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ABSTRACT 32 

 33 

BACKGROUND: Pythium species attack various vegetable crops causing seed, stem and root rot, 34 

and ‘damping-off’ after germination. Pythium diseases are prevalently controlled by two classes of 35 

fungicides, QoIs with azoxystrobin and phenlyamides with mefenoxam as representatives. The 36 

present study aims at testing the sensitivity of six Pythium species from different vegetable crops to 37 

azoxystrobin and mefenoxam and differentiating species based on ITS, cytochrome b and RNA 38 

polymerase I gene sequences. 39 

 40 

RESULTS: The inter- and intra-species sensitivity to azoxystrobin was found to be rather stable, with 41 

exception of one Pythium paroecandrum isolate which showed reduced sensitivity and two 42 

cytochrome b amino acid changes. For mefenoxam, the inter-species sensitivity was quite variable 43 

and besides sensitive also many resistant isolates were found in all six Pythium species, but no RNA 44 

polymerase I amino acid changes were observed in them. ITS and cytochrome b phylogenetic 45 

analyses permitted a clear separation of Pythium species corresponding to globose- and filamentous- 46 

sporangia clusters.  47 

 48 

CONCLUSION: The results document the necessity of well-defined chemical control strategies 49 

adapted to different Pythium species. Since the intrinsic activity of azoxystrobin among species was 50 

quite stable and no resistant isolates were found, it may be applied without species differentiation 51 

provided it is used preventatively to also control highly aggressive isolates. For a reliable use of 52 

mefenoxam, precise identification and sensitivity tests of Pythium species are crucial because its 53 

intrinsic activity is quite variable and resistant isolates may exist. Appropriate mixtures and/or 54 

alternation of products may help to further delay resistance development.  55 

 56 
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1 INTRODUCTION 57 

The genus Pythium belongs to the Pythiaceae, within the Oomycetes and is widely spread around the 58 

world comprising more than 100 species.1-3 Pythium spp. attack a wide range of vegetable crops 59 

affecting mostly young tissue, causing seed, root and stem rot, as well as 'damping-off' at post-60 

germination stage.4 Recently, severe losses in quantity and quality caused by Pythium spp. were 61 

observed in Italy in intensive cultivation of several vegetable crops such as lettuce, lamb’s lettuce, 62 

Swess chard, spinach, and bean.5-8  63 

Control of Pythium infections is mainly accomplished by treatments with various fungicides 64 

such as strobilurins and phenylamides. There are also additional means of disease control including 65 

the application of cultural practices such as crop rotation, deep tillage, water management, and 66 

balanced nutrition.9,10   67 

Strobilurin fungicides or quinone outside inhibitors (QoIs) exhibit a single-site mode of action 68 

by inhibiting mitochondrial respiration at the Qo site (the outer, quinone oxidizing pocket) of 69 

cytochrome bc1 enzyme complex resulting in impairment of electron transfer in the respiration chain 70 

and in energy deficit because of insufficient ATP. The enzyme is encoded by the mitochondrial gene, 71 

cytochrome b (cyt b).11,12 Resistance to QoIs evolved rather quickly after their introduction to the 72 

market initially in Blumeria graminis f. sp. tritici, and soon afterwards in various plant pathogens 73 

such as Alternaria alternata, Mycosphaerella fijiensis, Pestalotiopsis longiseta, Plasmopara viticola, 74 

Peronophythora litchi, Pseudoperonospora cubensis, Pythium aphanidermatum, Uncinula necator 75 

and Venturia inaequalis.13-21 QoI resistance is associated with point mutations in the cyt b gene, and 76 

the reported mutations comprise a substitution of glycine with alanine at amino acid (aa) position 143 77 

(G143A), and of phenylalanine with leucine at aa position 129 (F129L).12 Regarding QoI resistance 78 

in Pythium spp., there is one report on P. aphanidermatum from turf 18, indicating the presence of 79 

F129L mutation in azoxystrobin-resistant isolates. 80 
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Phenylamide fungicides are frequently used against damping-off caused by Pythium including 81 

compounds such as metalaxyl, metalaxyl-M (mefenoxam), and benalaxyl. These compounds inhibit 82 

RNA synthesis through modification of the polymerase I complex involved in rRNA synthesis.22,23  83 

Resistance to phenylamides appeared shortly after their commercialization in various plant 84 

pathogenic oomycetes, including several Pythium spp. such as P. aphanidermatum, P. dissotocum, 85 

P. heterothallicum, P. irregulare, P. cylindrosporum, P. splendens, P. torulosum, and P. ultimum.24-86 

28 The target gene of phenylamides is not yet completely identified, and so far resistance was 87 

associated with a mutation in RNA polymerase I (RPA190) at aa position 382 (Y382F) in 88 

Phytophthora infestans.29 Furthermore, the ABC pump efflux systems play an important role in 89 

oomycete resistance to mefenoxam, and P. ultimum has the up-regulated ABC transporter genes in 90 

response to mefenoxam, which are different from those that are up-regulated in other oomycetes.30 91 

In spite of its wide geographical distribution, resistance frequency in populations is rarely complete 92 

and varies on a year to year and seasonal basis.31  93 

In the present study, in vitro tests have been carried out to assess the sensitivity to azoxystrobin 94 

and mefenoxam of several Pythium spp. from different vegetable crops. Molecular characterization 95 

of selected isolates was performed based on ITS, cyt b (related to azoxystrobin resistance) and 96 

RPA190 (associated to mefenoxam resistance) gene sequences, and a real-time RT-PCR for 97 

expression of selected ABC transporter genes, as well. 98 

 99 

2 MATERIALS AND METHODS 100 

2.1 Isolates collection 101 

A total of 53 isolates of different Pythium spp. obtained from infected plants of various hosts were 102 

tested (supporting information Table 1). All the isolates were from the Agroinnova collection 103 

(University of Turin, Turin, Italy), with the exception of CBS20379, CBS122661, CBS127516 and 104 

CBS127517 (CBS-KNAW Collection, Utrecht, The Netherlands), and K5694, K5347, K5626, K5696 105 

and K6179 (Syngenta Crop Protection AG, Stein, Switzerland), that were used as reference strains. 106 
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Forty-four isolates from Agroinnova collection were identified morphologically through microscopic 107 

observations of sporangial shape and examination of the colonies.  108 

 109 

2.2 Aggressiveness of Pythium species in greenhouse trials 110 

A total of 45 isolates representative of six of the most prevalent species of Pythium recovered from 111 

diseased vegetable seedlings including one reference strain (P. irregulare CBS127517) were screened 112 

for pathogenicity and aggressiveness on lettuce (cv. Gentilina, Maraldi sementi, Cesena, Italy) and 113 

chard (Bertolino, Moncalieri, Italy) (supporting information Table 2).  114 

Each Pythium isolate was cultured in a sterile mixture of wheat-hemp kernels (2:1 v/v) at room 115 

temperature, ten days before using for artificial inoculation.  The inoculum of each isolate was mixed 116 

at 3g/l into a growing-medium based on blonde and black peat (15:85 v/v, Brill Type 5, Georgsdorf, 117 

Germany), previously steamed at 90° C for 1 h. One pot per replicate (150-180 seeds/pot), 118 

representing the experimental unit with four replicates, was arranged in a completely randomized 119 

block design during three trials. The infested and non infested pots were kept in greenhouse at 20-120 

26° C. Seedlings were screened at 5 days-interval and at the last assessment, 15 days after sowing, 121 

the number of survived seedling were counted. Data were expressed as disease incidence 122 

corresponding to the number of ungerminated seeds and dead plants in the infested soil compared to 123 

the number of germinated and healthy seedlings in the non inoculated control.   124 

Aggressiveness data among species and isolates was analyzed using SPSS software where 125 

species and isolates were treated as fixed effects. When a treatment effect was detected by ANOVA, 126 

Tukey test at P = 0.05 was used to compare treatment means of aggressiveness data (supporting 127 

information Table 2).  128 

 129 

2.3 In vitro sensitivity testing of Pythium spp. to azoxystrobin and mefenoxam 130 

Fungicides based on azoxystrobin (Ortiva®, 250 g/l a.i., Syngenta Italia S.p.A., Milan, Italy) and 131 

mefenoxam (Ridomil Gold® SL, 465 g/l a.i., Syngenta Italia S.p.A.) were used at final concentrations 132 
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of 0.1, 0.3, 1, 3, 10, 30, 100 and 300 mg/l of the different active ingredients. Salicylhydroxamic acid 133 

(SHAM, Sigma-Aldrich, Milan, Italy), at a final concentration of 100 mg/l, was added to the medium 134 

containing azoxystrobin to prevent alternative respiration. 135 

The effect of azoxystrobin and mefenoxam on mycelium growth of different Pythium isolates 136 

was evaluated on corn meal agar (CMA, Sigma-Aldrich, 17 g/l) amended with 0.025 mg/l of 137 

streptomycin sulphate (Applichem, Darmstadt, Germany).  Petri dishes without fungicide, and with 138 

and without SHAM were used as controls. Mycelial disks (6 mm in diameter) were taken from 4-day-139 

old culture and transferred to the substrate prepared at different concentration of azoxystrobin and 140 

mefenoxam, in three replicates per each concentration. The radial growth (colony diameter in mm) 141 

of each isolate was measured after 4 days of incubation at 20 ± 1° C in the dark.  142 

Growth at each fungicide concentration (Gf) was compared with the control (Gc) and percent 143 

growth inhibition (GI) was calculated with the following formula: % GI = (Gc – Gf / Gc) x 100. EC50 144 

values (concentrations producing 50% growth inhibition) were calculated using a log/logit dose 145 

response relation with GraphPadPrism® software (version 7.02; La Jolla, CA, USA). Log fungicide 146 

concentration vs. normalized response-variable procedure utilizes a logistic regression calculated as: 147 

Y=Bottom + (Top-Bottom) ∕ {1 + 10 [(LogEC50-X) × HillSlope]}, where Y indicates the response 148 

(GI) and X the fungicide concentration. Top and bottom show the plateaus in the units of the Y axis. 149 

Hillslope refers to the steepness of the curve.32 The experiments were replicated two-four times for 150 

each isolate (Table 1).   151 

As for other pathogens, EC50 values of azoxystrobin for Pythium isolates which were up to 152 

20-fold higher than mean EC50 values are considered as typical for sensitive isolates.33 For 153 

mefenoxam, an isolate is considered as sensitive if EC50 <30 mg/l, intermediate resistant if EC50 is 154 

between 30 and 100 mg/l, and resistant for EC50 > 100 mg/l.27 155 

 156 

 157 

 158 
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2.4 DNA extraction and molecular identification 159 

The total DNA of 30 selected isolates of six Pythium spp. was extracted with an E.Z.N.A.® Fungal 160 

DNA Mini Kit (Omega Bio-Tek, Darmstadt, Germany) from 0.1 g of mycelium grown on potato 161 

dextrose agar  (PDA, Merck®, Darmstadt, Germany), according to the manufacturer's instructions. 162 

Molecular identification was carried out by amplification of the internal transcribed spacer (ITS) 163 

according to White et al.34 PCR products were purified with QIAquick PCR purification kit (Qiagen, 164 

Hilden, Germany) according to the manufacturer’s instructions, and sequenced in both directions at 165 

the BMR Genomics Centre (Padua, Italy). ITS sequences were deposited in GenBank under 166 

Accession Numbers MF963021-MF963043 and MG642085, with the exception of isolates Py1-14, 167 

Py13-14, Py11-14, Py12-14, Py4-13, and CBS122661 which were already reported previously 6-8,35,36 168 

(Table 2).  169 

 170 

2.5 Molecular characterization of the cytochrome b gene  171 

The 938 bp of the cyt b gene of 30 Pythium isolates was amplified by using the designed primers 172 

PytqF (5’- TGGTTTTGGTTCTTTAGCTGGT-3’) and PytqR (5’-GCATTTGACCTACCCAACCT-173 

3’). The PCR amplification was carried out with following cycling conditions: a denaturation step of  174 

94° C for 5 min, followed by 35 cycles at 94° C for 45 s, 55° C for 45 s, and 72° C for 1 min and 45 175 

s, and a final extension step at 72° C for 7 min. PCR products were purified and sequenced as 176 

described above, and deposited to GenBank (Accession Numbers MG020387-MG020415 and 177 

MG642086, Table 2).  178 

 179 

2.6 Molecular characterization of the RNA polymerase I gene 180 

The 2265 bp of the RPA190 gene containing the portion of a potentially mefenoxam-associated 181 

mutation was amplified in six selected P. ultimum isolates (Py5-10, Py2-14, Py5-14, Py6-14, Py19-182 

11, and Py4-15). The PCR amplification was carried out by using the designed primers PytpolyF (5’- 183 

GACAATCCTGCGCTATGAGG-3’) and PytpolyR (5’- TCACCCTTGATCTTGGCCTT-3’). The 184 
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PCR reaction was performed as follows: an initial denaturation step of  94° C for 5 min, followed by 185 

35 cycles at 94° C for 1 min, 56° C for 1 min, and 72° C for 2 min, and 72° C for 7 min after the last 186 

cycle. PCR products were purified and sequenced as described above. 187 

 188 

2.7 Real time RT-PCR for expression of selected ABC transporter genes  189 

Real time RT-PCR was performed for monitoring expression levels of three selected ABC transporter 190 

genes (PYU1_G001441, PYU1_G011997, and PYU1_G002609), that resulted up-regulated in P. 191 

ultimum in response to mefenoxam.30 Total RNA of six selected P. ultimum isolates (Py5-10, Py2-14, 192 

Py5-14, Py6-14, Py19-11, and Py4-15) was extracted from 100 mg of mycelia with RNeasy Plant 193 

Mini Kit (Qiagen). The extracted RNA was treated with TURBO DNase (Ambion) following the 194 

manufacturer's protocol, and then subjected to reverse-transcription (500 ng total RNA) with High 195 

capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). PCR amplifications 196 

were conducted on an iCycler (BIO-RAD, Richmond, CA) in 20 μl reactions containing 1 μl cDNA, 197 

10 μl SsoFast™ EvaGreen® Supermix 2× (BIO-RAD), and 0.25 μM of each primer. Primers for three 198 

ABC transporter genes (supporting information Table 3) were designed by  means of Primer Express 199 

3.0 software (Applied Biosystems). Control of the constitutive expression was performed using the 200 

18S rRNA gene.37  Calculation of the expression ratio was done using the 2−ΔΔCT method38 through 201 

the average of two technical and three biological replicates. 202 

 203 

2.8 Sequence analysis 204 

Comparison with sequences available in the GenBank database was run on the BLAST software 205 

package (www.ncbi.nlm.nih.gov). Multiple sequence alignments were achieved with Vector NTI 206 

Advance 11 software (InforMax, North Bethesda, Maryland, USA)  with the ClustalW algorithm.39 207 

Phylogenetic analyses were carried out using MEGA 7.40 Neighbour-joining (NJ) trees were 208 

constructed with a bootstrap of 1000 replicates.  209 

 210 
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2.9 Statistical analysis 211 

The sensitivity distribution (frequency of isolates at certain EC50 level) for azoxystrobin was analysed 212 

for five Pythium species by the ‘box-and-whiskers’ plot method. This analysis indicates the shape, 213 

variability, and characteristic values of a distribution through the maximum and minimum values 214 

(‘whiskers’), the interquartile range (the differences between the various interquartiles), box (50% of 215 

population), the median (central line), and the average value.41 216 

 217 

3 RESULTS 218 

 219 

3.1 Identification and aggressiveness of Pythium species  220 

All 44 isolates obtained from infected plants of various hosts were identified as Pythium spp. based 221 

on microscopic observations of sporangial shape and morphological characteristics of the colonies 222 

(supporting information Table 1). No difference in aggressiveness, as measured by non-germinated 223 

seeds and dead seedlings, was detected (P = 0.254) for Pythium isolates of the six species inoculated 224 

on lettuce and chard, so all isolates for each species were combined for further analysis. 225 

All Pythium spp. showed an average to high aggressiveness on each of the inoculated host with the 226 

exception of P. paroecandrum Py 25-11, P. ultimum Py 5-11, P. aphanidermatum Py 12-15 and P. 227 

irregulare CBS127517 that resulted in low aggressiveness (supporting information Table 2).  228 

 229 

3.2 Sensitivity of Pythium spp. to azoxystrobin 230 

The sensitivity to azoxystrobin of 53 isolates from six Pythium spp. originating from 15 vegetable 231 

hosts (including reference strains) was evaluated in mycelial growth assays (Table 1). All Pythium 232 

spp. were intrinsically sensitivite to azoxystrobin, with exception of one isolate of P. paroecandrum 233 

Py 25-11, showing a reduced sensitivity to azoxystrobin with a higher EC50 value (14.64 mg/l) 234 

compared to the rest of the isolates within this species (30.5 factor). Mean EC50 values were specific 235 

for each species, three of them being very sensitive: 0.10 mg/l (Pythium Cluster B2a sp.), 0.38 mg/l 236 
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(P. aphanidermatum), 0.48 mg/l (P. paroecandrum), and three being somewhat less sensitive: 1.96 237 

mg/l (P. irregulare complex and P. sylvaticum), and 2.35 mg/l (P. ultimum),  238 

Three Pythium spp. (P. ultimum, P. irregulare complex and P. aphanidermatum) showed a 239 

rather wide range of EC50 values within the species ranging from 1.34-5.96 mg/l for P. ultimum, 0.16-240 

4.57 mg/l for P. irregulare complex, and 0.10-1.21 mg/l for P. aphanidermatum. On the other hand, 241 

more uniform EC50 values were observed among isolates of Pythium Cluster B2a sp., P. sylvaticum 242 

and P. paroecandrum (with exception of Py 25-11 isolate) (Table 1).   243 

 The ‘box-and-whiskers’ plots showed high sensitivity variations in the 50% box of population 244 

for P. paroecandrum and P. irregulare complex, and high maximum whiskers values for  P. 245 

paroecandrum, P. ultimum and P. irregulare complex. Although P. paroecandrum showed the 246 

highest variability for both the boxes and the whiskers, it had a lower median line (EC50 < 1 mg/l) 247 

with respect to other three Pythium spp. (P. ultimum, P. irregulare complex and P. sylvaticum). 248 

Among five Pythium spp., P. sylvaticum showed a more uniform sensitivity distribution regarding all 249 

calculated parameters (Fig. 1). 250 

 251 

3.3 Sensitivity of Pythium spp. to mefenoxam 252 

Fifty-three Pythium isolates were investigated for sensitivity to mefenoxam. Resistant isolates were 253 

found in all six Pythium spp.: clear resistance was found in P. aphanidermatum, Pythium Cluster B2a 254 

sp., P. ultimum, and P. irregulare complex. Isolates with intermediate resistance was detected in P. 255 

paroecandrum and P. sylvaticum (Table 1). 256 

Intrinsic sensitivity of mefenoxam among six Pythium spp. was quite variable. Resistant 257 

isolates showed mean EC50 value higher than 100 mg/l. Intermediate resistant isolates had mean EC50 258 

values of 67.32 mg/l (P. sylvaticum), 59.20 mg/l (P. paroecandrum), 49.28 mg/l (P. irregulare 259 

complex) and 48.70 mg/l (P. ultimum) with a narrow range (factor 2-3) (Table 1), while in sensitive 260 

isolates (EC50 value < 30 mg/l), the range of EC50 values was rather wide down to 0.10 mg/l. When 261 

all studied Pythium spp. were taken in consideration, resistance was found in 36% of isolates, 19% 262 
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were intermediate and 45% sensitive (Fig. 2). Among the six species, all three sensitivity groups 263 

(sensitive, intermediate and resistant) were found in P. ultimum and P. irregulare complex, whereas 264 

P. aphanidermatum, P. paroecandrum and P. silvaticum isolates were predominantly sensitive. 265 

 266 

3.4 Molecular identification and phylogenetic analyses 267 

Partial sequences of the ITS rDNA region (541-551 bp) of 26 isolates of Pythium spp. and four 268 

reference isolates were used for the molecular identification and phylogenetic analyses. The ITS 269 

phylogenetic analyses grouped the isolates into two main clusters. The first cluster grouped P. 270 

paroecandrum, P. irregulare complex, P. sylvaticum and P. ultimum, while the second cluster 271 

contained Pythium Cluster B2a Sp. and P. aphanidermatum. Furthermore, two subclusters were 272 

observed within each cluster. The subcluster Ia comprised P. irregulare complex, P. paroecandrum 273 

and P. sylvaticum within distinguished groups, while the subcluster Ib contained P. ultimum. The 274 

subclusters IIa and IIb separated Pythium Cluster B2a sp. and P. aphanidermatum with exception of 275 

one isolate (Py 12-15) (Fig. 3A).  276 

Thirty isolates of Pythium spp. were also analysed in the portion of the cyt b protein (290 aa). 277 

Although the two main clusters were observed (Fig. 3B) like those obtained by ITS, the cyt b 278 

phylogenetic analyses permitted the delimitation of 4 Pythium spp. through the grouping in different 279 

subclusters (P. sylvaticum, P. ultimum, Pythium Cluster B2a sp. and P. aphanidermatum). On the 280 

other hand, the cyt b protein was not capable for precise separation of P. irregulare complex and P. 281 

paroecandrum. 282 

 283 

3.5 Molecular characterization of the cytochrome b gene  284 

P. paroecandrum Py 25-11 which showed a reduced sensitivity to azoxystrobin contained 2 cyt-b aa 285 

changes, V(204)I and V(325)I, with respect to the other P. paroecandrum isolates. Based on the 286 

crystallographic structure of the native cyt b protein the amino acid V(204)I was at the end of the 287 

helix D42 near the residues His201 and Ser205 lining the cyt b Qi pocket involved in specific substrate 288 
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binding, while the he amino acid V(325)I was positioned in the helix G. Both amino acids (204 and 289 

325) are distant to the residues Phe128 and Tyr131 representing the azoxystrobin binding site in the 290 

Qo pocket (supporting information Fig. S1). 291 

Additional cyt b changes were found also in isolates with lower sensitivity within three 292 

Pythium spp.:  P. sylvaticum Py 8-11 and P. ultimum Py 5-14 with V(236)I, and P. irregulare complex 293 

Py42-12 with S(112)N, I(156)V, A(191)V, L(196)I, V(199)I, S(208)N, L(215)V, I(220)V, I(240)V, 294 

I(301)L, I(325)V. The isolates of P. aphanidermatum and Pythium Cluster B2a sp. did not show any 295 

aa change within species in the sequenced part of the mitochondrial-encoded cyt b. 296 

Furthermore, when the studied Pythium spp. were compared among them independent of their 297 

azoxystrobin sensitivity, the most evident interspecies variability observed was at aa 112 position. 298 

Thus, P. aphanidermatum contained glycine (G), P. sylvaticum asparagine (N), P. ultimum tyrosine 299 

(Y), Pythium Cluster B2a sp. alanine (A), P. irregulare complex serine (S) or asparagine (N), and P. 300 

paroecandrum Y, N, or S (Figure 4). The rest of the cyt b sequence was similar between two or more 301 

species, and other amino acid changes were not conclusive for a species differentiation. 302 

 303 

3.6 Molecular characterization of the RNA polymerase I gene 304 

Three selected P. ultimum isolates (Py 5-10, Py 2-14, Py 4-15) sensitive to mefenoxam and three 305 

isolates (Py 5-14, Py 6-14, and Py 19-11) resistant to mefenoxam  (Table 1) were amplified in RPA190 306 

region in which the mefenoxam resistance-associated mutation (Y382F) was reported in P. 307 

infestans.29 The complete putative RNA polymerase I subunit of P. ultimum DAOM BR144 strain 308 

available at GenBank (Accession No. GCA_000143045.130) showed 80% identity to RPA190 of P. 309 

infestans (GenBank Accession No. XM_002906849). The six selected isolates (either sensitive or 310 

resistant) did not show any amino acid change in the sequenced RPA190 part and they were 100% 311 

identical to the aa sequence of the putative RPA190 of P. ultimum DAOM BR144 strain (data not 312 

shown).  313 
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3.7 Expression of ABC transporter genes. The level of expression of three ABC transporter genes 314 

were measured in P. ultimum sensitive (Py 5-10, Py 2-14, Py 4-15) and resistant (Py 5-14, Py 6-14, 315 

and Py 19-11) isolates by using real time RT-PCR (supporting information Fig. S2). All three genes 316 

(PYU1_G001441, PYU1_G011997, and PYU1_G002609) resulted up-regulated in mefenoxam-317 

resistant isolates (log2FC 0.92-6.04), while they were slightly up-regulated or down-regulated in 318 

mefenoxam-sensitive isolates (log2FC from 1.28 to -3.71). 319 

 320 

4 DISCUSSION AND CONCLUSIONS 321 

 322 

In this study, six Pythium spp. were tested for sensitivity to two classes of fungicides, QoIs with 323 

azoxystrobin and phenylamides with mefenoxam. The intrinsic activity of azoxystrobin among 324 

species was rather stable and all isolates were sensitive to azoxystrobin, with exception of one isolate 325 

of P. paroecandrum which showed a reduced sensitivity. However, the width of intrinsic sensitivity 326 

differed between species and within species. The most sensitive species was Pythium Cluster B2a 327 

(mean EC50 0.10 mg/l), the least sensitive species was P. ultimum (mean EC50 2.35 mg/l). The range 328 

of sensitivities among isolates was rather broad for three Pythium spp., with 4.45-fold in P. ultimum, 329 

12.1-fold in P. aphanidermatum and 28.56-fold in P. irregulare complex. These results are in 330 

agreement with previous findings43-45 where Pythium inter- and intra-species variability of sensitivity 331 

to azoxystrobin was found in isolates from peanut, maize, and soybean.  332 

To our knowledge there is very little information on azoxystrobin resistance in Pythium spp. 333 

with the exception of one report in P. aphanidermatum.18 In this study, one isolate of P. 334 

paroecandrum (Py 25-11 from escarole) showed a reduced sensitivity to azoxystrobin, with a factor 335 

of 30.5 compared to the other isolates of the same species. However, because of the low number of 336 

tested P. paroecandrum isolates it is not clear whether this isolate can be considered as genetically 337 

least sensitive or if the species is intrinsically just less sensitive than other species. Interestingly, this 338 
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isolate was one of the few with low aggressiveness. In many cases, isolates with a reduced growth 339 

rate are apparently also less sensitive in fungicide tests. Less sensitive isolates to azoxystrobin were 340 

observed in this study in P. ultimum, P. irregulare complex and P. aphanidermatum. P. ultimum 341 

originating from lattughino and basil was the least sensitive species to azoxystrobin with EC50 values 342 

3-6 times higher with respect to the average EC50 of the other five Pythium spp.. One isolate of P. 343 

aphanidermatum from pepper (Py 11-15) was somewhat less sensitive to azoxystrobin compared to 344 

the other tested isolates within the same species, but isolated from different hosts in previous 345 

studies.46-48 Less sensitive Pythium isolates were observed also in P. ultimum and P. irregulare 346 

complex by Wheeler et al.43 and Radmer et al.45. Pythium Cluster B2a sp. from lettuce was the most 347 

sensitive species to azoxystrobin in our study similar to results reported by Broders et al.44 348 

The ITS phylogenetic analysis done in this study permitted the separation of six Pythium spp. 349 

in two main clusters showing that the four Pythium spp. with globose sporangia (P. ultimum, P. 350 

sylvaticum, P. paroecandrum and P. irregulare complex) were different from the two species with 351 

filamentous sporangia (P. aphanidermatum and Pythium Cluster B2a sp.). This is in accordance with 352 

the ITS separation of Pythium spp. on the basis of their sporangial forms.2,49 In addition, the different 353 

subclusters fit well with the appropriate Pythium clades defined by Lévesque and De Cock2 (clade A: 354 

P. aphanidermatum, clade B: Pythium Cluster B2a sp., clade I: P. ultimum, and clade F: P. sylvaticum, 355 

P. paroecandrum and P. irregulare complex).  356 

 A comparison with ITS phylogenetic analysis showed that the cyt b phylogenetics followed a 357 

similar separation of Pythium spp. into two distinct clusters (globose- and filamentous- sporangia 358 

clusters) allowing the appropriate species distinction into different subclusters. However, P. 359 

irregulare complex and P. paroecandrum were not clearly separated on the basis of the cyt b nt (not 360 

shown) and aa sequences probably indicating a higher genetic diversity of these species. P. irregulare 361 

complex contains genetically diverse species and requires additional analyses for determining its 362 

phylogenetic status.3,50,51 These results suggest that the cyt b phylogenetics could be used as 363 

alternative option in separation of some Pythium spp. because it is based on mitochondrial rather than 364 
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nuclear DNA.52 In addition, in both ITS and cyb b phylogenetic analyses, no clear correlation between 365 

host specificity and genotype was found.  366 

 Analysis of the cyt b gene sequence in P. paroecandrum isolate Py 25-11 with a reduced 367 

sensitivity to azoxystrobin revealed 2 amino acid changes, V(204)I, and V(325)I that were not 368 

reported so far in azoxystrobin resistance or cyt b/azoxystrobin interactions; therefore, further 369 

investigations are needed about the presence of specific cyt b aa changes and their possible role in 370 

azoxystrobin resistance. The same is true for two other amino acid changes found only in isolates 371 

with lower sensitivity to azoxystrobin: V(236)I in P. sylvaticum and P. ultimum, and I(301)L in P. 372 

irregulare complex. Moreover, resistance to azoxystrobin associated with the cyt b mutation F129L 373 

in one isolate of P. aphanidermatum18, and mutations G143A or F129L in many other plant pathogens 374 

were not observed in the P. paroecandrum isolate Py 25-11 nor in any other isolate. Decreased 375 

sensitivity to azoxystrobin may also be based on a compensation of the energy deficit induced by the 376 

fungicide upstream of the NADH dehydrogenase in the respiratory chain as proposed for V. 377 

inaequalis.16, through modification of the alternative oxidase gene, or through reduced accumulation 378 

of bc1 inhibitor.53,54 On the other hand, the reduced sensitivity is obviously not related to the presence 379 

of intron directly before or after codon 143, as found in rusts55, and Monilia spp.56,57, since no intron 380 

was detected in the cyt b gene in the studied Pythium spp.  381 

Fifty-three isolates of six Pythium spp. were studied also for resistance to mefenoxam and a 382 

total of 29 (55%) revealed to be resistant or intermediate resistant, amongst them 100% of Pythium 383 

Cluster B2a, 73 % of P. ultimum, 62.5% of P. irregulare complex, 25% each of P. paroecandrum 384 

and P. sylvaticum, and 11% of P. aphanidermatum. Continuous use of mefenoxam for the control of 385 

Pythium diseases, particularly seedling diseases, resulted in the appearance of resistance in the early 386 

1980ies in different vegetable crops, starting with P. aphanidermatum on turfgrass24, and then in a 387 

range of other Pythium spp.. 25 The EC50 values of mefenoxam-resistant isolates observed in this study 388 

are always high (> 100 mg/l) as described by other labs in Pythium spp. originating from turfgrass, 389 

potato, soybean, corn and floral crops.24,28,27,45,58 On the other hand, there are also reports on 390 
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mefenoxam resistant isolates of P. irregulare complex, P. ultimum and P. aphanidermatum with 391 

somewhat lower EC50 values.25,59-61 These differences in absolute values might be primarily related 392 

to different test methods and illustrates the importance of including resistant (and sensitive) reference 393 

isolates per species and using approved standard test procedures as deposited for example in the 394 

FRAC monitoring methods collection (www.frac.info) to exclude any misleading results. Even more 395 

important than the detection of single resistant isolate is investigating the resistance frequency in a 396 

given population requiring a minimum number of isolates to be included in the tests. Obviously many 397 

Pythium isolates in our study were sensitive to mefenoxam which is in accordance with sensitivity 398 

reports from other studies.45,62 The presence of 19% intermediate resistant isolates along with 36% 399 

resistant and 45% sensitive isolates may suggest the occurrence of sexual recombination in some 400 

Pythium spp. that was already reported in P. ultimum.63  401 

Examination of the putative RPA190 of three mefenoxam-resistant and three mefenoxam-sensitive P. 402 

ultimum isolates in the gene sequence containing the previously reported mefenoxam-associated 403 

resistance at aa position 38229, did not reveal any aa changes between sensitive and resistant isolates. 404 

This is in agreement with the absence of aa changes in RPA190 sequence of mefenoxam-resistant P. 405 

infestans isolates reported by Matson et al.64 who suggested that RPA190 does not cosegregate with 406 

mefenoxam resistance (in spite of the results reported by Randall et al.29). Although there were no aa 407 

changes present in the RPA190 sequence of mefenoxam-resistant isolates, the high up-regulation of 408 

three ABC transporter genes were found in three different P. ultimum mefenoxam-resistant isolates. 409 

This indicates that ABC transporters might be related with the efflux of mefenoxam, since similar 410 

findings of the strong activation of the same ABC transporter genes have been found in P. ultimum 411 

upon treatment with mefenoxam (more then 25-fold)30, and of distinct ABC transporters in P. 412 

infestans with acquired resistance to mefenoxam (more then 30-fold).65 Overall, it seems that ATP-413 

binding cassette superfamily (ABC) transporters might be related with mefenoxam resistance in P. 414 

ultimum. For further studies, it would be useful to study also the two major loci (MEXI and MEXII) 415 

in Pythium spp., since they have been reported in association with mefenoxam insensitivity.66-68 416 

http://www.frac.info/
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In conclusion, all isolates of six different Pythium species were sensitive to azoxystrobin but 417 

provided some variation in their species-specific intrinsic sensitivities (P. ultimum, P. 418 

aphanidermatum, P. irregulare complex, P. sylvaticum, and Pythium Cluster B2a sp.) with the 419 

indication of one P. paroecandrum isolate which was less sensitive than other isolates of the same 420 

species. The same isolate exhibited a low aggressiveness and was sensitive to mefenoxam. Since the 421 

intrinsic activity of azoxystrobin was rather stable and no resistant isolates were found, such fungicide 422 

may be applied without the need of species differentiation, provided it is used preventatively to also 423 

control fast growing highly aggressive isolates and at rates high enough to also control less sensitive 424 

isolates. On the other hand, about half of the isolates were sensitive and the other half resistant or 425 

intermediate resistant to mefenoxam. As a consequence, growers may find mefenoxam as ineffective 426 

in some cases but still giving certain control in other cases (depending on species and frequency of 427 

resistant isolates within a species). For a reliable use of mefenoxam, precise identification and 428 

sensitivity tests of Pythium species are crucial because its intrinsic activity is quite variable among 429 

species and resistant isolates may exist. Appropriate mixtures and/or alternation of products with 430 

other modes of action may help to further delay resistance development. In addition, the use of 431 

biological control agents and soil amendment with compost may help to suppress  diseases incited by 432 

Pythium spp.. 433 

 434 

ACKNOWLEDGMENTS 435 

The research that has led to these results has received funding from the European Union Horizon 436 

2020 research and innovation program under grant agreement number 634179 “Effective 437 

Management of Pests and Harmful Alien Species-Integrated Solutions” (EMPHASIS). Authors 438 

would like to thank Ilenia Pintore (AGROINNOVA, University of Turin, Turin, Italy) who helped in 439 

carrying out the initial part of the experiments. 440 

 441 



18 
 

REFERENCES 442 

1 Dick MW, The Peronosporomycetes, in The Mycota Vol. VII, ed. by McLaughlin DJ, 443 

McLaughlin EG and Lemke PA, Springer-Verlag, Berlin Heidelberg, pp. 39-72 (2001). 444 

2 Lévesque CA and De Cock AW, Molecular phylogeny and taxonomy of the genus Pythium. 445 

Mycol Res 108:1363-1383 (2004). 446 

3 Schroeder KL, Martin FN, de Cock AWAM, Lévesque CA, Spies CFJ, Okubara PA et al., 447 

Molecular detection and quantification of Pythium species: evolving taxonomy, new tools, and 448 

challenges. Plant Dis 97:4-20 (2013). 449 

4 Stephens CT and Powell CC, Pythium species causing damping-off of seedling bedding plants 450 

in Ohio greenhouses. Plant Dis 66:731-733 (1982). 451 

5 Garibaldi A, Gilardi G, Ortega SF and Gullino ML, Root Rot of Lamb’s Lettuce (Valerianella 452 

olitoria) in Northern Italy Caused by Pythium irregulare. Plant Dis 99:1650 (2015). 453 

6 Garibaldi A, Gilardi G, Ortu G and Gullino ML, Root Rot of Spinach in Southern Italy Caused 454 

by Pythium aphanidermatum. Plant Dis 99:159.1 (2015). 455 

7 Gilardi G, Matic S, Gullino ML and Garibaldi A, First Report of Root Rot Caused by Pythium 456 

sylvaticum on lettuce in Italy. Plant Dis. 102:454 (2018). 457 

8 Gilardi G, Matic S, Gullino ML and Garibaldi A, First Report of Damping off Caused by Pythium 458 

aphanidermatum on bean (Phaseolus vulgaris) in Italy. Plant Dis. Posted online on 15 Jan 2018. 459 

https://doi.org/10.1094/PDIS-05-17-0647-PDN (2018). 460 

9 Sutton JC, Sopher CR, Owen-Going TN, Liu W, Grodzinski B, Hall JC et al., Etiology and 461 

epidemiology of Pythium root rot in hydroponic crops: current knowledge and perspectives. 462 

Summa Phytopathol 32:307-321 (2006). 463 

10 Nzungize JR, Lyumugabe F, Busogoro J-P and Baudoin J-P, Pythium root rot of common bean: 464 

biology and control methods. A review. Biotechnol Agron Soc Environ 16:405-413 (2012). 465 

https://doi.org/10.1094/PDIS-05-17-0647-PDN


19 
 

11 Becker WF, von Jagow G, Anke T and Steglich W, Oudemansin, strobilurin a, strobilurin b, and 466 

myxothiazol: new inhibitors of the bc1 segment of the respiratory chain with an E-β-467 

methoxyacrylate system as common structural element. FEBS Lett 132:329-333 (1981). 468 

12 Gisi U, Sierotzki H, Cook A and McCaffery A, Mechanisms influencing the evolution of 469 

resistance to Qo inhibitor fungicides. Pest Manag Sci 58:859-867 (2002). 470 

13 Reschke  M, Strobis in Gefahr. DLG-Mitteilungen 1:51 (1999). 471 

14 Heaney SP, Hall AA, Davies SA and Olaya G, Resistance to fungicides in the QoI-STAR cross-472 

resistance group: current perspectives, in  The BCPC Conference: Pests and Diseases, Volume 473 

2, Brighton, UK, pp. 755-762 (2000). 474 

15  Ishii H, Fraaije BA, Sugiyama T, Noguchi K, Nishimura K, Takeda T et al.,  Occurrence and 475 

molecular characterization of strobilurin resistance in cucumber powdery mildew and downy 476 

mildew. Phytopathology 91:1166-1171 (2001). 477 

16  Steinfeld U, Sierotzki H, Parisi S, Poirey S and Gisi U, Sensitivity of mitochondrial respiration 478 

to different inhibitors in Venturia inaequalis. Pest Manag Sci 57:787-796 (2001). 479 

17 Ma Z, Felts D and Michailides TJ, Resistance to azoxystrobin in Alternaria isolates from 480 

pistachio in California. Pestic Biochem Physiol 77:66-74 (2003). 481 

18 Olaya G, Cleere S, Stanger C, Burbidge J, Hall A and Windass J, A novel potential target site 482 

QoI fungicide resistance mechanism in Pythium aphanidermatum. Phytopathology 93:S67 483 

(2003). 484 

19  Wilcox WF, Burr JA, Riegel DG and Wong FP, Practical resistance to QoI fungicides in New 485 

York populations of Uncinula necator associated with quantitative shifts in pathogen 486 

sensitivities. Phytopathology 93:S90 (2003). 487 

20 Omatsu N, Tomihama T and Nonaka Y, Incidence of strobilurin and benzimidazole resistant 488 

strains of Pestalotiopsis longiseta, causal agent of gray blight, and practical control in tea field 489 

of Kagoshima Prefecture. Japanese J Phytopathol 78:3-9 (2012). 490 



20 
 

21  Zhou Y, Chen L, Hu J, Duan H, Lin D, Liu P et al., Resistance mechanisms and molecular docking 491 

studies of four novel QoI fungicides in Peronophythora litchii. Sci Rep 5:17466 (2015). 492 

22 Davidse LC, Phenylamide fungicides - biochemical action and resistance, in Modern Selective 493 

Fungicides, ed. by Lyr H, Gustav Fischer, Jena, pp. 347-354 (1995). 494 

23 Hermann D and Gisi U, Fungicide resistance in oomycetes with special reference to 495 

Phytophthora infestans and phenylamides, in Fungicide resistance in crop protection: risk and 496 

management, ed. by Thind TS, CABI, Wallingford, pp. 133-140 (2012). 497 

24 Sanders PL, Failure of metalaxyl to control Pythium blight on turfgrass in Pennsylvania. Plant 498 

Dis 68:776-777 (1984). 499 

25 Cook RJ and Zhang B-X, Degrees of sensitivity to metalaxyl within the Pythium spp. pathogenic 500 

to wheat in the Pacific Northwest. Plant Dis 69:686-688 (1985). 501 

26 White JG, Stanghellini ME and Ayoubi LM, Variation in the sensitivity to metalaxyl of Pythium 502 

spp. isolated from carrot and other sources. Ann Appl Biol 113:269-278 (1988). 503 

27 Moorman GW, Kang S, Geiser DM and Kim SH, Identification and characterisation of Pythium 504 

species associated with greenhouse floral crops in Pennsylvania. Plant Dis 86:1227-1231 (2002). 505 

28 Taylor RJ, Sales B, Secor GA, Rivera V and Gumestad NC, Sensitivity of North American 506 

isolates of Phytophthora erythroseptica and Pythium ultimum to mefenoxam (metalaxyl). Plant 507 

Dis 86:797-802 (2002). 508 

29 Randall E, Young V, Sierotzki H, Scalliet G, Birch PR, Cooke DE et al., Sequence diversity in 509 

the large subunit of RNA polymerase I contributes to Mefenoxam insensitivity in Phytophthora 510 

infestans. Mol Plant Pathol 15:664-76 (2014). 511 

30 Lévesque CA, Brouwer H, Cano L, Hamilton JP, Holt C, Huitema E et al., Genome sequence of 512 

the necrotrophic plant pathogen Pythium ultimum reveals original pathogenicity mechanisms and 513 

effector repertoire. Genome Biol 11:R73 (2010).   514 

31 Gisi U, Sierotzki H, Fungicide modes of action and resistance in downy mildews. Eur J Plant 515 

Pathol 122:157-167(2008). 516 



21 
 

32 Motulsky H, GraphPad Prism Regression Guide. [Online]. GraphPad Software Inc., San Diego, 517 

CA, USA (2007) Available:  http://www.graphpad.com [26 January 2018].  518 

33 Sierotzki H, Frey R, Wullschleger J, Palermo S, Karlin S,  Godwin J et al.,  Cytochrome b gene 519 

sequence and structure of Pyrenophora teres and P. tritici-repentis and implications for QoI 520 

resistance.Pest Manag Sci 63:225-233 (2007). 521 

34 White TJ, Bruns T, Lee S and Taylor J, Amplification and direct sequencing of fungi ribosomal 522 

RNA genes for phylogenetics, in PCR Protocols. A Guide to Methods and Application, ed. by 523 

Innis MA, Gelfand DH, Sninsky  JJ and White TJ, Academic Press, San Diego, pp. 315-322 524 

(1990). 525 

35 Garibaldi A, Gilardi G, Matic S and Gullino ML, First report of stem rot caused by a Pythium 526 

Cluster B2a species on lettuce in Italy. Plant Dis 101:1681 (2017). 527 

36 Paul B, Galland D, Bhatnagar T and Dulieu H, A new species of Pythium isolated from the 528 

Burgundy region in France. FEMS Microbiol Lett 158:207-213 (1998). 529 

37  Zhu Y, Zhou P, Hu J, Zhang R, Ren L, Li M et al., Characterization of Pythium Transcriptome 530 

and Gene Expression Analysis at Different Stages of Fermentation. PLoS One 8:e65552 (2013). 531 

38  Livak KJ and Schmittgen TD, Analysis of relative gene expression data using real-time 532 

quantitative PCR and the 2−ΔΔCT method. Methods 25:402-408 (2001). 533 

39 Thompson JD, Higgins DG and Gibson TJ, CLUSTAL W: Improving the sensitivity of 534 

progressive multiple sequence alignment through sequence weighting, position-specific gap 535 

penalties and weight matrix choice. Nucleic Acids Res 22:4673-4680 (1994). 536 

40 Kumar S, Stecher G and Tamura K, MEGA7: Molecular Evolutionary Genetics Analysis Version 537 

7.0 for Bigger Datasets. Mol Biol Evol 33:1870-4 (2016). 538 

41 Gisi U, Hermann D, Ohl L and Steden C, Sensitivity profiles of Mycosphaerella graminicola and 539 

Phytophthora infestans populations to different classes of fungicides. Pestic Sci 51:290-298 540 

(1997). 541 

http://www.graphpad.com/


22 
 

42 Esser L, Quinn B, Li YF, Zhang M, Elberry M, Yu L et al., Crystallographic studies of quinol 542 

oxidation site inhibitors: a modified classification of inhibitors for the cytochrome bc1 complex. 543 

J Mol Biol 341:281-302 (2004). 544 

43 Wheeler TA, Howell CR, Cotton J and Porter D, Pythium species associated with pod rot on west 545 

Texas peanuts and In Vitro sensitivity of isolates to mefenoxam and azoxystrobin. Peanut Sci 546 

32:9-13 (2005). 547 

44 Broders KD, Lipps PE, Paul PA and Dorrance AE, Characterization of Pythium spp. associated 548 

with corn and soybean seed and seedling disease in Ohio. Plant Dis 91:727-735 (2007). 549 

45 Radmer L, Anderson G, Malvick DM, Kurle JE, Rendahl A and Mallik A, Pythium, 550 

Phytophthora, and Phytopythium spp. associated with soybean in Minnesota, their relative 551 

aggressiveness on soybean and corn, and their sensitivity to seed treatment fungicides. Plant Dis 552 

101:62-72 (2017). 553 

46 Mihajlović M, Rekanović E, Hrustić J, Tanović B, Potočnik I, Stepanović M et al., In Vitro and 554 

In Vivo toxicity of several fungicides and timorex gold biofungicide to Pythuim aphanidermatum. 555 

Pestic Phytomed (Belgrade) 28:117-123 (2013). 556 

47 Chavan PG, Apet KT and Borade RS, Efficacy of fungicides and bioagents against Pythium 557 

aphanidermatum causing rhizome rot of turmeric. Int J Curr Microbiol App Sci 6:4312-4320 558 

(2017). 559 

48 Mufunda F, Muzhinji N, Sigobodhla T, Marunda M, Chinheya CC and Dimbi S, Characterization 560 

of Pythium spp. associated with root rot of tobacco seedlings produced using the float tray system 561 

in Zimbabwe. J Phytopathol 165:737-745 (2017). 562 

49 Matsumoto C, Kageyama K, Suga H and Hyakumachi M, Phylogenetic relationships of Pythium 563 

species based on ITS and 5.8S sequences of the ribosomal DNA. Mycoscience 40:321-331 564 

(1999). 565 



23 
 

50 Garzón CD, Geiser DM and Moorman GW, Amplified fragment length polymorphism analysis 566 

and internal transcribed spacer and coxII sequences reveal a species boundary within Pythium 567 

irregulare. Phytopathology 95:1489-1498 (2005). 568 

51 Garzón CD, Yánez JM and Moorman GW, Pythium cryptoirregulare, a new species within the 569 

P. irregulare complex. Mycologia 99:291-301 (2007). 570 

52 Robideau GP, De Cock AW, Coffey MD, Voglmayr H, Brouwer H, Bala K et al., DNA 571 

barcoding of oomycetes with cytochrome c oxidase subunit I and internal transcribed spacer. Mol 572 

Ecol Resour 11:1002-1011 (2011). 573 

53 Avila-Adame C and  Köller W, Disruption of the alternative oxidase gene in Magnaporthe grisea 574 

and its impact on host infection. Mol Plant Microbe Interact 15:493-500 (2002). 575 

54 Esser L, Yu CA and Xia D, Structural basis of resistance to anti-cytochrome bc₁ complex 576 

inhibitors: implication for drug improvement. Curr Pharm Des 20:704-24 (2014). 577 

55 Grasso V, Palermo S, Sierotzki H, Garibaldi A and Gisi U, Cytochrome b gene structure and 578 

consequences for resistance to Qo inhibitor fungicides in plant pathogens. Pest Manag Sci 62: 579 

465-472 (2006). 580 

56 Miessner S and Stammler G, Monilinia laxa, M. fructigena and M. fructicola: Risk estimation of 581 

resistance to QoI fungicides and identification of species with cytochrome b gene sequences. J 582 

Plant Dis Protect 117:162-167 (2010). 583 

57 Pereira WV, Primiano IV, Morales RGF, Peres NA, Amorim L and May De Mio LL, Reduced 584 

sensitivity to azoxystrobin of Monilinia fructicola isolates from Brazilian stone fruits is not 585 

associated with previously described mutations in the cytochrome b gene. Plant Dis 101:766-586 

773 (2017). 587 

58 Al-Sa’di AM, Drenth A, Deadman ML and Aitken EAB, Genetic diversity, aggressiveness and 588 

metalaxyl sensitivity of Pythium aphanidermatum populations infecting cucumber in Oman. 589 

Plant Pathol 57:45-56 (2008). 590 



24 
 

59 Brantner JR and Windels CE, Variability in sensitivity to metalaxyl in vitro, pathogenicity, and 591 

control of Pythium spp. on sugar beet. Plant Dis 82:896-899 (1998). 592 

60 Mazzola M, Andrews PK, Reganold JP and Lévesque CA, Frequency, virulence, and metalaxyl 593 

sensitivity of Pythium spp. isolated from apple roots under conventional and organic production 594 

systems. Plant Dis 86:669-675 (2002). 595 

61 Titone P, Mocioni M, Garibaldi A and Gullino ML, Fungicide failure to control Pythium blight 596 

on turf grass in Italy. J Plant Dis Protect 116:55-59 (2009). 597 

62 Martinez C, Lévesque CA, Bélanger RR and Tweddell RJ, Evaluation of fungicides for the 598 

control of carrot cavity spot. Pest Manag Sci 61:767-771 (2005). 599 

63 Francis DM and St Clair DA, Outcrossing in the homothallic oomycete, Pythium ultimum, 600 

detected with molecular markers. Curr Genet 24:100-106 (1993). 601 

64 Matson ME, Small IM, Fry WE and Judelson HS, Metalaxyl resistance in Phytophthora 602 

infestans: assessing role of RPA190 gene and diversity within clonal lineages. Phytopathology 603 

105:1594-600 (2015). 604 

65 Childers R, Danies G, Myers K, Fei Z, Small IM and Fry WE, Acquired resistance to mefenoxam 605 

in sensitive isolates of Phytophthora infestans. Phytopathology 105:342-34 (2015). 606 

66 Fabritius AL, Shattock RC and Judelson HS, Genetic analysis of metalaxyl insensitivity loci in 607 

Phytophthora infestans using linked DNA markers. Phytopathology 87:1034-1040 (1997). 608 

67 Judelson HS and Roberts S, Multiple loci determining insensitivity to phenylamide fungicides in 609 

Phytophthora infestans. Phytopathology 89:754-760 (1999). 610 

68 Judelson HS and Senthil G, Investigating the role of ABC transporters in multifungicide 611 

insensitivity in Phytophthora infestans. Mol Plant Pathol 7:17-29 (2006). 612 

 613 

CAPTIONS TO SUPPLEMENTARY FIGURES 614 

 615 

 616 



25 
 

Table 1. Sensitivity of different Pythium spp. to azoxystrobin and mefenoxam  617 

No. of 

isolates 
Host Species 

Azoxystrobin 

EC50 (mg/L) 

 Mefenoxam 

EC50 (mg/L) 

   S RS  S IR R 

8 Lettuce 

 

1.72±0.19 -  1.24±0.27 57.76±6.53 297.06±30.86 

5 Lattughino 3.34±0.36 -  - - 283.74±35.04 

2 Lamb’s lettuce 1.34±0.13 -  - - 283.15±25.65 

6 Spinach 2.28±0.23 -  0.23±0.03 30.28±4.82 283.96±26.33 

1 Basil 5.96±0.64 -  - 58.05±7.94 - 

1 Wild rocket 1.52±0.17 -  0.56±0.05 - - 

1 Rocket  1.74±0.14 -  - - 282.12±32.88 

1 Chard 1.64±0.17 -  0.22±0.03 - - 

1 Endive 1.62±0.15 -  0.18±0.02 - - 

Mean EC50  P. ultimum 2.35±0.19 -  0.49±0.08 48.70±6.43 286.01±30.15 

3 Spinach 

 

0.34±0.03 -  2.23±0.30 - 281.50±33.16 

2 Pepper 1.21±0.17 -  3.61±0.44 - - 

1 Leaf beet 0.29±0.02 -  1.95±0.21 - - 

1 Bean  0.21±0.03 -  6.23±0.78 - - 

1 Unknown 0.10±0.01 -  6.70±0.62 - - 

1 Unknown 0.10±0.01 -  4.42±0.56 - - 

Mean EC50  P. aphanidermatum 0.38±0.05 -  4.19±0.49 - 281.50±33.16 

3 Lamb’s lettuce  

 

 

 

3.66±0.41 -  - 68.42±7.18 116.30±14.47 

1 Rocket 4.57±0.48 -  - - 130.16±17.81 

1 Subterranean clover 0.57±0.04 -  0.80±0.10 - - 

1 Spinach  0.16±0.02 -  4.39±0.65 - - 

1 Snapdragon 1.01±0.17 -  3.26±0.44 - - 

1 Unknown 1.78±0.25 -  - 30.13±4.05 - 

Mean EC50  P. irregulare complex 1.96±0.23 -  2.82±0.40 55.65±5.62 123.23±16.14 

1 Escarole 

 

- 14.64±1.89  1.81±0.25 - - 

1 Ditch water 0.10±0.01 -  0.10±0.02 - - 

1 Wheat field soil 0.79±0.09 -  18.85±2.29 - - 

1 Unknown 0.56±0.07 -  - 59.20±7.13 - 

Mean EC50  P. paroecandrum 0.48±0.06 14.64±1.89  6.92±0.85 59.20±7.13 - 

3 Lettuce 
 

2.97±0.33 -  0.66±0.13 - - 

1 Unknown 0.95±0.01 -  - 67.32±8.11 - 

Mean EC50  P. sylvaticum 1.96±0.17 -  0.66±0.13 67.32±8.11 - 

2 Lettuce  0.10±0.01 -  - - 207.56±19.48 

Mean EC50  Pythium Cluster B2a sp. 0.10±0.01 -  - - 207.56±19.48 

 618 

S = sensitive isolates; RS= isolate with reduced sensitivity; IR = intermediate resistant isolates; R = resistant 619 

isolates 620 
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Table 2. List of isolates of Pythium spp. used for ITS and cyt b molecular characterization 621 
 

 

 

 

 

 

 

No Species Isolate ITS Reference Cyt b Reference 

1  

 

P. ultimum  

Py 5-10 MF963038 This study MG020409 This study 

2 P. ultimum Py 6-11 MF963037 This study MG020408 This study 

3 P. ultimum  Py 6-13 MF963040 This study MG020411 This study 

4 P. ultimum Py 2-14 MF963032 This study MG020403 This study 

5 P. ultimum Py 2-15 MF963041 This study MG020412 This study 

6 P. ultimum Py 5-14 MG642085 This study MG642086 This study 

7 P. ultimum Py 6-14 MF963034 This study MG020405 This study 

8 P. ultimum Py 7-14 MF963035 This study MG020406 This study 

9 P. ultimum  Py 19-11 MF963039 This study MG020410 This study 

10 P. ultimum Py 3-14 MF963033 This study MG020404 This study 

11 P. ultimum Py 4-15 MF963036 This study MG020407 This study 

12 P. aphanidermatum Py 1-14 KM111256 Galibardi et al., 2015 MG020388 This study 

13 P. aphanidermatum Py 10-14 MF963022 This study MG020389 This study 

14 P. aphanidermatum Py 11-15 MF963023 This study MG020391 This study 

15 P. aphanidermatum Py 12-15 MF963024 This study MG020392 This study 

16 P. aphanidermatum Py 3-10A MF963021 This study MG020387 This study 

17 P. aphanidermatum Py 13-14 MF040822 Gilardi et al., in press MG020390 This study 

18 P. irregulare complex Py 42-12 MF963028 This study MG020399 This study 

19 P. irregulare complex Py 10-11 MF963029 This study MG020400 This study 

20 P. irregulare complex CBS127516 MF963030 This study MG020401 This study 

21 P. irregulare complex Py 1-15 MF963027 This study MG020398 This study 

22 P. irregulare complex CBS127517 MF963031 This study MG020402 This study 

23 P. paroecandrum Py 25-11 MF963042 This study MG020413 This study 

24 P. paroecandrum CBS20379 MF963043 This study MG020414 This study 

25 P. paroecandrum CBS122661 DQ218336 Paul et al.. 1998 MG020415 This study 

26 P. sylvaticum Py 4-13 MF079259 Gilardi et al.. 2018 MG020396 This study 

27 P. sylvaticum Py 22-11 MF963026 This study MG020397 This study 

28 P. sylvaticum Py 8-11 MF963025 This study MG020395 This study 

29 Pythium Cluster B2a sp. Py 11-14 KY495893 Galibardi et al., 2017 MG020393 This study 

30 Pythium Cluster B2a sp. Py 12-14 KY495894 Galibardi et al., 2017 MG020394 This study 
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CAPTIONS TO FIGURES 622 

Figure 1. Sensitivity distribution (EC50) of Pythium spp. populations to azoxystrobin. Reference 623 

isolates are included. Sensitivity distribution is plotted on a logarithmic EC50 scale. 624 

 625 

 626 

 627 

 628 

Figure 2. Sensitivity distribution of Pythium spp. populations to mefenoxam. Reference isolates are 629 

included. The strains are grouped in sensitive for EC50 < 30, intermediate resistant for EC50 value 630 

between 30 and 100, and resistant for EC50 > 100 mg/l.  631 

 632 

 633 

 634 

 635 
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Figure 3. Phylogenetic relationships of Pythium spp. based on ITS nt (A) and cytochrome b aa (B) 636 

inferred by Neighbour-joining analysis. Bootstrap analysis is supported with 1000 replications. 637 

Numbers at nodes indicate percentage of clade occurrence in 1000 bootstrap replicates; and values of 638 

support less than 50% are not shown. For each isolate, the species and host affiliation, the isolate 639 

name and Accession Numbers are shown.  Reference isolates are indicated in bold (CBS and 640 

Syngenta). 641 

 642 

 643 

 644 
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 645 

Figure 4. Amino acid sequence multiple alignment of the cyt b gene of isolates of different Pythium 646 

spp.: Interspecific amino acid in position 112 aa is shown by arrow. Positions of previously reported 647 

amino acid changes associated with resistance to azoxystrobin (129 and 143) are indicated by 648 

triangles. 649 

 650 

 


