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Abstract 13 

Phytophthora infestans is an oomycete that causes potato and tomato late blight disease, a 14 

worldwide concern for farmers given the crop losses it causes and its explosive epidemic 15 

potential. In order to control the disease, an integral management approach, which includes 16 

the use of fungicides, has been implemented. Unfortunately, populations of P. infestans 17 

resistant to fungicides have been documented. Furthermore, it has been shown that originally 18 

sensitive isolates of P. infestans are able to acquire resistance to mefenoxam in vitro, after a 19 

single exposure through sublethal concentrations of this widely used fungicide. The effect on 20 

sporangial production and mycelial radial growth of two consecutive exposures on 21 

mefenoxam-amended media was assessed. For originally sensitive isolates there was 22 

increased mycelial radial growth on the second exposure but no significant differences in 23 

sporangial production were observed. On the contrary, for originally resistant isolates there 24 

was no effect on mycelial radial growth, but significant differences in sporangia production 25 

were detected. Isolates were then repeatedly exposed to mefenoxam-amended media (4 more 26 

times). However, no significant changes in sporangial production or mycelial radial growth 27 

were observed. Isolates that had acquired resistance to mefenoxam became sensitive after a 28 

single transfer through unamended media. Interestingly, resistance could be re-induced on 29 

isolates that had reverted or partially reverted their acquired resistance to mefenoxam.  30 

  31 

  32 

  33 
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Introduction 34 

Phytophthora infestans is an oomycete that causes potato and tomato late blight disease. This 35 

disease caused the Irish Famine in the late 1840’s and today continues to be a worldwide 36 

concern for farmers given its explosive epidemic potential (Fry, 2008). In order to control 37 

the disease, an integrated pest management approach has been used. This consists in planting 38 

resistant cultivars, eliminating traces of the pathogen in farming equipment and volunteers, 39 

and the use of fungicides (Fry, 2008). 40 

The use of fungicides is somewhat limited due to the emergence of resistant strains 41 

of P. infestans (Grünwald et al., 2005; Danies et al., 2013). Metalaxyl (now mefenoxam), is 42 

a phenylamide systemic fungicide, suggested to inhibit ribosomal RNA (rRNA) synthesis 43 

(Wollgiehn et al., 1984). Resistant strains of P. infestans were first reported in the late 1980’s, 44 

ten years after the release of this product (Carter et al., 1982). A mutation in the large subunit 45 

of the RNA polymerase 1 (RPA190) was associated to resistance to metalaxyl (Randall et 46 

al., 2014). However, this was disproved by Matson et al. (2015), who showed that the 47 

RPA190 genotype is not present in every resistant isolate of P. infestans, and that isolates 48 

that are sensitive to metalaxyl may also display the RPA190 genotype. Thus, the mechanism 49 

of resistance to mefenoxam in P. infestans is yet unknown. 50 

In addition to naturally resistant populations of P. infestans, Staub et al. (1979), Bruin 51 

et al. (1981), and Childers et al., (2015) reported that different strains of P. infestans are able 52 

to acquire resistance to mefenoxam, in vitro, after being exposed one single time to sublethal 53 

concentrations (1 and 5 µg ml-1) of mefenoxam-supplemented medium. Interestingly, this 54 

phenomenon does not seem to occur with fluopicolide and cymoxanil, two systemic 55 

fungicides with modes of action different to that of mefenoxam (González-Tobón et al., 56 

2019). In 2001, Thind et al. demonstrated that P. infestans is able to acquire resistance to 57 
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mefenoxam on detached leaflets and could have the same pathogenic characteristics as a 58 

naturally field resistant isolate. However, a minor decrease in the sporangial production rate 59 

was observed. Thind et al. (2001) further suggested that resistance to mefenoxam could 60 

increase gradually, given that previously sensitive isolates were able to acquire resistance by 61 

being transferred through leaflets amended with progressively higher concentrations of 62 

mefenoxam.  63 

Childers et al., (2015) propose that there is a cost in fitness when the pathogen 64 

acquires resistance to mefenoxam given that mycelial growth on the control plates (0 µg ml-65 

1 of mefenoxam), for isolates that had acquired resistance, was slower than that of isolates 66 

that had never been exposed to the fungicide. It was also found that after two consecutive 67 

exposures through mefenoxam-free medium, isolates that had acquired resistance seemed to 68 

recover their sensitivity. 69 

 The mefenoxam-acquired resistance phenomenon has also been observed on 70 

different species of Phytophthora spp., such as P. pseudocryptogea and P. betacei, a recently 71 

described species closely related to P. infestans (Mideros et al., 2018; Gonzalez-Tobon et al., 72 

2019). Additionally, another oomycete pathogen, Phytopythium sp., was able to acquire 73 

resistance to mefenoxam (Gonzalez-Tobon et al., 2019). Furthermore, the speed at which it 74 

happens, and the fact that it can be slightly reverted, suggests that an epigenetic mechanism, 75 

and not a mutation, seems to be the cause of this phenomenon (Childers et al., 2015). Further 76 

research is needed to elucidate the strategies underlying the mefenoxam-acquired resistance 77 

phenomenon. 78 

The aims of this study were to i) assess if there is an effect on sporangial production 79 

and mycelial radial growth on isolates that are exposed twice to mefenoxam; ii) investigate 80 

if there is an effect on sporangial production and mycelial radial growth in isolates of P. 81 
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infestans after four more exposures through mefenoxam-amended medium; iii) assess if 82 

acquired resistance is maintained (in originally sensitive isolates) after several transfers 83 

through unamended medium; iv) induce isolates that had reverted or partially reverted their 84 

resistance to mefenoxam to acquire it again.  85 

 86 

Methods 87 

 88 

Isolate maintenance and selection criteria 89 

A total of six isolates were used in this study (Table 1). All isolates were grown in 10 ml of 90 

rye B agar (60 g of rye grain, 15 g of bacteriological agar, 20 g of sucrose, and 0.05 g of β-91 

sitosterol, for 1 L of medium), supplemented with 5 ml of PCNB and 1 ml of Rifampicin, 92 

and incubated at 20 ± 0.5 °C in the dark (Caten & Jinks, 1968). In order to keep a fresh stock 93 

of isolates that had never been exposed to mefenoxam, isolates were transferred periodically 94 

(every two weeks) by taking a 6 mm plug from the margin of an actively growing colony and 95 

placing it on the center of a fresh rye B agar petri plate. 96 

Isolates used in this study were selected based on their original sensitivity to 97 

mefenoxam (Ridomil Gold SL Syngenta); three were sensitive (EC50 < 5 µg ml-1 of 98 

mefenoxam) and three were resistant (EC50 > 5 µg ml-1 of mefenoxam) (Saville et al., 2014). 99 

  100 

Initial mefenoxam sensitivity assays 101 

For comparison purposes needed in downstream analyses, initial mefenoxam-sensitivity was 102 

re-assessed in this study by taking a 6 mm plug from the margin of an actively growing 103 

colony that had never been exposed to mefenoxam and placing it on the center of a 10 ml rye 104 

B agar plate supplemented with different concentrations of mefenoxam: 0, 0.1, 1, 5, 10, 100, 105 
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and 1000 µg ml-1 (Figure 1). Isolates were then incubated at 20 ± 0.5 °C. Mycelial radial 106 

growth was measured in every concentration when the control plate (0 µg ml-1 of 107 

mefenoxam) covered 80 to 90% of the petri plate (15 x 96 mm). Three technical replicates 108 

of each isolate were done and the whole experiment was repeated two times (biological 109 

replicates). For the concentration of 5 µg ml-1, an additional technical replicate was done for 110 

each sensitive isolate in order to have enough mycelia to excise plugs for the subsequent 111 

experiments (see below; Figure 2). Experiments for each biological replicate were done on 112 

different days using media prepared on separate days.  113 

To assess mycelial radial growth, pictures were taken using a gel documentation 114 

system (Bio-Rad) and radial growth was assessed using the Image J software (Schneider et 115 

al. 2012). The size of the plug was subtracted from each measurement and the percentage of 116 

growth relative to the control was calculated.  117 

Fungicide concentrations at which 50% of mycelial growth was inhibited (EC-50) 118 

was calculated through a nonlinear regression analysis using the percent inhibition values. 119 

Fungicide concentrations were transformed to logarithmic form and percent growth values 120 

were normalized. The software used for this analysis was R Studio. The function used was 121 

drm, which belongs to the package drc (RStudio Team, 2015). Isolates were considered 122 

sensitive if EC-50 values were < 5 µg ml-1 of mefenoxam (Saville et al., 2014).  123 

 124 

Effect of two consecutive exposures through-mefenoxam amended media (double exposure 125 

assay) on sporangial production and mycelial radial growth in isolates that had never been 126 

exposed to mefenoxam 127 

Sporangial production and mycelial radial growth, in vitro, were determined on six P. 128 

infestans isolates, after two consecutive exposures through mefenoxam-amended medium.  129 
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Isolates that had previously been exposed to a sublethal concentration of mefenoxam 130 

(5 µg ml-1 of mefenoxam), were transferred to plates containing 0, 5, and 100 µg ml-1 of 131 

mefenoxam-amended rye B agar (Figure 1) and incubated at 20 ± 0.5 °C. Mycelial radial 132 

growth and sporangial production were measured in every concentration when the control 133 

plate (0 µg ml-1 of mefenoxam) covered 80 to 90% of the petri plate (60 x 15 mm). Sporangial 134 

production was assessed by scrapping the mycelia with a toothpick and diluting it in 1 ml of 135 

sterile distilled water. Mycelia coming from every plate (0, 5, and 100 µg ml-1 of mefenoxam) 136 

were placed in separate Eppendorf tubes. Each sporangial suspension was vortexed for one 137 

minute and sporangial concentration was estimated using a hemocytometer. Isolates were 138 

considered to be sensitive when growth at 5 and 100 µg ml-1 of mefenoxam was less than 139 

40% relative to the control and resistant when mycelial growth at 5 and 100 µg ml-1 of 140 

mefenoxam was greater than 40% relative to the control (Matuszak et al., 1994; Childers et 141 

al., 2015). 142 

Three technical replicates were done for every isolate, each one with two biological 143 

replicates. Significant differences in percent growth and in sporangial production relative to 144 

the control between the initial sensitivity assay and isolates that had been exposed two 145 

consecutive times through mefenoxam-amended media were assessed with a linear mixed 146 

effect analysis of the relationship between number of exposures to mefenoxam and mycelial 147 

radial growth or sporangial production. The package used for this was the Lme4 package. 148 

The fixed effects considered were number of transfers through mefenoxam and isolate. The 149 

random effects considered in this study had random intercepts for subjects (each technical 150 

and biological replicate) as well as by-subject random slopes for the effect of number of 151 

transfers through mefenoxam-amended media. P-values were obtained with an Estimated 152 
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Marginal Means analysis of the full model, by contrasting between the first transfer through 153 

mefenoxam versus the second transfer through mefenoxam (emmeans package in R).  154 

 155 

Effect of repeated exposures through 100 µg ml-1 of mefenoxam-amended medium on 156 

mycelial radial growth and sporangial production in isolates that had been previously 157 

exposed twice through mefenoxam-amended medium 158 

In order to observe the effect of repeated transfers through mefenoxam-amended medium on 159 

mycelial radial growth and sporangial production, isolates that had been exposed two 160 

consecutive times through medium containing mefenoxam (double exposure assay) were 161 

transferred four additional consecutive times through a lethal concentration of mefenoxam-162 

amended Rye B medium (100 µg ml-1 of mefenoxam) as well as to control plates (0 µg ml-1 163 

of mefenoxam) (Figure 2).  Transfers were done every 10 to 11 days, for four of the isolates 164 

(IMK1, US150046, UNAL135, and RC1 #10), and 15 to 16 days for the other two isolates 165 

(UNAL1178, and Bo4). The difference between the isolates in the number of days in which 166 

the measurements were conducted was due to the variation in their growth rate.  167 

Transfers were done by excising mycelial plugs from the older culture growing in 168 

media amended with 100 µg ml-1 of mefenoxam and transferring it to fresh medium 169 

containing 100 µg ml-1 of mefenoxam. Control transfers were done in order to assess if the 170 

number of transfers had an effect on sporangia production and mycelial radial growth. For 171 

each transfer mycelial radial growth and sporangial production was assessed as explained 172 

above.  173 

Significant differences in percent growth relative to the control between the four 174 

additional transfers for each isolate were assessed with a linear mixed effect analysis of the 175 

relationship between the number of exposures to mefenoxam and mycelial radial growth or 176 
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sporangial production. The package used for this was the Lme4 package. The fixed effects 177 

considered were the number of transfers through mefenoxam (from two through six) and 178 

isolate. The random effects considered in this study had intercepts for subjects (each technical 179 

and biological replicate) as well as by-subject random slopes for the effect of number of 180 

transfers through mefenoxam-amended media. P-values were obtained with an Estimated 181 

Marginal Means analysis of the full model, by contrasting between the previous transfer 182 

through mefenoxam versus the following transfer through mefenoxam (emmeans package in 183 

R). 184 

 185 

Assessment of reversion and reacquisition of resistance in originally mefenoxam-sensitive 186 

Phytophthora infestans isolates 187 

 188 

Maintenance of acquired resistance 189 

In order to assess if the acquired resistance phenomenon could be reverted isolates that had 190 

acquired resistance and an originally resistant control, were exposed five times through 191 

unamended rye B medium, after having been exposed from two to six times through 192 

mefenoxam amended media (Figure 3). Every time isolates were transferred to 0 µg ml-1, 193 

they were also transferred to 5 and 100 µg ml-1 to asses sensitivity to mefenoxam. To evaluate 194 

if the number of previous transfers on mefenoxam amended media had an effect on the 195 

reversibility of this phenomenon, isolates were repeatedly exposed (from two to six times) to 196 

100 µg ml-1of mefenoxam amended rye B agar and were later exposed five times through 197 

unamended rye B medium (Figure 3). Mycelial radial growth was measured after 10 days of 198 

incubation, for isolates IMK1, US150046, UNAL135, and RC1 #10. The first three isolates 199 

were originally sensitive and the last one was originally resistant to mefenoxam. The resistant 200 
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isolate was used as a control given that this isolate was not expected to revert its resistance 201 

when not exposed to mefenoxam. Three technical replicates were done for every isolate, each 202 

one with two biological replicates. Significant differences in percent growth relative to the 203 

control between each of the five transfers through unamended media and the initial sensitivity 204 

assay were assessed with a linear mixed effect analysis of the relationship between number 205 

of exposures to mefenoxam and mycelial radial growth for the present transfer and the 206 

previous transfer. The package used for this was the Lme4 package. The fixed effects 207 

considered were number of transfers through mefenoxam and isolate. The random effects 208 

considered in this study had intercepts for subjects (each technical and biological replicate) 209 

as well as by-subject random slopes for the effect of number of transfers through mefenoxam-210 

amended media. P-values were obtained with an Estimated Marginal Means analysis of the 211 

full model, by contrasting between the first transfer through mefenoxam versus the second 212 

transfer through mefenoxam (emmeans package in R). 213 

 214 

Reinduction of acquired resistance 215 

In order to assess if isolates that had reverted their acquired resistance to mefenoxam were 216 

capable of reacquiring resistance, the experiment explained in Figure 3 was done. After 217 

exposing isolates two consecutive times through mefenoxam, originally sensitive isolates 218 

(IMK1, UNAL135, and US150046) and a resistant isolate (RC1 #10), used as a control, were 219 

repeatedly transferred (from two to six times), through 100 µg ml-1 of mefenoxam amended 220 

rye B agar, and later transferred five times through mefenoxam-free rye B agar plates. After, 221 

isolates were induced to acquire resistance again by transferring them to 0, 5, and 100 µg ml-222 

1 of mefenoxam. Subsequently, isolates growing on petri plates amended with 5 µg ml-1 of 223 
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mefenoxam, were once again transferred to rye B plates amended with 0, 5 and 100 µg ml-1 224 

of mefenoxam.  225 

Mycelial radial growth was measured when mycelia in the control plate reached 90% 226 

of the petri plate. Three technical replicates were done for every isolate, each one with two 227 

biological replicates.  228 

Significant differences in percent growth rate relative to the control between the first 229 

double-mefenoxam exposure assay and the second double-mefenoxam exposure assay was 230 

assessed with a linear mixed effect analysis of the relationship between the mycelial radial 231 

growth relative to the control of the first double-mefenoxam exposure assay and the second 232 

one. The package used for this was the Lme4 package. The fixed effects considered were 233 

number of transfers before the double-mefenoxam exposure assay and isolate. The random 234 

effects considered in this study had intercepts for subjects (each technical and biological 235 

replicate) as well as by-subject random slopes for the effect of number of transfers through 236 

mefenoxam-amended media. P-values were obtained with an Estimated Marginal Means 237 

analysis of the full model, by contrasting between the first transfer through mefenoxam 238 

versus the second transfer through mefenoxam (emmeans package in R). 239 

 240 

Results  241 

 242 

Effect of the double-mefenoxam exposure assay on mycelial radial growth and sporulation  243 

Initial mefenoxam sensitivity for the six isolates assessed was as expected (Table 1, Figure 244 

S1). Isolates that were growing on 5 µg ml-1 of mefenoxam in the initial sensitivity assay, 245 

were transferred to 0, 5, and 100 µg ml-1 of mefenoxam-containing media to assess 246 

acquisition of resistance in the initially sensitive isolates (UNAL135, US150046, and IMK1) 247 
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(Figure 1). All three sensitive isolates were able to acquire resistance after a single transfer 248 

through mefenoxam amended media when grown in 5 µg ml-1 of mefenoxam-containing 249 

media. UNAL135 and US150046 acquired resistance on both concentrations of mefenoxam 250 

(5 and 100 µg ml-1) given that both grew more than 40% relative to the control in the double-251 

mefenoxam exposure assay (Figure 4A). For isolate UNAL135 there was significantly 252 

increased mycelial radial growth when grown in 5 µg ml-1 of mefenoxam-containing media 253 

than in the initial sensitivity assay. Also, for US150046, mycelial radial growth was 254 

significantly greater than in the initial sensitivity assay on 5 and 100 µg ml-1 of mefenoxam 255 

containing media (Figure 4A) (Table S1). There was no significant effect of being previously 256 

exposed to mefenoxam amended media in sporulation for isolates UNAL135 and US150046 257 

(Figure 4A; Table S1). Even though IMK1 acquired resistance, there were no significant 258 

differences in mycelial radial growth in any of the concentrations assessed (Figure 4A; Table 259 

S1). Furthermore, isolate IMK1 did not sporulate in the initial sensitivity assay and was 260 

therefore, not further assessed for sporulation for the rest of the objectives of this study.  261 

Originally resistant isolates were also assessed in the double-mefenoxam exposure 262 

assay in order to observe the effect of consecutive exposures through mefenoxam on these 263 

isolates. There were no significant differences in mycelial growth for any of the isolates 264 

(Figure 4B). However, a significant effect of having previously been transferred through 265 

mefenoxam amended media on sporangia production for two of the resistant isolates (Bo4 266 

and RC1#10) was observed (Figure 4B; Table S1). For isolate Bo4, there was a significant 267 

decrease in sporulation at both 5 and 100 µg ml-1 of mefenoxam. In contrast, for isolate 268 

RC1#10 there was a significant increase in sporulation at both 5 and 100 µg ml-1 of 269 

mefenoxam during the second exposure (Table S1) (Figure 4B).  270 

 271 
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Effect of repeated exposures through 100 µg ml-1 of mefenoxam-amended medium on 272 

mycelial radial growth and sporulation in isolates that had previously been through the 273 

double-mefenoxam exposure assay 274 

After the double-mefenoxam exposure assay, isolates were exposed to 100 µg ml-1 of 275 

mefenoxam four additional times (Figure 2). In general, there was no significant increase or 276 

decrease in mycelial radial growth (Figures 5A, 5B, and 5C) or sporulation (Figures 6A, 6B, 277 

and 6C) for initially sensitive isolates throughout the four additional exposures through 278 

mefenoxam-amended media (Table S1). Acquired resistance was maintained for UNAL135 279 

(Figure 5A), but not for US150046 (Figure 5B) when grown on media amended with 100 µg 280 

ml-1 of mefenoxam, given that on the second and the third transfer, after the double exposure 281 

assay,  mycelial radial growth was less than 40% relative to the control.  Isolate IMK1, did 282 

not acquire resistance when repeatedly exposed to 100 µg ml-1 of mefenoxam amended media 283 

(Figure 5C).  284 

For the originally resistant isolates Bo4, RC1 #10 and UNAL1178 there were no 285 

significant changes in mycelial radial growth (Figure 5D, 5E, and 5F, respectively) or 286 

sporulation (Figure 6D, 6E, and 6F, respectively) throughout the four additional transfers on 287 

mefenoxam-amended media for these isolates (Table S1).  288 

For isolates Bo4 and RC1#10 resistance to mefenoxam was maintained throughout 289 

the four transfers on mefenoxam amended media (Figures 5D and 5E respectively). On the 290 

other hand, for UNAL1178 mycelial radial growth was less than 40% relative to the control 291 

on the first and second transfer, after the double exposure assay, therefore, original resistance 292 

was not maintained throughout the four transfers on 100 µg ml-1 mefenoxam amended media 293 

for this isolate (Figure 5F).   294 
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In the case of sporulation for originally sensitive isolates a tendency could not be 295 

determined for isolates UNAL135, US150046, and IMK-1. For the others isolates, a 296 

tendency, though not significant, could be observed. For isolate RC1#10, Bo4, and 297 

UNAL1178, there was a decrease in sporulation when grown in both 5 and 100 µg ml-1 of 298 

mefenoxam in the second and third transfer after the double-mefenoxam exposure assay 299 

(Figures 6C, 6D and 6E). Afterwards, on the fourth exposure there was an increase in 300 

sporulation for both RC1#10 and Bo4 (Figures 6C, 6D). For UNAL1178, sporulation was 301 

further decreased on the fourth exposure on both 5 and 100 µg ml-1 of mefenoxam (Figure 302 

6E). These tendencies were not significant.  303 

 304 

Assessment of reversion and reacquisition of resistance in originally mefenoxam-sensitive 305 

Phytophthora infestans isolates 306 

 307 

Maintenance of acquired resistance 308 

After the double-mefenoxam exposure assay, isolates were transferred from the petri plate 309 

containing 100 µg ml-1 of mefenoxam to 0, 5 and 100 µg ml-1 of mefenoxam from two to six 310 

times (See figure 3 legend) and transferred five times through unamended media (Figure 3). 311 

After being exposed to mefenoxam amended media twice (first to 5 µg ml-1 and then to 100 312 

µg ml-1), both isolates UNAL135 and US150046 reverted their acquired resistance after the 313 

first transfer through unamended media when grown both in 5 and 100 µg ml-1 of mefenoxam 314 

(Figure 7A and 7B). When grown in 5 µg ml-1 of mefenoxam amended media, isolate 315 

UNAL135 reverted its acquired resistance after two transfers through mefenoxam-free 316 

media, almost regardless of the number of previous consecutive transfers through 317 

mefenoxam-amended media.  The exception was observed for isolates that had been exposed 318 
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six times to mefenoxam, resistance was not revered until the third transfer through 319 

unamended media. When cultured in 100 µg ml-1 of mefenoxam amended media and 320 

transferred from one to five times though unamended media, isolate UNAL135 reverted its 321 

acquired resistance in the third transfer through unamended media almost regardless of the 322 

number of previous transfers through mefenoxam amended media. This was due to the fact 323 

that for isolates that had been previously exposed twice to mefenoxam, reversion occurred 324 

on the second transfer through unamended media.  325 

 For isolate US150046, acquired resistance reversion occurred mostly after more than 326 

two transfers through unamended media when this isolate was cultured on both 5 and 100 µg 327 

ml-1 of mefenoxam amended media, with the exception of isolates that had been exposed two 328 

or three times to mefenoxam amended media.   329 

 For the resistant control isolate used in this study (RC1#10) there was no reversion of 330 

its original resistance (Figure 7C).  331 

 332 

Reinduction of acquired resistance 333 

After the double-mefenoxam exposure assay, isolates were later exposed from two to six 334 

additional times to mefenoxam-amended media. These were then transferred five times 335 

through unamended media in order to revert the acquired resistance. Later on, acquired 336 

resistance was re-induced by performing the double-mefenoxam exposure assay again. 337 

Originally sensitive isolate UNAL135 reverted its acquired resistance regardless of 338 

the number of previous exposures through mefenoxam amended media because it grew less 339 

than 40% relative to the control in each initial sensitivity assay performed (Figure 8A). 340 

Afterwards, isolate UNAL135 was able to acquire resistance again both in 5 and 100 µg ml-341 

1 of mefenoxam amended media given that it was able to grow more than 40% relative to the 342 
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control in both concentrations (Figure 8A). Mycelial radial growth was therefore 343 

significantly greater in the double-mefenoxam exposure assay than in the initial sensitivity 344 

assay for isolate UNAL135 regardless of previous exposure to mefenoxam (Table S1). In the 345 

case of originally sensitive isolate US150046, resistance was reverted almost regardless of 346 

previous exposure through mefenoxam amended media given that it grew less than 40% 347 

relative to the control in every case, except for when it had been previously exposed twice to 348 

mefenoxam amended media and was grown in 5 µg ml-1 of mefenoxam (Figure 8B). For the 349 

rest of the cases, mycelial radial growth in 5 µg ml-1 of mefenoxam was significantly greater 350 

in the acquired resistance assay than in the initial sensitivity assay (Table S1). In contrast to 351 

the first double-mefenoxam exposure performed in this isolate, there was only acquisition of 352 

resistance in 100 µg ml-1 of mefenoxam when the isolate had been exposed four times to 353 

mefenoxam previous to the reversion of its resistance (Figure 8B) (Table S1). This was due 354 

to the fact that growth in 100 µg ml-1 of mefenoxam was significantly greater in the acquired 355 

resistance assay than in the initial sensitivity assay (Table S1). Mycelial radial growth was 356 

also significantly increased when isolate US150046 had been exposed 3 times to mefenoxam 357 

previous to acquired resistance reversion. This increase did not mean that the isolate acquired 358 

resistance, nonetheless (Table S1).  359 

For originally resistant isolate RC1 #10, there was no significant differences in 360 

mycelial radial growth throughout any of the transfers (Figure 8C) (Table S1). 361 

 362 

Discussion 363 

This study successfully replicated the mefenoxam-acquired resistance phenomenon in three 364 

originally sensitive P. infestans isolates and investigated the effect of consecutive transfers 365 

through mefenoxam-amended medium on mycelial radial growth and sporulation. 366 
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Furthermore, isolates that had acquired resistance could be reverted to a sensitive phenotype 367 

after a few transfers through unamended media. After reversion, resistance could be 368 

reacquired by all of the isolates assessed. 369 

As previously reported by Staub et al. (1979), Bruin et al. (1981), and Childers et al., 370 

(2015), isolates that were initially sensitive to mefenoxam were able to acquire resistance 371 

after a single transfer through a sublethal concentration (5 µg ml-1) of mefenoxam amended-372 

medium. One isolate was not able to acquire resistance when cultured in 100 µg ml-1 of 373 

mefenoxam amended media, even after being exposed a total of six times through 374 

mefenoxam. It has been reported that Phytophthora pseudocryptogea only acquired 375 

resistance when previously exposed to 1 µg ml-1 of mefenoxam amended media and not 5 µg 376 

ml-1 of mefenoxam amended media (Gonzalez-Tobon et al., 2019). Further studies must be 377 

done in order to assess if isolate IMK1 can acquire resistance when previously exposed to 378 

lower concentrations of mefenoxam amended media. This evidence further complements the 379 

study of the molecular mechanism of acquired resistance to mefenoxam (Gonzalez-Tobon et 380 

al., 2019). The latter was suggested to be associated to the pleotropic drug resistance 381 

mechanism mediated by ABC transporters, which is strongly dependent on the amount of 382 

fungicide inside the cell and the ability of the cell to trigger downstream enzymatic and 383 

transporting mechanisms to eject the chemical (Gonzalez-Tobon et al., 2019). Therefore, by 384 

the evidence given by Gonzalez-Tobón et al. (2019) and the evidence gathered in this study 385 

with isolate IMK1, it seems that the concentration at which Phythophthora spp. acquires 386 

resistance depends on the isolate.  387 

While initially sensitive isolates that acquired resistance did not have a significant 388 

change in sporulation, initially resistant isolates did have a significant change in sporulation 389 

when transferred twice through mefenoxam amended media. Increased sporulation when 390 
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being exposed to mefenoxam has also been reported by Bruin and Edgington (1981). The 391 

different effects on sporulation of repeated exposures through mefenoxam amended media 392 

in sensitive and resistant isolates must be further studied given that it remains an open 393 

question. Furthermore, implications of an increase in the number of sporangia produced by 394 

isolates that are resistant to mefenoxam in the field must be further studied.  395 

By transferring the isolates four more times through mefenoxam amended media after 396 

the double-mefenoxam exposure assay, it was shown that further exposure to mefenoxam did 397 

not have a significant effect in mycelial radial growth or sporangia production. Therefore, 398 

significant increase in mycelial radial growth relative to the control occurred after one 399 

transfer through mefenoxam amended media but was not further enhanced by performing 400 

additional transfers on the isolates. Furthermore, for both originally sensitive isolates 401 

acquired resistance was reverted after just one transfer through unamended media, which is 402 

unexpectedly fast. The reversion of acquired resistance has been previously reported by 403 

Childers et al. (2015), were it was stated that acquired resistance to mefenoxam could be 404 

slightly reverted after two transfers through mefenoxam amended media. This was also 405 

observed by Bruin and Edgington (1981), given that acquired resistance was not equally 406 

stable for every one of the isolates of Phytophthora capsici assessed. This was due to the fact 407 

that one of the strains was cultured in unamended media and lost all its resistance at once 408 

while another strain reverted its resistance to intermediate levels. In this study, acquired 409 

resistance reversion was not the same for both of the isolates assessed given that UNAl35 410 

lost its resistance faster than US150046. This rapidly occurring reversion of acquired 411 

resistance and the fact that it can be reacquired again, can also be attributed to the pleotropic 412 

drug resistance mechanism being in function only when there is mefenoxam present in the 413 

cell. As mentioned, Gonzalez-Tobón et al. (unpublished), suggested that the acquisition of 414 
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resistance was highly dependent on the amount of fungicide in the cell. In this study, it was 415 

shown that once resistance is acquired, maintenance of acquired resistance depends on 416 

constant exposure to the fungicide.   417 

The results here discussed provide important information in order to prepare for a 418 

future assay in the field. It is crucial to induce mefenoxam-resistance directly on leaf tissue. 419 

Once isolates have acquired resistance in vivo, spore production should directly be assessed 420 

on detached leaflets. It would be interesting to investigate if the decreased rate in mycelial 421 

growth has a significant negative effect on aggressiveness-related parameters in planta.  422 

 423 
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Tables 511 

Table 1. Isolates used in this study. The EC50 values are based on initial sensitivity assays 512 

done in previous studies. These results include two biological replicates each with three 513 

technical replicates. Residual standard error is presented with 17 degrees of freedom.  514 

 515 

Isolate Host Year of 
isolation 

Place of 
isolation 

EC50* (µg ml-1) Residual 
Standard Error 

Sensitivity · 

US150046 Potato 2015 USA * * Sensitive 

IMK1 Potato NA USA 0.83 9.98 Sensitive 

UNAL135 Potato NA Colombia 8.64x10-3 7.57 Sensitive 

UNAL1178 Potato NA Colombia 7.06 26.63 Resistant 

RC1#10 Potato 2015 Colombia 182.63 19.58 Resistant 

Bo4 Tomato 2017 Colombia 118.97  32.24 Resistant 

* There were no EC50 results for isolate US150046 because the isolate did not grow on the 516 

lowest concentration of mefenoxam used in this study (0.1 µg ml-1). Isolates were 517 

considered sensitive if EC50 values were < 5 µg ml-1 of mefenoxam (Saville et al., 2014). 518 

  519 
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Figures 520 

 521 

 522 

Figure 1. Initial sensitivity assay and double-mefenoxam exposure assay. Isolates that 523 

had never been exposed to mefenoxam were transferred to rye B agar amended with 524 

concentrations of 0, 0.1, 1, 5, 10, 100 and 1000 µg ml-1 of mefenoxam. This was done in 525 

order to assess initial mefenoxam-sensitivity. For each isolate, the whole experiment was 526 

conducted twice (biological replicates), with three repetitions each (technical replicates). 527 

Isolates that had been exposed to 5 µg ml-1 of mefenoxam were transferred again to rye B 528 

agar amended with 0, 5, and 100 µg ml-1 of mefenoxam, to reassess mefenoxam-sensitivity.  529 
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 531 
 532 

 533 

Figure 2. Experimental design to determine the effect of repeated exposures through 534 

mefenoxam-amended media on sporangia production and mycelial radial growth. After 535 

the isolates had been exposed to mefenoxam amended media twice (double-mefenoxam 536 

exposure assay), they were subsequently transferred four additional times through rye B agar 537 

amended with 100 µg ml-1 of mefenoxam. Isolates were also transferred through 0 and 5 µg 538 

ml-1 of mefenoxam in order to assess sensitivity. A transfer control was done in order to make 539 

sure that the possible effects seen are not caused by the fact of being transferred multiple 540 

times. 541 
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 543 

Figure 3. Maintenance of acquired resistance and re-induction of acquired resistance. 544 

Isolates were exposed two times, one for the initial sensitivity and the second for the double-545 

mefenoxam exposure assay. Later on, they were exposed 2 to 6 times more after the (Blue 546 

circles with numbers) to 100 µg ml-1 mefenoxam amended media in order to evaluate if the 547 

number of previous expositions to mefenoxam had an effect on the reversibility of the 548 

acquired resistance phenomenon. Then, each time they were transferred to unamended 549 

media. Every time isolates were transferred to 0 µg ml-1, they were also transferred to 5 and 550 

100 µg ml-1 in order to asses sensitivity to mefenoxam.  Afterwards, the double-mefenoxam 551 

exposure assay was repeated in order to assess if resistance could be acquired again (Yellow 552 

petri plates).   553 
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 555 

 556 

Figure 4. Effect of the double-mefenoxam exposure assay on mycelial radial growth 557 

(First column) and sporulation (Second column) in originally sensitive P. infestans 558 

isolates (A) and originally resistant P. infestans isolates (B). Results represent two 559 

biological replicates, each with three technical replicates. Orange dashed line: resistance 560 

threshold was set to 40% according to Matuszak et al., (1994). * Significant differences 561 

between the type of assays.  562 
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Figure 5. Effect of repeated exposures through 100 µg ml-1 measured in 5 (left column) 564 

and 100 (right column) µg ml-1 of mefenoxam-amended medium on mycelial radial 565 

growth relative to the control for originally sensitive isolates (Figures A-C) and 566 

originally resistant isolates (Figures (D-E).  After the double-mefenoxam exposure assay 567 

isolates were transferred from the petri plate containing 100 µg ml-1 of mefenoxam to 0, 5 568 

and 100 µg ml-1 of mefenoxam four additional times (Figure 2). A. Isolate UNAL135; B. 569 

Isolate US150046; C. Isolate IMK1; D. Isolate Bo4; E. Isolate RC1#10; F. Isolate 570 

UNAL1178. Orange dashed line: resistance threshold was set to 40% according to Matuszak 571 

et al., (1994). * Significant differences in mycelial radial growth between the present 572 

transfers and the previous one.   573 
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Figure 6. Effect of repeated exposures through 100 µg ml-1 measured in 5 (left column) 575 

and 100 (right column) µg ml-1 of mefenoxam-amended medium on sporangia 576 

production for originally sensitive isolates (Figures A-C) and originally resistant 577 

isolates (Figures (D-E).  After the double-mefenoxam exposure assay isolates were 578 

transferred from the petri plate containing 100 µg ml-1 of mefenoxam to 0, 5 and 100 µg ml-579 

1 of mefenoxam four additional times (Figure 2). A. Isolate UNAL135; B. Isolate US150046; 580 

C. Isolate IMK1; D. Isolate Bo4; E. Isolate RC1#10; F. Isolate UNAL1178. * Significant 581 

differences in sporangia production between the present transfers and the previous one.   582 
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 583 

Figure 7. Acquired resistance reversion.  After the double-mefenoxam exposure assay, 584 

isolates were transferred from the petri plate containing 100 µg ml-1 of mefenoxam to 0, 5 585 

and 100 µg ml-1 of mefenoxam from two to six times (See figure legend) and transferred five 586 

times through unamended media (Figure 3). This was done to assess if mefenoxam acquired 587 

5 µg ml-1 100 µg ml-1

A. 

B. 

C. 
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resistance could be reverted. A. Isolate UNAL135; B. Isolate US150046; C. Isolate RC1#10. 588 

Orange dashed line: resistance threshold was set to 40% according to Matuszak et al., (1994). 589 

  590 
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 591 

592 

Figure 8. Acquired resistance re-induction.  After the double-mefenoxam exposure assay, 593 

isolates were later exposed from two to six additional times to mefenoxam-amended media 594 

(numbers in parenthesis). These were then transferred five times through unamended media 595 
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in order to revert the resistance that had been acquired. Later on, resistance was re-induced 596 

by performing the double-mefenoxam exposure assay again. 0: first double-mefenoxam 597 

exposure assay, 2: double-mefenoxam exposure assay performed on isolates that reverted 598 

their acquired resistance after two exposures through mefenoxam amended media. 3: double-599 

mefenoxam exposure assay performed on isolates that reverted their acquired resistance after 600 

three exposures through mefenoxam-amended media. 4: double-mefenoxam exposure assay 601 

performed on isolates that reverted their acquired resistance after four exposures through 602 

mefenoxam amended media. 5: double-mefenoxam exposure assay performed on isolates 603 

that reverted their acquired resistance after five exposures through mefenoxam-amended 604 

media. 6: double-mefenoxam exposure assay performed on isolates that reverted their 605 

acquired resistance after six exposures through mefenoxam amended media. See Table S1 606 

for statistical analysis results. Figure A. Isolate UNAL135 B. Isolate US150046. Orange 607 

dashed line: resistance threshold was set to 40% according to Matuszak et al., (1994).  608 
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Supplementary material  609 

Supplementary Table 1.  Emmeans P-values.  610 

Effect of 
Acquired 

resistance on 
mycelial 

radial growth 

P-Value emmeans for linear mixed 
model with random slope for 
concentration 5 µg ml-1 of 
mefenoxam 
 
 
 
 
 

P-Value emmeans for linear mixed 
model with random slope for 
concentration 100 µg ml-1 of 
mefenoxam 
 
 
 
 

Strain 

BO4 0.8440 0.5697 

RC1 0.4835 0.1865 

1178 0.6886 0.8643 

135 0.0691 0.0025* 

US15 0.0144* 0.0006*  

IMK1 0.6060 0.1759 

Effect of 
Acquired 

resistance on 
sporulation 

P-Value emmeans for linear mixed 
model with random slope for 
concentration 5 µg ml-1 of 
mefenoxam 
 
 
 
 

P-Value emmeans for linear mixed 
model with random slope for 
concentration 100 µg ml-1 of 
mefenoxam 
 
 
 
 

Strain 

BO4 0.0017 0.0005 

RC1 0.0437 0.0150 

1178 0.2372 0.1039 

135 0.8140 0.6534 

US15 0.7440 0.9533 

IMK1 -  

 611 
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Effect of 
consecutive 
transfers on 

mycelial radial 
growth 

Mixed Linear model for consecutive transfers through mefenoxam 
amended media (5 µg ml-1) 
 
 
 
 

Strain P-value 
Significant differences in between the transfers 
1-2 2-3 3-4 

BO4 0.6538 0.7742 0.6767 

RC1 0.7606 0.9916 0.8565 

1178 0.7345 0.3021 0.7047 

135 0.8665 0.9632 0.1399 

US15 0.1152 0.6236 0.1605 

IMK1 0.9507 0.8097 0.8474 

Effect of 
consecutive 
transfers on 
mycelial radial 
growth 

 Mixed Linear model for consecutive transfers through mefenoxam 
amended media (100 µg ml-1) 
 

 P-value 
 Significant differences in between the transfers 
1-2 2-3 3-4 

BO4 0.6681 0.7834 0.5894 

RC1 0.7671 0.9918 0.7179 

1178 0.7438 0.3151 0.8147 

135 0.8704 0.9641 0.2374 

US15 0.1179 0.6323 0.9080 

IMK1 0.9521 0.8157 0.9182 

Effect of 
consecutive 
transfers on 
Sporangia 
production 

Mixed Linear model for consecutive transfers through mefenoxam 
amended media (5 µg ml-1) 
 

P-value 

Significant differences in between the transfers 
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1-2 2-3 3-4 

Strain P-value 
BO4 0.2382 0.5765 0.1476 

RC1 0.2402 0.4026 0.4430 

1178 0.4471 0.7669 0.6696 

135 0.9851 0.9717 0.9667 

US15 0.9576 0.8920 0.7329 

IMK1 -   

Effect of 
consecutive 
transfers on 
Sporangia 
production 

 Mixed Linear model for consecutive transfers through mefenoxam 
amended media (100 µg ml-1) 
 

 P-value 
 Significant differences in between the transfers 
1-2 2-3 3-4 

BO4 0.2390 0.5762 0.1144 

RC1 0.2407 0.4019 0.2985 

1178 0.4439 0.7663 0.6270 

135 0.9850 0.9714 0.9594 

US15 0.9551 0.8846 0.9465 

IMK1 -   

Re-acquisition of 
resistance  

Mixed Linear model for reacquisition of resistance (5 µg ml-1) 
 
P-value 
Significant differences between the initial sensitivity assay and the 
acquired resistance assay.  
Numbers of transfers through mefenoxam-amended media before 
resistance reversion 
2 3 4 5 6 

UNAL135 <0.0001* <0.0001* <0.0001* 0.0005* <0.0001* 

US150046 0.1691 <0.0001* 0.0128* 0.0260* 0.0002* 
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 612 

  613 

RC1#10 0.9148 0.6444 0.7995 0.6841 0.6532 

Re-acquisition of 
resistance  

Mixed Linear model for reacquisition of resistance (100 µg ml-1) 
 
P-value 
Significant differences between the initial sensitivity assay and the 
acquired resistance assay.  
Numbers of transfers through mefenoxam-amended media before 
resistance reversion 
2 3 4 5 6 

UNAL135 0.0003* <0.0001* 0.0002* 0.0005* <0.0001* 

US150046 0.0996 0.0006* 0.0002* 0.6381 0.6856 

RC1#10 0.8060 0.4156 0.8016 0.6873 0.5473 
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 614 

 615 

Supplementary Figure 1. EC50 dose response curves. After the initial sensitivity assay 616 

isolates were transferred from the petri plate containing 5 µg ml-1 of mefenoxam to 0, 5, and 617 

100 µg ml-1 (Figure 1).  618 

  619 
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 620 

A. 621 

 622 
B.  623 

 624 
C. 625 

 626 
D. 627 
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 628 
E.  629 

 630 

 631 

Supplementary Figure 2. Mycelial radial growth relative to the control throughout four 632 

exposures to 100 µg ml-1 of mefenoxam in contrast to the transfer control.  After the 633 

acquired resistance assay isolates were transferred from the petri plate containing 100 µg ml-634 

1 of mefenoxam to 0, 5 and 100 µg ml-1 of mefenoxam four more times (Figure 2). In parallel, 635 

a transfer control was done in order to make sure that the possible effects seen are not caused 636 

by the fact of being transferred multiple times. A. Isolate UNAL135 B. Isolate US150046 C. 637 

Isolate Bo4 D. Isolate RC1#10 E. Isolate UNAL1178.  638 


