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ABSTRACT
Ethaboxam is a benzamide antioomycete chemical (oomicide) used in
corn and soybean seed treatments. Benzamides are hypothesized to bind
to b-tubulin, thus disrupting microtubule assembly. Recently, there have
been reports of corn- and soybean-associated oomycetes that are insensitive to ethaboxam despite never having been exposed. Here, we investigate the evolutionary history and molecular mechanism of ethaboxam
insensitivity. We tested the sensitivity of 194 isolates representing 83
species across four oomycete genera in the Peronosporalean lineage that
were never exposed to ethaboxam. In all, 84% of isolates were sensitive to
ethaboxam (effective concentration to reduce optical density at 600 nm by
_
50% when compared with the nonamended control [EC50] < 5 µg ml 1),
_1
whereas 16% were insensitive (EC50 > 11 µg ml ). Of the insensitive
isolates, two different transversion mutations were present in the 239th
codon in b-tubulin within three monophyletic groups of Pythium spp. The
transversion mutations lead to the same amino acid change from an
ancestral cysteine to serine (C239S), which coincides with ethaboxam

insensitivity. In a treated soybean seed virulence assay, disease severity
was not reduced on ethaboxam-treated seed for an isolate of Pythium
aphanidermatum containing a S239 but was reduced for an isolate of
P. irregulare containing a C239. We queried publicly available b-tubulin
sequences from other oomycetes in the Peronosporalean lineage to search
for C239S mutations from other species not represented in our collection.
This search resulted in other taxa that were either homozygous or
heterozygous for C239S, including all available species within the genus
Peronospora. Evidence presented herein supports the hypothesis that the
convergent evolution of C239S within Peronosporalean oomycetes
occurred without selection from ethaboxam yet confers insensitivity. We
propose several evolutionary hypotheses for the repeated evolution of the
C239S mutation.

Oomycetes are a diverse group of nonphotosynthetic osmotrophic eukaryotic organisms phylogenetically distinct from true
fungi, with whom they were initially classified (Beakes et al. 2012,
Raffaele and Kamoun 2012). The ability of oomycetes to infect
plants has evolved independently multiple times in several lineages;
however, oomycetes can be pathogens of animals, algae, fungi, and
other oomycetes (Thines and Kamoun 2010). They play critical
environmental roles by recycling nutrients and maintaining plant
and animal diversity in natural ecosystems (Gilbert 2002).
Oomycetes can be broken into the Saprolegnialean, Peronosporalean, and basal lineages (Beakes et al. 2012; Thines 2014). The
Peronosporalean lineage contains the greatest number of plantpathogenic species (Thines 2014) and is perhaps most well known
for containing species such as Phytophthora infestans, which was
the causal organism of the Irish potato famine in the 1800s. Multiple
management strategies utilizing resistant plant varieties, chemical

treatments, and cultural techniques are required to minimize disease
in agricultural settings.
Although the use of plant resistance (R) genes can be an effective
strategy for disease management, they often protect against a single
pathogen species or specific pathotype within that species. For example, there are many pathotypes of Phytophthora sojae, determined by their gene-for-gene relationship with various soybean
varieties harboring specific R genes (Whitham et al. 2016). R genes
can be overcome quickly, making chemical intervention a necessary
part of an integrated management strategy (Fry 2008). Additional
management strategies in corn and soybean production include
tillage; however, soil conservation practices have advocated the
adoption of minimum or no-till operations, which increases the
amount of crop debris in fields. Also, growers are planting earlier to
increase growing days and yield potential (Vossenkemper et al.
2015). As a result of these agricultural practices, seed may be
exposed to prolonged adverse conditions as soils slowly warm and
organic debris can act as an inoculum substrate for plant pathogens,
including oomycetes (Larkin 2015). In North America, more than
80 oomycete species are associated with corn and soybean diseases
(Broders et al. 2009; Rojas et al. 2017a,b; Zitnick-Anderson and
Nelson 2015). Information regarding plant varieties with effective R
genes or partial resistance against all these species is mostly
unknown (Rupe et al. 2011).
Consequently, antioomycete chemicals (appropriately named
oomicides or oomyceticides) (Govers 2001; Lamberth et al. 2007)
applied as seed treatments remain a vital management tool (Bradley
2008). A commonly applied oomicide is metalaxyl or its active
stereoisomer, mefenoxam (Gisi and Sierotzki 2015). Resistance to
metalaxyl or mefenoxam may be an issue because isolates with
varying levels of sensitivity have been isolated from Ohio (Broders
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et al. 2007; Dorrance et al. 2004). However, the frequency of
resistance in this agricultural production system is expected to be
low because exposure is less frequent compared with other agricultural systems, where soil drenches or foliar applications are applied
multiple times per growing season (Brent and Hollomon 1998;
Gisi and Sierotzki 2015). Additionally, resistant genotypes of soilborne oomycetes may not spread as rapidly as foliar pathogens.
However, interspecific differences in oomicide sensitivity can pose
threats (Broders et al. 2007; Weiland et al. 2014).
The oomicide ethaboxam was registered for use on corn and
soybeans in 2014 and, in 2017, an estimated 40% (36 million acres)
of corn seed in the United States was treated with ethaboxam (D.
McDuffee, personal communication). Ethaboxam has shown
efficacy against multiple oomycete isolates and species, including
metalaxyl- or mefenoxam-resistant isolates (Chen and Van Vleet
2016; Kim et al. 1999, 2004). The efficacy of ethaboxam makes
it a valuable tool for oomycete management in situations where
multiple species can cause disease, or where metalaxyl or mefenoxam
resistance is problematic. However, in preliminary in vitro and
in vivo tests, Pythium aphanidermatum was not influenced by
ethaboxam (Dorrance et al. 2012). Subsequent in vitro studies
have shown that some other soybean- and corn-associated Pythium
isolates belonging to multiple species were insensitive to ethaboxam
but were isolated before the registration and use of ethaboxam
(Matthiesen et al. 2016; Noel et al. 2019; Radmer et al. 2016). Due to
reports of interspecific differences in ethaboxam sensitivity and
its broad adoption by growers throughout the United States, it is
essential to investigate the molecular and evolutionary mechanism
of ethaboxam insensitivity so that appropriate recommendations
for the use of ethaboxam are made.
Ethaboxam belongs to a group of fungicides called the
benzamides, along with zoxamide and zarilamide, and their mode
of action is through disruption of microtubule assembly (Young
2015). Microtubules are polymers of a- and b-tubulin, which are
essential for mitotic separation of chromosomes during cell division
and are significant constituents of the cytoskeleton. The importance
of microtubules makes them targets for drug development for
agricultural and clinical reasons (Jordan and Wilson 2004).
Ethaboxam fragmented microtubules in Phytophthora infestans
after 30 min of exposure at 0.01 µg ml_1, which obstructed nuclear
division and cytoskeletal structure (Uchida et al. 2005). Disruption
of microtubule integrity aligns with the proposed mechanism of
zoxamide and zarilamide (Young 2015). Young and Slawecki
(2001) showed that zoxamide and zarilamide compete with each
other for binding on P. capsici b-tubulin, demonstrating a common
binding site. Zoxamide and structurally similar analogs have been
shown to compete with the drug T138067 for binding on bovine
b-tubulin between the residues 217 and 241 at the colchicine
binding site (Uppuluri et al. 1993), or the interface of a- and
b-tubulin heterodimers (Young et al. 2006). Binding at these
residues is highly suggestive that zoxamide and zarilamide bind
within the colchicine site on b-tubulin. T138067 has a highly
specific covalent interaction to the cysteine residue at the 239th
position (C239) in bovine b-tubulin (Shan et al. 1999). Young
(2015) suggested that the zoxamide S-enantiomer and other
benzamide fungicides interact with this residue as well. Genereplacement experiments with P. sojae confirmed that a nonsynonymous mutation, which changed the 239th amino acid from
cysteine to serine (C239S), conferred resistance to zoxamide
(Cai et al. 2016). Similar studies have not been performed with
ethaboxam, and the molecular mechanism of ethaboxam insensitivity is currently unknown. However, its structural similarity with
zoxamide and zarilamide and the proposed mode of action leads to
the hypothesis that ethaboxam also interacts with the 239th residue
of b-tubulin.
We hypothesize that interspecific differences in sensitivity are
related to inherent differences in the b-tubulin protein sequence, not
due to a selection from ethaboxam exposure. We also hypothesize
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that a change at the 239th residue of b-tubulin confers resistance to
ethaboxam, as it does for other benzamide chemicals. To investigate
these hypotheses we set the following objectives: (i) test ethaboxam
sensitivity of 195 oomycete isolates representing 83 species and
four genera collected from different geographic regions without
previous exposure to ethaboxam, (ii) examine genetic and
evolutionary mechanisms of ethaboxam insensitivity by characterizing the b-tubulin protein sequence, (iii) demonstrate the relevance
of sensitivity differences between species in an ethaboxam-treated
seed infection assay, and (iv) query available b-tubulin sequences
for C239S mutations in other Peronosporalean oomycete species.
MATERIALS AND METHODS
Oomycete cultures. Oomycete cultures used in this study were
isolated from soybean roots across the Midwestern United States by
collaborators of an Oomycete Soybean Cooperative Agricultural
Project in 2011 and 2012, before the registration and use of
ethaboxam (Rojas et al. 2017a,b). Pythium folliculosum CBS
220.94 (Switzerland), P. ornacarpum CBS 112350 (Paul 1999) and
P. radiosum CBS 217.94 (Paul 1992) (France), and P. selbyi CBS
129728 (Ellis et al. 2012) (Ohio) were isolated between 1992 and
2012, again before the registration and use of ethaboxam (Westerdijk Fungal Biodiversity Institute CBS-KNAW culture collection,
Utrecht, The Netherlands). Saprolegnia sp. NTF5B-16 was cultured
from Acipenser fulvescens eggs and used as an outgroup for
phylogenetic analysis. P. deliense MBL39 was isolated in Uganda
from Phaseolus vulgaris in 2013–14. In total, this study examined
ethaboxam sensitivity of 194 isolates representing 83 oomycete
species within the Peronosporalean lineage. Peronosporalean
oomycetes included 67 Pythium, 8 Phytophthora, 7 Phytopythium,
and 1 Pythiogeton spp. (Supplementary Table S1).
Fungicide sensitivity screening. Fungicide sensitivity
screening was performed with a high-throughput fungicide phenotyping platform, as described by Noel et al. (2019). Briefly, technicalgrade ethaboxam was dissolved in 99.5% acetone. Isolates were
tested in amended dilute V8 broth medium containing ethaboxam
concentrations of 0, 0.01, 0.1, 1, 5, and 20 µg ml_1 or 0, 0.01, 0.1, 1, 10
and 100 µg ml_1. Medium amended with 0.0995% (vol/vol) acetone
was used for the control. The isolates were allowed to grow for 24 to
48 h at 24°C, with optical density at 600 nm (OD600) measurements
taken at regular time intervals. The OD for each isolate was
transformed to percent relative growth by dividing the mean OD of
each ethaboxam concentration by the mean OD of growth with
ethaboxam at 0 µg ml_1, multiplied by 100, and the mean effective
concentration to reduce OD600 by 50% when compared with the
nonamended control (EC50) was estimated for each isolate. Doseresponse analysis was carried out with the ‘drc’ package (Ritz and
Streibig 2015) in Rv3.5.2 (R Core Team 2018). Percent relative
growth was modeled against log-transformed fungicide doses using a
four-parameter log-logistic model. The absolute EC50 was estimated
by solving for the concentration where 50% inhibition took place
(Noel et al. 2018).
DNA extraction. Five plugs of cultures growing on corn meal
agar (CMA) amended with PARPB (pentachloronitrobenzene at
50 mg liter _1, ampicillin at 250 mg liter _1, rifampicin at 10 mg
liter _1, pimaricin at 5 mg liter _1, and benomyl at 10 mg liter _1)
(Jeffers 1986) were grown in 10% V8 broth containing 0.5 g of
CaCO3. Mycelia were harvested and lyophilized overnight.
Approximately 25 to 30 mg of lyophilized mycelium was ground
with approximately 150 µl of lysing matrix A (MP Biomedicals,
Houston, TX, U.S.A.) and a 4-mm-diameter steel ball (SPEX
SamplePrep, Metuchen, NJ, U.S.A.) using a FastPrep FP120
(Thermo Fisher Scientific, Waltham, MA, U.S.A.), and genomic
DNA (gDNA) was extracted using the DNeasy Plant Mini Kit
(Qiagen Sciences Inc., Germantown, MA, U.S.A.) or OMEGA
Mag-Bind Plant DNA Plus kit (Omega Bio-Tek, Norcross, GA,
U.S.A.) by following the manufacturer’s instructions.

DNA amplification, b-tubulin sequencing, and identification of C239S mutations. Preliminary studies indicated that
b-tubulin sequences from oomycete genomes matched the length
and reading frame of Pythium ultimum cDNA (AF218256) from Mu
et al. (1999). Therefore, gDNA was used instead of cDNA for most
isolates because it was determined that introns were not present.
Full-length b-tubulin sequences (1,341 bp) from an isolate of
P. aphanidermatum (NDSO_L_8-6), P. torulosum (MISO_8-29.1),
P. rostratifingens (C-NESO2_6-5), P. ultimum var. ultimum
(KSSO_5-45), P. irregulare (ILSO_1-31), P. sylvaticum (NESO_
2-13), and Phytophthora sojae (IASO_3-41.17) were amplified
from gDNA or cDNA libraries with custom primers and cloned into
plasmid pYES2 (Invitrogen, Carlsbad, CA, U.S.A.) for Sangersequencing (Supplementary Table S2). Additionally, a smaller
internal (1,050 bp) region of the b-tubulin gene was amplified and
sequenced from 48 isolates representing 37 oomycete species using
primers BT6 (59-CAAGAAAGCCTTACGACGGA-39) (Villa et al.
2006) and Oom-Btub-up-415 (59-CGCATCAACGTGTACTA
CAA-39) (Bilodeau et al. 2007). Sequencing with BT5 (59GTATCATGTGCACGTACTCGG-39) (Villa et al. 2006) was also
used for some isolates. All polymerase chain reactions (PCR)
consisted of 1× Phusion HF buffer containing 1.5 mM MgCl2,
0.2 mM dNTP, 0.5 U of Phusion polymerase, 0.2 µM forward and
reverse primers, and 1 to 10 ng of gDNA. Thermal cycling
conditions were as follows: 98°C for 5 min; followed by 35 cycles of
98°C for 1 min, 60°C for 45 s, and 72°C for 1.5 min; followed by a
final extension at 72°C for 7 min. Successful amplification was
checked on a 1.5% agarose gel and the remaining PCR product was
purified by adding 5 µl containing 3 U of exonuclease I and 0.5 U of
shrimp alkaline phosphatase (Thermo Scientific), and incubating at
37°C for 45 min followed by enzyme inactivation at 85°C for
10 min. b-Tubulin amplicons were Sanger-sequenced via Macrogen
USA (Rockville, MD, U.S.A.) or at the Michigan State University
Genomics core. Raw sequence files were trimmed and assembled
with Codon Code Aligner v4.2.7 (Centerville, MA, U.S.A.), and
consensus sequences were generated for downstream analysis.
b-Tubulin consensus sequences were then aligned to full-length
coding sequences from Pythium ultimum var. ultimum (AF218256)
(Mu et al. 1999) using MUSCLE (Edgar 2004), and sequences
were translated in frame to examine nonsynonymous changes to
b-tubulin.
b-Tubulin phylogenetics and ancestral state reconstruction.
b-Tubulin sequences were aligned with MUSCLE and terminal
gaps were treated as missing data, using Saprolegnia sp. (NTF5B16) b-tubulin as an outgroup. In total, the alignment consisted of 858
characters corresponding to amino acids 92 to 377 of b-tubulin. The
Markov Chain Monte Carlo (MCMC) method as implemented in
MrBayes (Ronquist et al. 2012) was run with 5,000,000 generations,
25% burn-in, and eight chains with a GTR+I+G model, as estimated
by MrModelTest2 implemented in PAUP*4.0a161 (Swofford 2002).
First, second, and third codon positions were treated as separate
partitions. Tracer v1.6.0 was used to assess convergence and
stationarity in the MCMC runs. Ancestral states were estimated in
a separate analysis by constraining selected nodes and setting the
‘ancestates’ option to ‘yes’. Constraints were set to only include
descendants of a node. The same MrBayes settings as above were
used, except with only 1,000,000 generations, four chains, and trees
sampled every 500 generations. The ancestral nucleotides were
reported as the posterior probability of each nucleotide in the
alignment at each constrained node. Ancestral amino acids were
translated from the most probable nucleotide at each codon position
for each selected node.
Treated seed virulence assay. Isolates containing either C239
or S239 were tested for their ability to cause disease on ethaboxam
treated seed. The virulence of P. aphanidermatum (isolate NDSO_
L_8-6, genotype C239) and P. irregulare (isolate ILSO_1-31,
genotype S239) was tested using a modified seed rot assay
(Broders et al. 2007; Rojas et al. 2017a). The fungicide fludioxonil

does not have activity on oomycetes (http://www.cdms.net/ldat/
ldB6U001.pdf) and was included as a base treatment to reduce the
competition from seedborne fungi. All soybean seed (AG2232)
(Asgrow Seed Co., Monsanto, St. Louis, MO, U.S.A.) were treated
with fludioxonil and fludioxonil with or without ethaboxam.
Fludioxonil and ethaboxam were applied to soybean seed at
commercial rates of 0.0038 and 0.012 mg seed_1, respectively.
Oomycete isolates were grown on CMA+PARPB for 3 to 5 days;
then, a 3.4-mm plug was transferred from the edge of an actively
growing colony to the center of water agar plates (20 g agar liter _1)
containing ampicillin (250 mg liter _1) and benomyl (5 mg liter _1).
Ampicillin and benomyl are both used commonly in oomycete
isolation medium (Jeffers 1986) and were amended into assay plates
to further reduce competition from bacterial and fungal growth.
Each isolate was allowed to grow for 2 days; then, 5 seeds were
placed at the edge of each actively growing culture. Seed placed on
noninoculated plates served as a negative controls. Plates were
incubated for 7 days at 20°C before rating disease severity. Disease
severity was rated as follows: 0 = germinated healthy seed; 1 =
germinated with little discoloration; 2 = germinated, lesions present
but not coalesced; 3 = germinated with coalesced lesions; and 4 = no
germination and seed completely colonized (Broders et al. 2007;
Rojas et al. 2017a) (Supplementary Fig. S1). Disease severity scores
were converted to a percent disease severity referred to as the
disease severity index (Broders et al. 2007; Rojas et al. 2017a). Each
isolate was tested twice and the mean percent disease severity index
was used as the response variable in a linear mixed model that
treated isolate, seed treatment chemical, and the interaction terms
as fixed effects, with biological replicate as a random effect.
Query of other oomycetes for C239S mutations. Pythium
spp. b-tubulin sequences published by Hyde et al. (2014) were
downloaded from the NCBI, and 101 Phytophthora spp. b-tubulin
sequences available from the Phytophthora Database (http://
www.PhytophthoraDB.org) and other sequences from curated
sources were downloaded from NCBI. Including sequences from
this study, in total, 400 b-tubulin sequences were analyzed. These
sequences were aligned to full-length b-tubulin sequences using
MAFFT v7.388 with the FF-NS-1 algorithm (Katoh and Standley
2013). An approximate maximum-likelihood phylogeny was
generated using FastTree v2.1.10 with the GTR model (Price
et al. 2010). The phylogeny was visualized in iTOL (https://
itol.embl.de) as a cladogram (Letunic and Bork 2016).
Data availability. All data, R code, sequence alignments, and
phylogenic tree files associated with this manuscript were deposited on
GitHub (https://github.com/noelzach/C239SPeronosporaleanEvolution),
and b-tubulin sequences were deposited in GenBank under the accession numbers MK752959 to MK753004.
RESULTS
Ethaboxam sensitivity of 83 oomycete species. Two categories describe the distribution of EC50 values for 195 isolates
representing 83 species challenged with ethaboxam: isolates with
EC50 < 5 µg ml_1 (sensitive) and those with EC50 > 11 µg ml_1
(insensitive) (Fig. 1). Over three-quarters (84%) of isolates
representing 67 species had an EC50 for ethaboxam of <5 µg ml_1
and are hereafter referred to as the sensitive (S) group. Isolates with
an EC50 > 11 µg ml_1 were broken into three groups based on
previously established phylogenetic clades (LéVesque and De Cock
2004), hereafter referred to as insensitive 1, 2, and 3 (I1, I2, and I3).
I1 consisted of three isolates belonging to two species:
P. aphanidermatum and P. deliense. These two species are sister
species within the previously established Pythium clade A
(LéVesque and De Cock 2004). I2 consisted of six isolates
belonging to the four species P. torulosum, Pythium aff. torulosum,
P. folliculosum, and P. catenulatum, which are all part of previously
established Pythium clade B (LéVesque and De Cock 2004). I3
consisted of 22 isolates belonging to 10 species—P. carolinianum,
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P. ornacarpum, P. radiosum, P. acrogynum, P. hypogynum, Pythium
aff. hypogynum, P. longisporangium, P. selbyi, P. logandrum, and
P. rostratifingens—which all belong to previously established
Pythium clade E (LéVesque and De Cock 2004). All isolates in
groups I1 and I3 had EC50 for ethaboxam of >20 µg ml_1. Isolates
within group I2 had EC50 for ethaboxam ranging from 11.18 to
>20 µg ml_1.

Fig. 1. Effective concentration to reduce optical density at 600 nm by 50%
when compared with the nonamended control (EC50) distribution of 195
isolates representing 83 oomycete species. Isolates were separated into sensitive and insensitive groups. The insensitive group was further separated into
three groups based on previously established phylogenetic clades (LéVesque
and De Cock 2004). Insensitive 1, 2, and 3 (I1, I2, or I3) group isolates all
belonged to species within Pythium clades A, B, and E, respectively. Shading
of bars represents sensitivity groups.

C239S mutation associated with insensitive isolates. To
examine whether specific b-tubulin mutations were associated with
ethaboxam sensitivity, full-length b-tubulin genes from one
representative isolate of group I1 (P. aphanidermatum NDSO_L_
8-6), group I2 (P. torulosum MISO_8-29.1), and group I3
(P. rostratifingens C-NESO2_6-5) along with four taxa from the S
group were cloned and sequenced. The isolates used to represent the
S group was an isolate of P. sylvaticum (NESO_2-13), P. ultimum
var. ultimum (KSSO_5-45), P. irregulare (ILSO_1-31), and
Phytophthora sojae (IASO_3-41.17). Five nonsynonymous mutations were present among all isolates at positions 42, 81, 239, 268,
365, and 368 (Fig. 2). However, the only mutation common to all
insensitive isolates used in this study was cysteine to serine
substitution at position 239 (C239S). Mutations at positions 81
(F81Y) and 368 (V368I) were present in the S and I3 group and,
therefore, were unlikely to contribute to ethaboxam insensitivity.
Mutations at positions 42, 268, and 365 were in some insensitive
isolates but not all. Pythium rostratifingens (group I3) contained
a methionine at position 42 instead of a leucine (M42L).
P. aphanidermatum (group I1) had a valine at position 268 instead of
isoleucine (I268V) and alanine at position 365 instead of thiamine
(T365A). Differences in the amino acid sequences suggest that
mutations in the b-tubulin protein structure between species could
contribute to ethaboxam insensitivity; however, the C239S likely
has a significant contribution because it was common to all
insensitive taxa and was not present in any sensitive taxa (Fig. 2).
Evolution of ethaboxam insensitivity. Because each
representative of groups I1, I2, and I3 contained C239S whereas
the sensitive isolates did not, partial b-tubulin genes were
sequenced to determine whether other isolates and species from
groups I1, I2, and I3 also contained C239S. P. folliculosum CBS
220.94 and P. radiosum CBS 217.94 did not have publicly available

Fig. 2. Sequence alignment of full-length b-tubulin coding sequence from seven isolates sensitive (S) or insensitive (I) to ethaboxam. Insensitive taxa included one
isolate from insensitive subclades 1, 2, and 3 (I1, I2, or I3). Five nonsynonymous mutations existed between these taxa at positions 42, 81, 239, 268, 365, and 368.
Only taxa resistant to ethaboxam contained a serine at position 239, whereas sensitive taxa had a cysteine.
2090
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b-tubulin sequences, and partial sequences were generated in this
study. A Bayesian phylogenetic framework revealed the evolutionary history and ancestral sequences of Pythium b-tubulin while also
considering ethaboxam sensitivity (Fig. 3). The phylogeny had
strong support (posterior probability > 70%) corresponding to
isolates within groups I1, I2, and I3. All isolates within groups I1, I2,
and I3 were monophyletic, contained C239S mutations, and were
significantly less sensitive to ethaboxam than isolates with a
cysteine at residue 239. Ancestral sequence reconstruction of
b-tubulin indicated that the plesiomorphic codon corresponding to
position 239 in Pythium spp. translated to cysteine. However, the
ancestral codons for groups I1, I2, and I3 translated to serine. The
nucleotide mutation that resulted in a C239S substitution in isolates
within group I3 was different than in groups I1 and I2. The most
recent common ancestor of group I1 or I2 likely experienced a T to
A transversion mutation at the first position of codon 239, while the
most recent common ancestor of group I3 likely experienced a G to
C transversion mutation at the second position of codon 239. Both
nucleotide changes result in a nonsynonymous cysteine to serine

mutation, suggesting that this mutation evolved at least three times
via a convergent evolutionary mechanism despite never being
exposed to ethaboxam.
Treated seed virulence assay. An isolate containing C239
(P. irregulare ILSO_1-31) displayed a 34.84% reduction in disease
severity on ethaboxam-treated seed relative to seed lacking
ethaboxam (P < 0.001) (Fig. 4). In contrast, an isolate containing
S239 (P. aphanidermatum NDSO_L_8-6) did not show a significant
difference in disease severity in the presence of ethaboxam, with a
mean percent disease severity index of 45.00 ± 2.58 without
ethaboxam and 47.50 ± 5.44 with ethaboxam (P = 0.69) (Fig. 4).
C239S mutations present in other Peronosporalean
oomycete taxa. Multiple independent mutations resulting in
C239S substitutions in Pythium spp. (Fig. 3) warranted further
investigation into b-tubulin sequences of other Peronosporalean
oomycetes. In total, 400 b-tubulin DNA sequences representing 15
genera revealed additional C239S substitutions in Peronosporalean
oomycetes, including different isolates of the same species
examined in this study, validating the present findings (Fig. 5;

Fig. 3. Evolution of b-tubulin of 46 oomycete taxa and corresponding sensitivity to ethaboxam (effective concentration to reduce optical density at 600 nm by 50%
when compared with the nonamended control [EC50]). The phylogeny was generated by the consensus of trees sampled in a Bayesian Markov Chain Monte Carlo
analysis with a GTR+I+G model and first, second, and third codon positions treated as separate partitions. Thick branches indicate posterior probability > 70%.
Genotype indicates the amino acid at position 239 in b-tubulin coding sequence of extant taxa. The P value column represents the significance of EC50 values
relative to the EC50 distribution of isolates containing a cysteine at position 239, in a one-sided Z test. Ancestral nucleotide sequences were reconstructed at
selected nodes, and results were presented as the posterior probability of each nucleotide in b-tubulin genes. The posterior probability of nucleotides corresponding
to codon 239 and translated amino acid are presented at each selected ancestral node.
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Supplementary Fig. S2). In addition, P. iwiami DAOM BR242034
contained a C239S substitution, and close relatives P. okanoganense
CBS 315.81 and Pythium sp. rooibos 2 STE-U7550 were heterozygous
for this locus (i.e., contained both C239 and S239). Furthermore, all
sequences belonging to the genus Peronospora contained C239S,
which indicates that the C239S has evolved many times independently
within Peronosporalean oomycetes and also supports a convergent
evolutionary mechanism.
DISCUSSION
In this study, the inherent sensitivity to ethaboxam of 194
Peronosporalean oomycete isolates representing 83 species and
four genera was tested to examine the genetic and evolutionary
mechanism of ethaboxam insensitivity. Multiple amino acid
changes were present in insensitive Pythium isolates but the only
common mutation to all insensitive isolates was a serine at position
239 instead of a cysteine. We further examined the evolutionary
history of C239S mutations, which revealed for the first time that
C239S mutations observed in extant Pythium spp. evolved
independently from three ancestral taxa before ethaboxam was in
use. Furthermore, we demonstrated that a pathogenic isolate
containing the C239S mutation was able to infect soybean seed
treated with ethaboxam at commercial rates, demonstrating the
practical relevance of this mutation. To our knowledge, this is the
first report of C239S mutation coinciding with ethaboxam
resistance, and first exploration of b-tubulin sequences across the
Peronosporalean oomycetes, which revealed that C239S mutations
exist in other Peronosporalean oomycetes. The C239S mutation in
these lineages may indicate that ethaboxam is not efficacious to
these species; however, this hypothesis will need to be tested in
future studies.
Three lines of evidence support our original hypothesis that
repeated evolution of the C239S mutation was convergent and not
due to a selection from ethaboxam exposure. First, isolates used in
this study were collected from hosts rarely rotated with crops where
other antioomycete benzamide chemicals such as zoxamide were
used. Zoxamide is used in the products Gavel 75DF and Zing!
(Gowen U.S.A., Yuma, AZ, U.S.A.), neither of which are registered
for use on soybean or corn, which is where 95.8% of the cultures
used in this study were isolated. Second, isolates containing C239S
were collected from a vast geographic region. For example, the
P. deliense MBL39 isolate (group I1) was isolated from dry bean in
Uganda. P. folliculosum CBS 220.94 (group I2) was isolated from
soil in Switzerland. P. ornacarpum CBS 112350 and P. radiosum

Fig. 4. Mean disease severity index of one insensitive isolate (Pythium
aphanidermatum NDSO_L_8-6, genotype S239) and one sensitive (C239)
isolate (P. irregulare ILSO_1-31, genotype C239) on soybean seed (AG2332)
treated with either the control containing fludioxonil (F) or fludioxonil plus
ethaboxam (F + E).
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CBS 217.94 (group I3) were isolated from soil in France. The
remaining cultures were isolated from across the Midwestern
United States. The probability that zoxamide or another benzamide
was used over an extensive geographic region and consequently
selected for C239S mutations in isolates used in this study is highly
unlikely. Third, the reconstruction of ancestral b-tubulin genes
suggested that the ancestral residue at position 239 in Pythium spp.
was cysteine, which mutated to a serine in ancestors of groups I1, I2,
and I3 (Fig. 3). These changes likely occurred well before the use of
agricultural oomicides. Therefore, the prevalence of the C239S
substitution could be a result of an unknown selection pressure or
the result of genetic drift.
If C239S mutations are the result of selection, we hypothesize that
the accumulation of C239S mutations in some species may be the
result of defense against antibiosis, microtubule integrity, or assembly
dynamics. For example, many naturally derived microtubuleinhibiting compounds such as colchicine, vincristine, vinblastine,
nocodazole, and paclitaxel have been discovered from plants as
secondary metabolites (Borisy and Taylor 1967, Lu et al. 2012). Other
compounds produced by bacteria such as rhizoxin bind to b-tubulin
and act in a mechanism of antibiosis or virulence (Loper et al. 2008;
Partida-Martinez and Hertweck 2005; Schmitt et al. 2008). Therefore,
it is reasonable to speculate that the C239S substitution in oomycete
b-tubulin enables some species to colonize different environments.
This hypothesis will have to be explored further.
C239S mutations may also provide structural microtubule
integrity or improved microtubule assembly kinetics at different
temperatures. For example, mutations in b-tubulin isotypes of
Euplotes focardii, a psychrophilic protozoan, have been associated
with cold adaptation by allowing differential flexibility in
microtubules at cold temperatures (Chiappori et al. 2012).
Matthiesen et al. (2016) observed that P. torulosum isolates (group
I2) were less sensitive to ethaboxam at cooler temperatures. The
association of point mutations in b-tubulin and ethaboxam
sensitivity at different temperatures should be studied further.
Additionally, studying the evolution of this amino acid change in
a broader evolutionary context by considering closely related
organisms may provide additional insight regarding evolutionary
mechanisms. For example, members of the Saprolegnialean lineage
such as Aphanomyces cochlioides, A. euteiches, and Apodachyla
brachynema contain a C239. Outside of the phylum Oomycota, the
diatom Thalassiosira weissflogii contains a C239, whereas the
brown algae Ectocarpus variabilis contains S239. Investigating
these species was beyond the scope of the current study but could
be of interest in future studies.
The results of the treated seed virulence assay provide
management implications because they demonstrated that
P. aphanidermatum (NDSO_L_8-6) was capable of causing disease
on ethaboxam-treated seed. Because P. aphanidermatum inherently
contains C239S, ethaboxam may not be efficacious when this
species is the primary pathogen. For example, ethaboxam may not
be efficacious as an alternative to mefenoxam in floriculture where
mefenoxam-resistant P. aphanidermatum isolates can be problematic (Del Castillo Múnera and Hausbeck 2016; Lookabaugh et al.
2015; Moorman and Kim 2004). The results of the treated-seed
virulence assay align with observations of Dorrance et al. (2012),
who noted that ethaboxam did not reduce disease severity for
P. aphanidermatum. Additionally, Rojas et al. (2017a) demonstrated
that some species within group I3 (P. logandrum, P. longisporangium,
and P. hypogynum) were not pathogenic toward seed but significantly
reduced root area of soybean seedlings. Likewise, Pythium aff.
torulosum (group I2) significantly reduced root area, root length, and
root weight of soybean seedlings but was nonpathogenic to seed
(Rojas et al. 2017a). Consequently, the efficacy of ethaboxam on
oomycete species nonvirulent on seed but virulent on roots should
be investigated in future studies.
Although the majority of isolates used in this study were Pythium
isolated from soybean, we identified other Peronosporalean

oomycetes with C239S mutations from public data repositories, and
it will be necessary for future studies to evaluate ethaboxam
sensitivity in isolates of these species. For example, all Peronospora
sequences sampled contained a C239S mutation. In field trials,
ethaboxam significantly reduced disease severity of Peronospora
belbahrii and P. parasitica compared with the nontreated control
but disease was significantly more severe on ethaboxam-treated
plants compared with other commercial products (Raid et al.
2013a, b). Therefore, it is currently unknown whether C239S
mutations in Peronospora confer insensitivity to ethaboxam as
observed for oomycete species in this study. Among other Pythium

sequences from public repositories, three isolates (Pythium
okanoganense CBS 315.81, Pythium sp. rooibos 2 STE-U7550,
and P. nagii CBS 77.96) were heterozygous. The P. nagii isolate (CNDSO2_6-1) from this study was homozygous for cysteine at
position 239 and was sensitive to ethaboxam with a mean EC50 =
2.22. All of these species are closely related according to multigene
phylogenies (Hyde et al. 2014). Therefore, it appears that heterozygosity may be common for some isolates of these species. It is
unknown what phenotype heterozygous isolates would exhibit in
the presence of ethaboxam but we speculate that they would display
reduced sensitivity to ethaboxam because the S239 b-tubulin allele

Fig. 5. Approximate maximum-likelihood cladogram showing evolution of b-tubulin genes from 400 Peronosporalean oomycete taxa representing 14 genera. All
sequences were from public repositories, except taxa sequenced in this study. Pythium sequences from Hyde et al. (2014) and Phytophthora sequences from
PhytophthoraDB (http://www.PhytophthoraDB.org) were used. Numbers in parentheses next to taxa names represent the number of taxa within the collapsed node.
Branches indicate where a C239S mutation occurred and black dashed lines indicate the sequence was heterozygous (i.e., cysteine or serine at position 239). The
cladogram was generated using FastTree v1.2.10 with a GTR model. Numbers on branches indicate local support values > 0.7. The cladogram was rooted with
Saprolegnia b-tubulin sequences.
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would be expressed and incorporated into microtubules, which
would compensate for the sensitive C239 allele.
The results of this study are highly suggestive that C239S is
involved in ethaboxam insensitivity; however, other mechanisms
are also possible. Insensitivity to antimicrobial compounds can be
linked to overexpression of the target protein, expression of efflux
mechanisms, or detoxification (Ma and Michailides 2005). These
mechanisms could be present in other isolates, and it is essential to
continue to monitor for ethaboxam insensitivity. Nonetheless,
ethaboxam can be a valuable tool for oomycete management;
however, special attention to the oomycete species present should
be considered for appropriate use of ethaboxam.
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