that resistance gene®*®*. In this study, an Rps gene is
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considered ineffective at managing a P. sojae population if >40% of the
sampled population can evade detection and cause disease. This
provides a conservative estimate of when new Rps genes should begin
to be introduced to manage P. sgjae. Here we determine if the efficacy
of the primary Rps genes used for the management of PRR has been
lost over time.

In Argentina, only Rps7 was ineffective in managing the P. sojae
population until the 2013-2019 time frame. Nearly 100% of isolates
recovered in the first two timeframes were only pathogenic on Rps7
(Fig. 2). However, isolates recovered from 2013-2019 were pathogenic
on Rpsla (84.7%), RpsIc (66.6%), and Rpsik (78.1%). More than 75% of

the isolates tested were pathogenic on Rpsla and Rpsik (Fig. 2). Simi-
larly, in the United States, Rpsla and Rps7 were the only ineffective
genes on a national scale until the 2013-2019 sampling timeframe. A
greater percentage of isolates recovered during this third timeframe
were pathogenic on Rps1b (83.5%), Rpsic (74.5%), and Rpslk (85.5%).
Likewise, increases in pathogenicity between the 2000-2013 and
2013-2019 timeframes on soybean genotypes containing Rpsla (from
60.9 to 89.1%) and Rpsib (from 44.1 to 83.5%) were also observed.
Interestingly, the efficacy of Rps3a and Rps6 genes on the United States
P. sojae national population appears to have remained consistent
throughout the past thirty years (Fig. 2; Supplementary Fig,. 1).
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Table 2| Isolate number, unique pathotypes, mean pathotype
complexity and Gleason diversity index for each population
by timepoint

Diversity
index
Country Time frame Isolate n Unique Mean patho- Gleason
pathotypes type
complexity
United States
1990-1999 1115 75 3.03 10.55
2000-2013 933 77 3.12 nn
2013-2019 1064 80 4.89 11.33
Argentina
1989-1999 174 36 2.26 6.784
2000-2012 65 18 2.69 4.072
2013-2019 210 43 4.58 7.855
Canada
2000-2013 253 22 3.18 3.795
2014-2019 394 36 3.45 5.856
China
1990-1999 96 30 2.92 6.354
2000-2013 758 17 324 17.49

Source data are provided as a Source Data file.

Small differences in the P. sgjae populations’ pathogenicity on the
Rpsik gene in Canada were observed between the 2000-2013 and
2014-2019 sampling timeframes, from 39.9 to 43.9% (Fig. 2; Supple-
mentary Fig. 1). Phytophthora sojae population pathogenicity on the
Rpsic gene in Canada increased substantially between sampling
timeframes, with 54.1% of isolates being pathogenic on Rpsic in
2000-2013 compared to 83.7% of isolates recovered from 2014-2019
(Fig. 2; Supplementary Fig. 1). Similarly, there was an increase in the
proportion of the population that was pathogenic on the Rpsid gene
between 2000-2013 (13.4%) and 2014-2019 (52.5%), however, popu-
lation pathogenicity on Rps6 decreased from 55.7 to 11.9%. Rpsld is not
widely deployed in Canadian soybean production; it is curious why
the sampled population is adapting to this resistance gene on a
national scale. Of the Rps genes tested with the population from China,
only the efficacy of Rps6 changed between 1990-1999 (26.8%) and
2000-2013 (58.9%). The efficacy of the other tested Rps genes
remained consistent throughout the timeframes used for analyses
(Fig. 2; Supplementary Fig. 1). This could be because P. sogjae is an
invasive species to China and has only been present in that country
since the early 1990s". Thus, the P. sgjae population in China may not
be as genetically diverse or may have had less exposure to the tested
resistance genes deployed compared with native North American
populations.

Phytophthora sojae pathotype diversity increases over time

As P. sojae populations adapt to resistance genes, differences in the
pathogenic diversity among populations can be measured® . Here
we investigate differences in pathotype diversity within and among
temporally sampled international populations using the Gleason
diversity index (see “Methods”) and Principal Coordinates Analysis
(PCoA), in tandem with testing beta-dispersion and Permutational
Multivariate Analysis of Variance (PERMANOVA) to determine sig-
nificant shifts in these populations over time. The Gleason diversity
index exhibited an increase in pathotype diversity between the first
and last timeframes for the P. sgjae populations in the United States,
Canada, and China (Table 2). In Argentina, diversity appeared to
decrease between 1989-1999 and 2000-2012 before increasing again
in 2013-2019, with an overall trend of increased pathotype diversity
over time (Table 2). PCoA plots for each country revealed that the

national population at each sampling timeframe, while interspersed,
had their own pathotype composition (Fig. 3). A test of beta-dispersion
and PERMANOVA were performed on each country individually by
sampling timeframe to determine if the differences observed in
pathotype composition via the PCoA plots were significant. Significant
changes in beta-dispersion were determined between all time frames
within each country. In the United States, pathotypes became more
dispersed between the 1990-1999 and 2000-2013 time frames (beta-
dispersion mean difference =-0.145, p-value <0.001; PERMANOVA
R?=0.025, p-value<0.001), and began to coalesce during the
2013-2019 time frame as compared to the 2000-2013 time frame
(beta-dispersion mean difference =0.045, p-value <0.001; PERMA-
NOVA R*=0.119, p-value < 0.001). Similar findings were obtained in
Argentina between the 1989-1999 and 2000-2012 time frames (beta-
dispersion mean difference =-0.144, p-values <0.001; PERMANOVA
R?=0.234, p-value < 0.001), as well as the 2000-2012 and 2013-2019
time frames (beta-dispersion mean difference = 0.195, p-value < 0.001;
PERMANOVA R?=0.059, p-value <0.001). Due to the availability of
data, the change in pathotype beta-diversity could only be compared
between 2000-2013 and 2014-2019 in Canada (beta-dispersion mean
difference=0.091, p-value<0.001; PERMANOVA R?=0.086, p-
value <0.001), and between the 1990-1999 and 2000-2013 time
frame in China, of this study (beta-dispersion mean difference =
-0.053, p-value <0.001; PERMANOVA R?*=0.018, p-value <0.001).
However, the results from Canada and China corroborate what was
found in the United States and Argentina during their respective time
frame. Reductions in beta-dispersion over time indicate that more
isolates are becoming similarly virulent on a number of the Rps genes
tested. Beta-dispersion and PERMANOVA tests corroborated alpha-
diversity test results; there was a significant difference in each coun-
try’s pathotype composition between sampling timeframes, with
pathotypes becoming less dispersed over time (Tables 3 and 4).

Discussion

These analyses on a national scale support previous observations that
pathotype compositions of P. sojae populations have changed over
time, and pathotype complexity has increased"***°. This study
demonstrates that Rps genes, such as Rpsic and Rpsik, have lost effi-
cacy over time across major soybean-producing areas in the world,
possibly because of the adaptive traits of P. sojae populations and the
imposed selective pressure of frequently planting soybean varieties
with the same Rps gene. Most importantly, this study reports that
RpsIc and Rpsik, the most widely utilized Rps genes within the United
States, Argentina, and Canada, are no longer effective for the man-
agement of PRR in these countries.

The data used in this systematic review was limited to the geo-
graphic areas sampled in P. sojae pathotype surveys conducted across
the world over the past 30 years. As with any survey-based work, there
are physical and financial limitations to the total area that could be
sampled within each region and variations present within the methods
used. Likewise, some countries did not perform these surveys in reg-
ular intervals, as was found with the absence of recent data from China,
to be able to view the current efficacy of Rps genes. Similarly, we could
not identify P. sgjae pathotype studies conducted in Canada between
1990 and 1999.

The main potential biases in P. sgjae pathotype surveys come from
the method used to obtain isolates and inoculation conditions used for
pathotype characterization. Isolations from field plants present an
inherent bias on isolates recovered based on the plant genotype; only
isolates that can cause disease on the present genotype are recovered.
To account for this potential bias, field soil is collected, and a pathogen
baiting technique is performed, which incites disease in a soybean
genotype containing no known Rps genes. Subsequent isolation of P.
sojae from those bait plants onto an oomycete selective media has
become more regularly performed®® (Table 1). Inoculation conditions,
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Fig. 3 | Principal Coordinates Analysis (PCoA) of the sampled virulence phe-
notype in P. sgjae populations for each country colored by timepoint. Panel
A Argentina, 1989-1999 n =174 isolates, 2000-2012 n = 65 isolates, 2013-2019
n =210 isolates. Panel B Canada, 2000-2013 n = 253 isolates, 2014-2019 n =394
isolates. Panel C China, 1990-1999 n = 97 isolates, 2000-2013 n =790 isolates.
Panel D United States, 1990-1999 n =1115 isolates, 2000-2013 n =956 isolates,
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2013-2019 n=1067 isolates Blue coloring denotes the studies performed in the
1990s (1989-1999 or 1990-1999), gray denotes the studies performed between
2000 and 2013, red coloring denotes studies performed between 2013 and 2019 for
each respective country. Dots represent the Jaccard distance matrices values for
each isolate within each country and time frame, respectively. 95% data ellipses are
shown for each timepoint. Source data are provided as a Source Data file.

such as high temperature (>25°C), can cause erroneous phenotypic
results®®. Of the 29 studies used in this systematic review, three
used solely plant isolations, fifteen used solely soil baiting, and
eleven used a combination of plant isolations and soil baiting to
recover isolates of P. sgjae (Table 1). This systematic review is also
limited by the fact that plant isolation and soil baiting surveys were not
separated for the analysis. All studies reported adequate inoculation
COnditiOn511,13716,27*34,36*42,44,45,48*54.

The uniform and significant increase in pathotype complexity and
diversity over time is likely due to the selective pressure imposed by
the frequent planting of soybean cultivars with single qualitative
resistance genes over a large area. The ‘Boom and Bust' cycle of
resistance genes to phytopathogens is well documented in potatoes

and the pathogen Phytophthora infestans®. Resistance genes for
management of late-blight of potato, caused by P. infestans, are typi-
cally effective for only a few years before the pathogen population
adapts, rendering them ineffective®. In our study, we identified that
RpsIc and RpsIk were effective for PRR management for 20-30 years,
which is longer than expected for R-gene-mediated management™-*7°,
This may be due to biological characteristics specific to P. sojae as it,.
S is homothallic, thus primarily self-fertilizing with rare occurrences of
outcrossing with other genotypes; or also due to biases in the data
used for the systematic review*’. Additionally, P. sojae is a soilborne
pathogen and thus, does not aerially disperse over long distances.
These factors may contribute to the low genomic diversity observed
within sampled P. sojae populations®”'. Even with limited genomic
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Table 3 | Tukey HSD results on Beta-dispersion comparisons

Country Timepoint Mean p-value
difference
United States
1990-1999/2000-2013 -0.145 <0.001
1990-1999/2013-2019 -0.101 <0.001
2000-2013/2013-2019 0.045 <0.001
Argentina
1989-1999/2000-2012 -0.144 <0.001
1989-1999/2013-2019 0.051 <0.001
2000-2012/2013-2019 0.195 <0.001
Canada
2000-2013/2014-2019 0.091 <0.001
China
1990-1999/2000-2013 -0.053 <0.001

Pairwise comparison of means using Tukey Highly Significant Differences multiple comparisons
of means after significance identification with one-way ANOVA (United States: df =2, sum sq =
11.589, mean sq=5.7945, F value =222.26, p=<2.2""%; Argentina: df =2, sum sq=1.5516, mean
sq=0.77582, F value =13.633, p=1.791"; Canada: df =1, sum sq=2.0691, mean sq =2.06909, F
value =196.59, p =<2.27"; China: df =1, sum sq=0.2382, mean sq=0.238242, F value=11.935,
p=0.0005779) on Beta-dispersion results. Source data are provided as a Source Data file.

Table 4 | Pairwise PERMANOVA comparisons of country time
frames

Country Time frame interaction Significance R? Permutations
United States
1990-1999/2000-2013  0.001 0.025446 999
1990-1999/2013-2019  0.001 0.023582 999
2000-2013/2013-2019  0.001 0.118946 999
Argentina
1989-1999/2000-2012  0.001 0.234361 999
1989-1999/2013-2019  0.001 0.085718 999
2000-2012/2013-2019  0.001 0.059392 999
Canada
2000-2013/2014-2019  0.001 0.085729 999
China
1990-1999/2000-2013  0.001 0.018057 999

Source data are provided as a Source Data file.

diversity, P. sojae pathotypes continue to evolve to be more diverse
and pathogenic on an increasing number of soybean Rps genes. As the
diversity and complexity of pathotypes within a P. sgjae population
increase, the likelihood that a single host resistance gene will be able to
effectively manage that population decreases. Incorporating multiple
qualitative resistance genes within soybean varieties will be necessary
to broadly manage P. sgjae populations via Rps gene-mediated
resistance.

P. sgjae is thought to be native to the United States as a pathogen
of the indigenous legume genus Lupinus™7’? and was first described
shortly after soybean production started in the United States. P. sgjae
genotypes have been shown to be largely clonal, with most of the
genetic variation within the species encompassed within four distinct
genotypes®”>. Subsequent work in the United States and Argentina
substantiated this work, identifying low to moderate genetic variation
and evidence of potential sub-populations within the United States
and therefore providing more evidence that the United States is the
center of origin for P. sojae*®. However, no correlation between genetic
diversity and pathotype diversity within these populations has thus far
been identified**°’*. P. sojae Avr genes have been shown to be con-
centrated within transposon-rich regions of the genome, indicating

that the adaptive evolution of Avr gene sequences is more rapid than
the transposon-sparse regions of the genome”. Due to this genomic
arrangement, Avr gene sequences containing single nucleotide poly-
morphisms, insertions, and deletions have been identified within the
coding region of the P. sgjae Avrla, Avrlb, Avrlc, Avrld, Avrk, Avr3a,
and Aur6 genes subsequently conferring virulence on the corre-
sponding soybean Rps gene'. Thirty-one typical isolates from the
2000-2013 survey in Canada were fully sequenced and were found to
contain all haplotypes reported for seven Avr genes of P. sojae
throughout the world". In addition, the sequences of those genes were
compared with ca. 300 isolates from the 2014-2019 survey and found
a great increase in pathotype complexity from the earlier survey that
could be linked to selection pressure from Rps usage in soybean fields
over the years"”.

To our knowledge, Rpsid has never been deployed commercially
anywhere in the world, and the gene has never been identified pre-
cisely or cloned. Surprisingly, we observed an increase in isolates
pathogenic against the Rpsid gene. This may indicate that Rpsid has
been deployed unwittingly in certain commercial soybean varieties, as
has been previously reported for Rps6’>”’. Additionally, previous stu-
dies have found a significant percentage of isolates with virulence on
Rps1d“™, thus supporting the unknown presence of Rpsid in some
soybean varieties. Other studies in Canada have found nearly no iso-
lates virulent against RpsId", suggesting that issues existed with dif-
ferentials carrying Rps1d®, a distinct possibility considering the elusive
nature of the gene. The rise in virulence in the 2014-2019 survey would
probably be explained by the fortuitous presence of Rpsid in many
commercial lines, although this will only be answered by the eventual
identification of Rpsid.

Adaptation of the P. sojae population to Rpsic and Rpsik took
longer than anticipated, more than double the time originally pre-
dicted by Schmitthenner". Research into the soybean-P. sgjae mole-
cular interactions has shown that Rpslik is able to detect and mount a
defense response to both Avrlk and Avr1b’®. A similar study showed
Rpsic detected Avric and Avrla’. This partially explains the longevity
of Rpsic and Rpslk as effective PRR management tools, as both Rpsic
and Rpslk would confer resistance to not only those P. sgjae isolates
expressing the Avric and Avrlk genes but also the Avrla and Avrlb
genes, respectively. In this study, the efficacy of Rpsib was shown to
mirror that of Rpsik in Canada and the United States, even though
Rps1b has never been knowingly deployed for PRR management in
these countries (Fig. 2; Supplementary Fig. 1). This could be due to the
Rpslk gene providing selection pressure against the Avrlb and Avrlk
genes over time. Rpsla was already ineffective for management at the
earliest time points used in this study for Canada and the United States.
However, in Argentina and Canada, Rpsla and Rpsic had similar effi-
cacy trajectories over time (Supplementary Fig. 1). Rpsé6 was found to
be ineffective in Canada during the 200-2013 sampling time frame and
then effective during 2014-2019 samplings. This could be due to the
increase in geographic sampling performed, and therefore an increase
in the geographically dispersed P. sgjae isolates during the 2014-2019
timepoint to include Manitoba and Quebec, and therefore more
representative of the Canadian P. sgjae population (Fig. 2).

While the loss of the Rpsic and Rps1k genes for management was
gradual in the United States over the sampling timeframes investi-
gated, the loss of efficacy of these genes occurred more quickly in
Argentina between 2000-2013 and 2014-2019 (Fig. 2; Supplementary
Fig. 1). Grijalba and Gally™ hypothesized that the increase in pathotype
complexity in Argentina between the 1990s and the early 2000s was
due to a combination of Rps gene and conservation tillage adoption,
along with the presence of the indigenous population of P. sojae pre-
sent in soils which were never planted with soybean®. The first Rps
genes introgressed into Argentina soybean varieties were Rpsla and
Rpslc in 1984, followed by Rpslk in 1991, By 1998 these Rps genes,
along with conservation tillage practices, were widely adopted in
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Argentina (P. Grijalba, personal observation). Following the hypothesis
made by Grijalba and Gally”, pathotype complexity and diversity
continued to increase through the 2000s while effective resistance
genes in the region decreased. Nevertheless, the loss of Rpsic and
Rpsik for management of PRR in North and South American com-
mercial soybean production presents an immediate concern for global
food security.

Single-dominant qualitative resistance genes are the most
economically viable option for disease management, as plants are
completely resistant to the pathogen population. However, this
imposes significant pressure on the phytopathogenic community,
selecting for those individuals that can mitigate, manipulate, or
evade the plant’s ability to detect the pathogen. As we have shown,
the pathotypes of P. sojae are diverse within populations, and single
Rps gene-mediated management will not be an effective long-term
management strategy going forward unless new and widely effec-
tive Rps genes are deployed into commercial soybean varieties on a
regular basis. In Canada, it was found that 85% of soybean growers
were using an ineffective Rps gene within their fields, showing the
need for novel and effective Rps genes”. Reports from the United
States estimate that effective Rps genes such as Rps3a and Rpsé6
were present in less than 3% of soybean varieties from 2010 to
20207. The efficacy of Rps3a and Rps6 remaining relatively stable
during the past thirty years in the United States is likely due in part
to their very limited availability to producers and therefore minimal
selective pressure on the P. sgjae populations studied here (Fig. 2;
Supplementary Fig. 1). There have been over 40 Rps genes dis-
covered in soybean germplasm, however, novel Rps genes are rarely
screened during traditional pathotype survey studies'. A promising
new Rps gene, Rpsli, was recently identified and conferred Rps-
mediated resistance to 80% of P. sojae isolates tested within their
study, including even highly diverse pathotypes®. The Rpsil gene
sequence and associated markers for introgression into commercial
soybean varieties have been patented by Corteva Agrosciences™,
which is a promising first step towards the Rpsil gene being avail-
able in commercial varieties in the near future®’. However, even with
the added efficiency of marker-assisted breeding, it will likely take a
few years before varieties with the Rpsil gene are available.
Increasing the availability of already positioned and effective Rps
genes, such as Rps3a and Rps6, would benefit PRR management in
the interim. A concerted, discipline-wide effort will be needed to
amend the soybean Rps genes tested in pathotype surveys moving
forward so that new effective Rps genes can be identified for
introgression into elite soybean varieties for future deployment.

Quantitative resistance (also called “partial resistance”, “hor-
izontal resistance”, or “field tolerance”) to P. sgjae is available in
commercial soybean varieties®®®, Unlike qualitative resistance,
quantitative resistance is governed by multiple genes acting in concert
to provide partial resistance to the pathogen by allowing infection but
limiting the growth and spread of the pathogen within the plant and
limiting disease development. As there are many genes acting toge-
ther, there is no single focal point of selective pressure for the P. sojae
population to adapt and cause disease®. Currently, more than 130
quantitative trait loci (QTL) have been identified in soybean for resis-
tance to P. sgjae, along with their associated markers for marker-
assisted breeding, which are available in Lin et al.”

A conclusion of this systematic review is the predominant Rps
genes used for PRR management in major soybean-producing coun-
tries of North and South America, Rpsic and Rpsik, are no longer
effective, and alternative forms of resistance will be needed to manage
PRR going forward. Concentrating breeding efforts on introgressing
quantitative resistance into commercial soybean varieties, in con-
junction with stacking and deploying novel Rps genes, may reduce the
impact of future epidemics of PRR on global food security in these
countries.

Methods

This review follows reporting criteria in accordance with the Preferred
Reporting Items for Systematic Review and Meta-analysis®. This sys-
tematic review has not been registered in the International Prospective
Register of Systemic Reviews (PROSPERO), and the protocol has not
been implemented or published before. The PRISMA checklist for this
manuscript can be found in the supplement (Supplementary Note 1).

Pathotype survey data

Phytophthora sojae pathotype studies were identified using Google
Scholar and Web of Science on the 21st of September 2021 and sear-
ched again for studies published after the original search date on the
6th of June 2022. Data from all identified P. sojae pathotype surveys
were transcribed manually into Microsoft Excel® or supplied by
authors from published manuscripts (Table 1). Each survey dataset was
then validated using the ‘hagis’ R package for microbial phenotypic
pathogenicity data to ensure the data collected accurately reflected
what was reported in the published manuscripts®. Studies that were
not regional survey-based P. sgjae pathotype studies on Rps gene
efficacy were not used within this temporal analysis. A curated global P.
sojae virulence phenotype database was established from all identified
studies as of June 6th, 2022, and published online®.

Data preparation and eligibility criteria

Using the global pathotype dataset available, Argentina, Canada,
China, and the United States were identified to have pathotype survey
studies conducted regularly or intermittently over time for this tem-
poral analysis!13716:27-3436-42444548-5% "Gy dies from countries that per-
formed minimal pathotype surveys over time, or were outside of the
time frames studied, were not used in analysis?*2**>*3465558 Pheno-
typic interactions of each P. sojae isolate were first reduced to a subset
of Rps genes used in this study (rps (susceptible control), Rpsla, Rpsib,
Rpslc, Rpsld, Rpsik, Rps3a, Rps6, Rps7) to ensure homogeneity of
phenotypic observations for each isolate. The Rps7 data from Canada
was excluded as the most recent survey used a molecular tool to detect
P. sojae Avr genes, and Rps7 testing was not performed”. All other
pathotype surveys used the soybean hypocotyl inoculation technique
for pathotype characterization, as described in Dorrance et al.®®, P.
sojae isolates data were then grouped by country and timeframes for
analysis by the year each sample was reportedly isolated from soil or
from symptomatic plants. Data from studies that were outside the
discrete timeframes examined were not used in the analysis, and no
isolate data was used in more than one timeframe (Table 1). Time-
frames for each country and the number of isolates used in each time
point for analyses were as follows: United States: 1990-1999 (n =1115),
2000-2013 (n=956), 2013-2019 (n=1067) (Supplementary Fig. 2).
Argentina: 1989-1999 (n=174), 2000-2012 (n=65), 2013-2019
(n=210) (Supplementary Fig. 3). Canada: 2000-2013 (n=253),
2014-2019 (n=394) (Supplementary Fig. 4). China: 1990-1999
(n=97),2000-2013 (n=790) (Supplementary Fig. 5).

Temporal analysis of pathotype complexity

Using the ‘hagis’ R package, pathotype complexity (sum of tested Rps
genes an isolate can cause disease against) was determined for each
individual P. sojae isolate by country before calculating the mean
pathotype complexity and standard deviation of a sampled P. sgjae
population at each timeframe and country. A Welch’s two-sample, two-
sided t-test was used to determine the significance between pathotype
complexity at each timeframe by country.

Temporal comparison of Rps gene efficacy

Pathotype data for each country was grouped by timeframe, and the
number and percentage of isolates pathogenic on each Rps gene
was calculated as follows: ‘number of isolates pathogenic’ = (sum of
isolates pathogenic on each Rps gene); percent pathogenic =
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((‘number of isolates pathogenic’)/(total isolate N))*100. Percent
isolate pathogenic results were plotted using ‘ggplot2”®° (Version
3.3.5) with a dashed red bar at the 40% management efficacy
threshold to show effective and ineffective Rps genes for each of the
sampled population timeframes. Forty percent was used as a con-
servative estimate for management efficacy, as it is before the
majority of the population would be able to cause disease against a
given Rps gene.

Temporal differences in pathotype diversity

Alpha-diversity. The Gleason diversity index, and number of unique
pathotypes, were calculated for country timeframes using the ‘hagis’ R
package®. The Gleason diversity index is calculated as: Gleason = ((N
unique pathotypes) — 1)/log(number isolates)’’. The ‘hagis’ R package
automatically removes non-pathogenic phenotypic data from the
dataset before calculating diversity indices so that only differences in
pathogenicity are described.

Beta-diversity. To make statistical comparisons between pathotype
diversity for each timeframe, the data from each country was fur-
ther reduced to exclude P. sojae isolates which were non-pathogenic
on all of the 8 Rps genes, and the susceptible (rps) control pheno-
type was removed. Jaccard distances were calculated for each
country individually using the ‘vegan’ R package® (version 2.5-7).
Principal Coordinates Analysis was performed using the Jaccard
distance matrix for each country and visualized with 95% data
ellipses from the ‘ellipses’ R package’ (Version 0.4.2) using
‘ggplot2”®® (Version 3.3.5). Beta-dispersion tests were conducted
between timeframes using the function “betadisper” from the
‘vegan’ package®. An Analysis of Variance (ANOVA) was used to
identify significant differences in Beta-dispersion between time-
frames, and the ad-hoc Tukey’s HSD test was used to determine
significant pairwise differences between groups. A Permutational
Multivariate Analysis of Variance (PERMANOVA) was performed
using “adonis”, with 999 permutations, from the ‘vegan’ R package
to test for significant differences in the pathotype composition of
the sampled populations within each country between timeframes.
PERMANOVA significance was further investigated using a pairwise
PERMANOVA from the ‘RVAideMemoire’ R package® (Version 0.9-
81-2) with the function “pairwise.perm.manova” with 999
permutations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The pathotype data used in this study has been deposited into the
Zenodo database under accession number 7850345%° and can be found
on GitHub (https://github.com/AGmccoy/Phytophthora-sojae-global-
pathotype-meta-analysis). The data are available under the Creative
Commons Zero v1.0 Universal License. Source data are provided with
this paper.

Code availability
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GitHub (https://github.com/AGmccoy/Phytophthora-sojae-global-
pathotype-meta-analysis). The R code are available under the Crea-
tive Commons Zero v1.0 Universal License.

References
1. United States Department of Agriculture Foreign Agriculture
Service. World Agricultural Production. Circular Series WAP 8-22,

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

pp. 1-47 https://apps.fas.usda.gov/psdonline/app/index.html#/
app/downloads (Department of Agriculture, Washington, 2022).
United Nations. World Population Projected to Reach 9.8 Billion in
2050, and 11.2 Billion in 2100. https://www.un.org/en/desa/world-
population-projected-reach-98-billion-2050-and-112-billion-2100
(UN, 2017).

Vogel, J. T. et al. Soybean yield formation physiology—a foundation
for precision breeding based improvement. Front. Plant Sci. 12,
719706 (2021).

Ning, Y., Liu, W. & Wang, G. L. Balancing immunity and yield in crop
plants. Trends Plant Sci. 22, 1069-1079 (2017).

Tyler, B. M. Phytophthora sojae: root rot pathogen of soybean and
model oomycete. Mol. Plant Pathol. 8, 1-8 (2007).

Dorrance, A. E. Management of Phytophthora sojae of soybean: a
review and future perspectives. Can. J. Plant Pathol. 40,

210-219 (2018).

Dorrance, A. E. et al. Phytophthora root and stem rot of soybean.
Plant Heal. Instr. https://doi.org/10.1094/PHI-I-2007-0830-

07 (2007).

Konapala, G., Mishra, A. K., Wada, Y. & Mann, M. E. Climate change
will affect global water availability through compounding changes
in seasonal precipitation and evaporation. Nat. Commun. 11,

1-10 (2020).

Roth, M. G. et al. Integrated management of important soybean
pathogens of the United States in changing climate. J. Integr. Pest
Manag. 1, 1-28 (2020).

Schmitthenner, A. F. Problem and progress in control of Phy-
tophthora root rot of soybean. Plant Dis. 69, 362-368 (1985).
Schmitthenner, A. F., Hobe, M. & Bhat, R. G. Phytophthora sojae
races in Ohio over a 10-year interval. Plant Dis. 78, 269-276
(1994).

Lin, F. et al. Breeding for disease resistance in soybean: a global
perspective. Theor. Appl. Genet. 135, 3773-3872 (2022).
Tremblay, V. et al. Molecular assessment of pathotype diversity of
Phytophthora sojae in Canada highlights declining sources of
resistance in soybean. Plant Dis. 105, 4006-4013 (2021).
Dorrance, A. E. et al. Pathotype diversity of Phytophthora sojae in
eleven states in the United States. Plant Dis. 100, 1429-1437
(2016).

Grijalba, P. E. & Gally, M. E. Virulence of Phytophthora sojae in the
Pampeana Subregion of Argentina from 1998 to 2004. J. Phyto-
pathol. 163, 723-730 (2014).

Zhang, Z. et al. Pathotypes of Phytophthora sojae and their dis-
tribution in Jilin, China. J. Plant Pathol. 103, 241-248 (2021).

Jahan, M. A. et al. Glyceollin transcription factor GmMYB29A2
regulates soybean resistance to Phytophthora sojae. Plant Physiol.
183, 530-546 (2020).

Dorrance, A. E., Jia, H. & Abney, T. S. Evaluation of soybean differ-
entials for their interaction with Phytophthora sojae. Plant Heal.
Prog. 5, https://doi.org/10.1094/PHP-2004-0309-01-RS

(2004).

Arsenault-Labrecque, G. et al. Stable predictive markers for Phy-
tophthora sojae avirulence genes that impair infection of soybean
uncovered by whole genome sequencing of 31 isolates. BMC Biol.
16, 80 (2018).

Dussault-Benoit, C., Arsenault-Labrecque, G., Sonah, H., Belzile, F.
& Bélanger, R. R. Discriminant haplotypes of avirulence genes of
Phytophthora sojae lead to a molecular assay to predict pheno-
types. Mol. Plant Pathol. 21, 318-329 (2020).

Morgan, F. & Hartwig, E. E. Physiologic specialization in Phy-
tophthora megasperma var. sojae. Phytopathology 55,

1277-1279 (1965).

Laviolette, F. A. Physiologica races of Phytophthora megasperma f.
sp. Glycinea in Indiana, 1973-1979. Plant Dis. 67, 497-498 (1981).

Nature Communications | (2023)14:6043

10


https://doi.org/10.5281/zenodo.7850345
https://github.com/AGmccoy/Phytophthora-sojae-global-pathotype-meta-analysis
https://github.com/AGmccoy/Phytophthora-sojae-global-pathotype-meta-analysis
https://doi.org/10.5281/zenodo.7850345
https://github.com/AGmccoy/Phytophthora-sojae-global-pathotype-meta-analysis
https://github.com/AGmccoy/Phytophthora-sojae-global-pathotype-meta-analysis
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://www.un.org/en/desa/world-population-projected-reach-98-billion-2050-and-112-billion-2100
https://www.un.org/en/desa/world-population-projected-reach-98-billion-2050-and-112-billion-2100
https://doi.org/10.1094/PHI-I-2007-0830-07
https://doi.org/10.1094/PHI-I-2007-0830-07
https://doi.org/10.1094/PHP-2004-0309-01-RS

Article

https://doi.org/10.1038/s41467-023-41321-7

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Buzzell, R. I., Haas, J. H., Crawford, L. G. & Vaartaja, O. Soybean
Phytophthora rot in southwestern Ontario. Can. Plant Dis. Surv. 57,
68-70 (1977).

Anderson, T. R. Incidence of Phytophthora root-rot of soybeans in
Essex County, Ontario in 1979. Can. Plant Dis. Surv. 60,

33-34 (1980).

Anderson, T. R. & Buzzell, R. I. Diversity and frequency of races of
Phytophthora megasperma f. sp. glycinea in soybean fields in Essex
County, Ontario, 1980-1989. Plant Dis. 76, 587-589 (1992).
Nelson, B. D., Hansen, J. M. & Windels, C. E. Races of Phytophthora
sojae on soybean in the red river valley of Minnesota and North
Dakota. Plant Dis. 80, 104 (1996).

Yang, X. B., Ruff, R. L., Meng, X. Q. & Workneh, F. Races of Phy-
tophthora sojae in lowa soybean fields. Plant Dis. 80,

1418-1420 (1996).

Abney, T. S. et al. New races of Phytophthora sojae with Rps1-d
virulence. Plant Dis. 81, 653-655 (1997).

Kaitany, R. C., Hart, L. P. & Safir, G. R. Virulence composition of
Phytophthora sojae in Michigan. Plant Dis. 85, 1103-1106

(20071).

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

Dorrance, A., McClure, S. & DeSilva, A. Pathogenic diversity of
Phytophthora sojae in Ohio soybean fields. Plant Dis. 87,

139-146 (2003).

Malvick, D. K. & Grunden, E. Traits of soybean-infecting Phy-
tophthora populations from Illinois agricultural fields. Plant Dis. 88,
1139-1145 (2004).

Nelson, B. D., Mallik, I., Mcewen, D. & Christianson, T. Pathotypes,
distribution, and metalaxyl sensitivity of Phytophthora sojae from
North Dakota. Plant Dis. 92, 1062-1066 (2008).

Robertson, A. E., Cianzio, S. R., Cerra, S. M. & Pope, R. O. Within-field
pathogenic diversity of Phytophthora sojae in commercial soybean
fields in lowa. Plant Heal. Prog. 10, 8 (2009).

Yan, H. & Nelson, B. Adaptation of Phytophthora sojae to Rps
resistance genes over the past two decades in North Dakota. Plant
Heal. Prog. 20, 88-93 (2019).

Chowdhury, R. N., Tande, C. & Byamukama, E. Common Phy-
tophthora sojae pathotypes occurring In South Dakota. Plant Heal.
Prog. 22, 1-6 (2021).

Matthiesen, R. L., Schmidt, C., Garnica, V. C., Giesler, L. J. &
Robertson, A. E. Comparison of Phytophthora sojae populations in
lowa and Nebraska to identify effective Rps genes for Phytophthora
stem and root rot management. Plant Heal. Prog. 22, 1-9 (2021).
Hebb, L. M. et al. Pathotype complexity and genetic characteriza-
tion of Phytophthora sojae populations in Illinois, Indiana, Kentucky,
and Ohio. Phytopathology 112, 663-681 (2022).

McCoy, A. G., Noel, Z. A., Jacobs, J. L., Clouse, K. M. & Chilvers, M. I.
Phytophthora sojae pathotype distribution and fungicide sensitivity
in Michigan. Plant Dis. 106, 425-431 (2022).

Xue, A. G. et al. Races of Phytophthora sojae in Ontario, Canada,
2010-2012. Can. J. Plant Pathol. 37, 376-383 (2015).

Henriquez, M. A. et al. First report on the pathotype diversity of
Phytophthora sojae in Manitoba, Canada. Crop Prot. 137, 1-10 (2020).
Barreto, D., Stegman de Gurfinkel, B. & Fortugno, C. Races of Phy-
tophthora sojae in Argentina and reaction of soybean cultivars. Plant
Dis. 75, 599-600 (1995).

Costamilan, L. M. et al. Pathogenic diversity of Phytophthora sojae
pathotypes from Brazil. Eur. J. Plant Pathol. 135, 845-853 (2013).
Grijalba, P. E., del C. Ridao, A., Guillin, E. & Steciow, M. Pathogenic
diversity of Phytophthora sojae in the southeast of the Province of
Buenos Aires. Trop. Plant Pathol. 45, 397-401 (2020).

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

590.

60.

61.

62.

63.

64.

65.

66.

Grijalba, P. E., Martinez, M. C. & Guillin, E. Pathotype and SSR var-
iation in Phytophthora sojae from the Argentinean Pampas. J. Phy-
topathol. 168, 228-243 (2020).

Agustina, S., Marcelo, R., Paula, S. & Silvina, S. First report of
Phytophthora sojae and its pathotypes affecting soybean in
Uruguay. Agrociencia Urug. 21, 89-94 (2017).

Shen, C. Y. &Su, Y. C. Discovery and preliminary studies of Phy-
tophthora megasperma on soybean in China. Acta Phytopathol. 21,
298 (1991).

Jingzhi, W. & Hongyu, C. Study on pathogenic differentiation of
Phytophthora sojae. Chin. J. Oil Crop Sci. 24, 63-66 (2002).

Zhu, Z., Wang, H., Wang, X., Chang, R. & Wu, X. Distribution and
virulence diversity of Phytophthora sojae in China. Sci. Agric. Sin.
36, 793-799 (2003).

Xiuhong, X., Yiying, L., Juanjuan, C. & Qingkai, Y. Identification and
physiological races of Phytophthora sojae and toxicity analysis. Acta
Phytophylacica Sin. 30, 125-128 (2003).

Zhang, S. et al. Races of Phytophthora sojae and their virulences on
soybean cultivars in Heilongjiang, China. Plant Dis. 94, 87-91
(2010).

Cui, L. et al. Distribution, pathotypes, and metalaxyl sensitivity of
Phytophthora sojae from Heilongjiang and Fujian Provinces in
China. Plant Dis. 95, 881-884 (2010).

Linkai, C. & Ynahong, H. Study on the virulence composition of
Phytophthora sojae in Xinjiang. J. Henan Agric. Sci. 41, 88-90 (2012).
Tian, M., Zhao, L., Li, S., Huang, J. & Sui, Z. Pathotypes and metalaxyl
sensitivity of Phytophthora sojae and their distribution in Hei-
longjiang, China 2011-2015. J. Gen. Plant Pathol. 82, 132-141 (2016).
Ryley, M. J., Obst, N. R., Irwin, J. A. G. & Drenth, A. Changes in the
racial composition of Phytophthora sojae in Australia between 1979
and 1996. Plant Dis. 82, 1048-1054 (1998).

Heritage, A. D., Castled, C. J. & Pierpoint, J. A. Surveys of Phy-
tophthora root and stem rot in early maturing soybean crops in
southern temperate regions of Australia from 1985 to 1988. Aus-
tralas. Plant Pathol. 22, 131-136 (1993).

Mohammadi, A., Alizadeh, A., Mirabolfathi, M. & Safaie, N. Changes
in racial composition of Phytophthora sojae in Iran between 1998
and 2005. J. Plant Prot. Res 47, 29-33 (2007).

Sugimoto, T. et al. Race distribution of Phytophthora sojae on soy-
bean in Hyogo, Japan. J. Gen. Plant Pathol. 72, 92-97 (2006).
Forster, H., Tyler, B. & Coffey, M. Phytophthora sojae races have
arisen by clonal evolution and by rare outcrosses. Mol. Plant
Microbe Interact. 6, 780-791 (1994).

Hu, Y., He, Z., Kang, Y. & Cui, L. Mutations in the promoter and
coding regions of Avr3a cause gain of virulence of Phytophthora
sojae to Rps3a in soybean. Front. Microbiol. 12, 759196 (2021).
Huang, J. et al. Natural allelic variations provide insights into host
adaptation of Phytophthora avirulence effector PsAvr3c. N. Phytol.
221, 1010-1022 (2019).

Qutob, D., Chapman, B. & Gijzen, M. Transgenerational gene
silencing causes gain of virulence in a plant pathogen. Nat.
Commun. 4, 1349 (2013).

Singh, R. P. et al. Emergence and spread of new races of wheat stem
rust fungus: continued threat to food security and prospects of
genetic control. Phytopathology 7, 872-884 (2015).

Fry, W. E. et al. Five reasons to consider Phytophthora infestans a
reemerging pathogen. Phytopathology 105, 966-981 (2015).
Enjalbert, J., Duan, X., Leconte, M., Hovmgller, M. S. & De Valla-
vieille-Pope, C. Genetic evidence of local adaptation of wheat yel-
low rust (Puccinia striiformis f. sp. tritici) within France. Mol. Ecol. 14,
2065-2073 (2005).

Sakr, N. Evolution of pathogenicity in Plasmopara halstedii (sunflower
downy mildew). Arch. Phytopathol. Plant Prot. 44, 1432-1437 (2011).

Nature Communications | (2023)14:6043



Article

https://doi.org/10.1038/s41467-023-41321-7

67. Stukenbrock, E. H. & Mcdonald, B. A. Population genetics of fungal
and oomycete effectors involved in gene-for-gene interactions.
Mol. Plant. Microbe Interact. 22, 371-380 (2009).

68. Dorrance, A. E., Berry, S. A., Anderson, T. R. & Meharg, C. Isolation,
storage, pathotype characterization, and evaluation of resistance
for Phytophthora sojae in soybean. Plant Heal. Prog. 9, 35
(2008).

69. Dreiseitl, A. Adaptation of Blumeria graminis f.sp. hordei to barley
resistance genes in the Czech Republic in 1971-2000. Plant, Soil
Environ. 49, 241-248 (2003).

70. Rouxel, T. et al. A 10-year survey of populations of Leptosphaeria
maculans in France indicates a rapid adaptation towards the Rlm1
resistance gene of oilseed rape. Eur. J. Plant Pathol. 109,
871-881(2003).

71. Dorrance, A. & Griinwald, N. J. Phytophthora sojae: diversity among
and within populations. Oomycete Genetics and Genomics: Diver-
sity, Interactions, and Research Tools (eds. Lamour, K. & Kamoun, S.)
197-212 (Wiley, 2008).

72. Tyler, B. M. & Gijzen, M. The Phytophthora sojae genome sequence:
foundation for a revolution. Genomics of Plant-Associated Fungi and
Oomycetes: Dicot Pathogens (eds. Dean, R. A. et al.) 133-157
(Springer, 2014).

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

74. Stewart, S. et al. Population structure among and within lowa,
Missouri, Ohio, and South Dakota populations of Phytophthora
sojae. Plant Dis. 100, 367-379 (2015).

75. Zhang, X. et al. Whole genome re-sequencing reveals natural var-
iation and adaptive evolution of Phytophthora sojae. Front. Micro-
biol. 10, 1-13 (2019).

76. Athow, K. L. Rps 6, a major gene for resistance to Phytophthora
megasperma f. sp. glycinea in soybean. Phytopathology 72,
1564-1567 (1967).

77. Anderson, T., Buzzell, R. I., Woldeng, H. D. & Pysa, V. Evaluation of
short season soybean cultivars for Rps6 resistance to Phytophthora
sojae. Soybean Genet. Newslett. 34, 1-4 (2007).

78. Song, T. et al. Two RxLR avirulence genes in Phytophthora sojae
determine soybean Rpslk-mediated disease resistance. Mol. Plant
Microbe Interact. 26, 711-720 (2013).

79. Na, R. et al. Genome re-sequencing and functional analysis places
the Phytophthora sojae avirulence genes Avric and Avrla in a tan-
dem repeat at a single locus. PLoS ONE 9, 1-11 (2014).

80. Drenth, A. et al. The evolution of races of Phytophthora sojae. Aust.
Phytopathol. 86, 163-169 (1996).

81. Rossi, R. & Nari, C. Resistance genes to Phytophthora sojae in
advanced lines and cultivars of soybean (Glycine max) in Argentina.
In Actas Prim. Congr. Nac. Soja-Segunda Reun. Nac. Ol. Pergamino,
Agentina. 65-71 (1995).

82. Wang, W. et al. A giant NLR gene confers broad-spectrum resistance
to Phytophthora sojae in soybean. Nat. Commun. 12, 6263
(2021).

83. Sugimoto, T. et al. Pathogenic diversity of Phytophthora sojae and
breeding strategies to develop Phytophthora-resistant soybeans.
Breed. Sci. 61, 511-522 (2011).

84. McCoy, A. G. et al. Oomicide treated soybean seeds reduce early
season stand loss to Phytophthora sojae. Crop Prot. 157,

105984 (2022).

85. Cerritos-Garcia, D. G. et al. Effect of resistance and ethaboxam seed
treatment on the management of Phytophthora root rot in Illinois
and lowa. Plant Heal. Prog. 22, 58-65 (2021).

86. McDonald, B. A. & Linde, C. 2002. Pathogen population genetics,
evolutionary potential, and durable resistance. Annu. Rev. Phyto-
pathol. 40, 349-379 (2002).

87. Page, M. J. et al. The PRISMA 2020 statement: an updated guideline
for reporting systematic reviews. Int. J. Surg. 88, 105906
(2020).

88. McCoy, A. G., Noel, Z., Sparks, A. H. & Chilvers, M. Hagis, an R
Package resource for pathotype analysis of Phytophthora sojae
populations causing stem and root rot of soybean. Mol. Plant
Microbe Interact. 32, 1574-1576 (2019).

89. McCoy, A. G. AGmccoy/Phytophthora-sojae-global-pathotype-
meta-analysis: v1.1.0 - alpha (v1.1.0-alpha-release). Zenodo https://
doi.org/10.5281/zenodo.7850345 (2023).

90. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. https://
ggplot2.tidyverse.org (Springer, 2016).

91. Gleason, H. A. On the relation between species and area. Ecology 3,
158-162 (1922).

92. Oksanen, J. et al. vegan: community ecology package. Ordination
methods, diversity analysis and other functions for community and
vegetation ecologists. R Package Ver. 2.5-7 https://CRAN.R-project.
org/package=vegan (2020).

93. Murdoch, D. & Chow, E. D. ellipse: functions for drawing ellipses
and ellipse-like confidence regions. R Package Ver. 0.4.2. https://
CRAN.R-project.org/package=ellipse (2020).

94. Herve, M. RVAideMemoire: testing and plotting procedures for
biostatistics. RPackage Ver. 0.9-81-2. https://CRAN.R-project.org/
package=RVAideMemoire (2022).

Acknowledgements

We thank the North Central Soybean Research Program, United Soybean
Board, Michigan Soybean Committee, Project GREEEN—Michigan'’s
plant agriculture initiative; USDA National Institute of Food and Agri-
culture, Hatch project 1025521 and Michigan AgBioResearch for partial
support of this study.

Author contributions

A.G.M. conceived the study idea, facilitated the collaboration, deter-
mined methods, performed data analysis, curated the P. sojae pathotype
database, and wrote the manuscript. R.B. collected data from Ontario,
Canada, and revised the manuscript with details on local disease man-
agement regimes. C.B. collected data from Kentucky used in this study.
D.G.C.-G. collected data from Nebraska and revised the manuscript.
V.C.G. collected data from lowa and Illinois and revised the manuscript.
L.J.G. collected data from Nebraska. P.E.G. collected data from Argen-
tina and provided details on local disease management regimes. E.G.
collected data from Argentina and provided details on local disease
management regimes. M.A.H. collected data from Manitoba, Canada.
Y.M.K. collected data from Manitoba, Canada, and provided details on
local disease management regimes. D.K.M. collected data from Minne-
sota and revised the manuscript. R.L.M. collected data from lowa. S.X.M.
collected data from Illinois and revised the manuscript. Z.A.N. aided in
the planning of methods and data analysis and revised the manuscript.
A.E.R. collected data from lowa, United States, and revised the manu-
script. M.G.R. revised the manuscript and provided insight into plant-
microbe interactions. C.L.S. collected data from lowa, United States.
D.L.S. provided insight into P. sojae in Wisconsin, United States, and
revised the manuscript. A.H.S. reviewed the code used in the analysis,
aided in producing the database and revised the manuscript. D.E.P.T.
collected data from Indiana, United States, and revised the manuscript.
V.T. collected data from Quebec, Ontario, and Manitoba, Canada. O.W.
collected data from Manitoba, Canada, and revised the manuscript.
M.I.C. helped plan the methods, provided feedback on the results and
direction of the study, revised the manuscript and is the primary
investigator.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:6043

12


https://doi.org/10.5281/zenodo.7850345
https://doi.org/10.5281/zenodo.7850345
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=ellipse
https://CRAN.R-project.org/package=ellipse
https://CRAN.R-project.org/package=RVAideMemoire
https://CRAN.R-project.org/package=RVAideMemoire

Article

https://doi.org/10.1038/s41467-023-41321-7

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41321-7.

Correspondence and requests for materials should be addressed to
Austin G. McCoy or Martin I. Chilvers.

Peer review information Nature Communications thanks Tyler Bourret,
David Cooke and the other anonymous reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6043

13


https://doi.org/10.1038/s41467-023-41321-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A global-temporal analysis on Phytophthora sojae resistance-gene efficacy
	Results
	Pathotype complexity has significantly increased over time on a national scale
	Rps1c and Rps1k are no longer effective for PRR management in Argentina, Canada, and the United States
	Phytophthora sojae pathotype diversity increases over time

	Discussion
	Methods
	Pathotype survey data
	Data preparation and eligibility criteria
	Temporal analysis of pathotype complexity
	Temporal comparison of Rps gene efficacy
	Temporal differences in pathotype diversity
	Alpha-diversity
	Beta-diversity
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




