
	 1	

Phenotypic and genotypic characterization of isolates of Phytophthora infestans on 1	

commercial tomato (Solanum lycopersicum) crops in the Andean Region of Colombia 2	

 3	

Andrea Olave1, 2, Silvia Restrepo1, Florencia Lucca3, William E. Fry4, Kevin	 L.	 Myers4,	4	

Giovanna Danies1, 5,*, and Mauricio Soto-Suárez2, * 5	

 6	

1 Laboratory of Mycology and Phytopathology, Department of Biological Sciences, 7	

Universidad de los Andes, Bogotá, Colombia 8	

2 Corporación colombiana de investigación agropecuaria (Agrosavia), Km 14 vía 9	

Mosquera-Bogotá. Mosquera, Cundinamarca.  10	

3 Instituto Nacional de Tecnología Agropecuaria, Grupo de Investigación en papa, 11	

Estación Experimental Agropecuaria Balcarce, República Argentina. 12	

4 School of Integrative Plant Science, Plant Pathology and Plant-Microbe Biology Section, 13	

Cornell University, Ithaca, NY, USA 14	

5 Department of Design, Universidad de los Andes, Bogotá, Colombia 15	

10/22/18 16	

 17	

*Corresponding authors: Giovanna Danies, Universidad de los Andes, Bogotá, 18	

Colombia, Department of Design, Cra. 1 # 18 A - 12, Tel: +57 1 3394949; E-mail address: 19	

g-danies@uniandes.edu.co. Mauricio Soto-Suárez, Corporación colombiana de 20	

investigación agropecuaria (Agrosavia), Km 14 vía Mosquera-Bogotá. Mosquera, 21	

Cundinamarca. Tel: +57 1 4227300. E-mail address: msoto@agrosavia.co.    22	

  23	



	 2	

Abstract 24	

Late blight disease caused by the plant pathogen Phytophthora infestans, is one of the 25	

major threats for tomato crops in Colombia and other countries worldwide. All tomatoes 26	

grown in Colombia are susceptible to this disease and control requires a high input of 27	

fungicides. Knowledge on the population structure of P. infestans is important to determine 28	

if there are changes in the sensitivity to fungicides. However, information on the population 29	

structure of P. infestans on tomato crops in Colombia is limited. Here, we characterized the 30	

genotypic and phenotypic diversity of 22 isolates of P. infestans. Isolates were collected in 31	

2017 and 2018 on tomato crops in the departments of Antioquia, Boyacá, Caldas, and 32	

Cundinamarca. The genotypic diversity for these isolates was assessed using microsatellite 33	

markers and mitochondrial haplotyping. Furthermore, sensitivity to three systemic 34	

fungicides (mefenoxam, cymoxanil, and fluopicolide) was evaluated. Mitochondrial 35	

haplotyping showed that in Colombia isolates of P. infestans collected on tomato are Ia and 36	

Ib, while isolates collected on potatoes are IIa. Microsatellite analysis showed that isolates 37	

from tomato form two groups: one including isolates of the Ib mitochondrial haplotype of 38	

the US-1clonal lineage and the other one including isolates of the Ia haplotype related to 39	

US-22 lineage. Furthermore, differences in sensitivity to fungicides were observed. Eighty-40	

one percent of the P. infestans isolates were resistant to mefenoxam with an EC50 value 41	

greater than 10 µg ml-1. Forty-four percent of the isolates showed an intermediate resistance 42	

to cymoxanil. The EC50 value ranged between 1 to 10 µg ml-1.  In the case of fluopicolide, 43	

93% of the isolates were sensitive with EC50 values less than 1 µg ml-1. Alternative control 44	

of late blight using silicon was successful using an in vitro assay. However, it is necessary 45	

to test its efficacy in vivo. The information obtained in this study allows to establish the 46	
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actual state of P. infestans populations associated to tomato crops in Colombia. This 47	

information will help optimize the use of fungicides and will contribute to broader studies 48	

on the diversity of this plant pathogen.  49	

  50	
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Introduction 51	

Late blight caused by Phytophthora infestans is the major threat for tomato and potato 52	

crops in Colombia and other countries worldwide [1][2][3]. Crop losses may reach up to 53	

100% in just a few days [1][4]. The pathogen may affect the stem, leaves, and fruits, in the 54	

case of tomatoes, or tubers, in the case of potatoes [4]. In Colombia, all tomatoes grown are 55	

susceptible to late blight, and the disease is mainly controlled through the use of fungicides 56	

[5][6]. 57	

Knowledge of the population structure of P. infestans in Colombia is limited and 58	

these studies are mostly focused on epidemics in potato rather than on tomato crops 59	

[5][6][7][8]. In 2008 and 2009 Vargas et al. and Gilchrist et al. [5][7], respectively, 60	

reported that the population of P. infestans on potato was dominated by the EC-1 clonal 61	

linage and a few isolates of this genotype could be found on tomato (Solanum 62	

lycopersicum), water cucumber (Solanum muricatum), cape gooseberry (Physalis 63	

peruviana), tamarillo (Solamun betaceum), and lulo (Solanum quitoense) [5][8][7]. On 64	

tomato, isolates of both the US-1 and EC-1 clonal lineage seem to be predominant [7].   65	

In countries where the occurrence of late blight is persistent, as is the case of 66	

Colombia, growers assume that the pathogen is present and apply fungicides 67	

prophylactically [2]. In the departments of Boyacá and Cundinamarca, growers report 24 to 68	

30 fungicide applications per crop season (personal communication; farmers’ surveys) 69	

when the maximum recommended by commercial brands are less [9][10][11]. The average 70	

use of chemical pesticides for the year 2015 in Colombia was 14.7 kg/ha, being the third 71	

country in the world in pesticide use (global average; 3.9 kg/ha) [12]. This represents a 72	

threat to agriculture, because constant fungicide use might induce fungicide resistance. 73	

Alternative methods to conventional chemical control have been studied. Among 74	
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these are the activation of the plant’s immune system or priming using biotic and abiotic 75	

stimuli [13]. On tomatoes, elicitors such as the bacterial Harpin protein from Erwinia 76	

amylovora or non-biological plant resistance inducers as ß-Aminobutyric Acid (BABA) 77	

have been tested against P. infestans [14]. Another approach is the use of bioactive 78	

substances such as those based on silicon (Si). Silicon is not considered as an essential 79	

element, but has shown beneficial effects against different types of biotic and abiotic 80	

stresses [15][16]. The apoplastic obstruction hypothesis argues that Si can act as an 81	

extracellular prophylactic interfering with plant-pathogen interaction. Silicon may block the 82	

injection of effector proteins and the establishment of the fungal haustorium [17]. This 83	

compound can suppress the development of plant diseases as well as the use of fungicides 84	

[18][19]. The application of Si as a strategy to reduce the incidence of fungal diseases has 85	

been successfully tested against Alternaria, Magnaporthe, Fusarium, and Phytophthora, 86	

among others [20][21].  87	

Here, we characterized the phenotypic and genotypic diversity of isolates of P. 88	

infestans on tomato crops in the four departments (Antioquia, Boyacá, Caldas, and 89	

Cundinamarca) with the highest tomato production in Colombia [22][23]. We assessed 90	

mating type, sensitivity to the most commonly used systemic fungicides in the country 91	

(mefenoxam, cymoxanil, and fluopicolide), and sensitivity to silicon as an alternative 92	

control method to late blight. Monitoring the population structure of P. infestans is 93	

important to determine whether the population is composed of one or more lineages, and if 94	

there are changes in fungicide sensitivity. Furthermore, the genotypic diversity was 95	

assessed using mitochondrial haplotypes and 12 microsatellite loci that have been 96	

demonstrated to reveal polymorphisms among P. infestans isolates. The information 97	

obtained here will help establish the actual state of P. infestans associated to tomato crops 98	
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in Colombia and will contribute to broader studies on diversity of this pathogen. 99	

Furthermore, this study will allow tomato growers and researchers to make informed 100	

management decisions at the time of implementing an integrated disease control plan 101	

against P. infestans. 102	

 103	

Methods 104	

Sampling and isolation of Phytophthora infestans. To determine the collection sites 105	

within Colombia, data on tomato harvested area (ha), production (tons), yield (as tons per 106	

harvested area in ha), and percentage of participation of the department and municipalities 107	

were obtained from the websites and reports of the Department of Agriculture AgroNet 108	

(http://www.agronet.gov.co) and National Agricultural Assessments (EVA) from 2007 to 109	

2016. With this information we selected the major tomato producing departments, 110	

Antioquia, Boyacá, Caldas, and Cundinamarca. A total of 32 fields of tomatoes with 111	

symptoms akin to late blight were visited during 2017 and 2018 in the departments of 112	

Antioquia, Boyacá, Caldas, and Cundinamarca. In the field trips, 222 producers were 113	

surveyed including two questions about late blight and the type of chemicals applied to 114	

control P. infestans. The two questions were formulated as follows: i) was your tomato crop 115	

affected by late blight in the last year? and ii) what agrochemicals do you use to control the 116	

disease? 117	

The strong application of fungicides in Colombia controls the pathogen effectively. 118	

Thus, samples were taken whenever the pathogen was present. Leaves were randomly 119	

collected from tomatoes in greenhouses that showed symptoms akin to late blight (Table 120	

S1). Collected leaves were placed in humid chambers at 18°C to promote sporulation. 121	

Subsequently, parts of the leaf tissue from the sporulating borders of single lesions were 122	
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excised. Leaf pieces were disinfected superficially with 1% sodium hypochlorite for 30 123	

seconds, 70% ethanol for 30 seconds, and then washed with distilled water to remove 124	

excesses. Excised leaf pieces were dried on a sterile paper towel and placed on petri dishes 125	

with pea [15 g bacteriological agar (BA); 2 g CaCO3; 15 g saccharose; 200 mL pea juice, 126	

antibiotics (AB) to 1L of media], V8 [20 g BA; 1 g CaCO3; 200 mL of 10% V8 clarified 127	

juice, 1 mL 𝛽-sitosterol, AB to 1L of media], and rye [16 g BA; 20 g saccharose; 200 mL 128	

rye juice, 1 mL 𝛽-sitosterol, AB to 1L of media] agar. Pure axenic cultures were obtained. 129	

To do this, sporangia were washed using sterile distilled water [24]. The concentration was 130	

adjusted to 1x104 sporangia mL-1 using a hemocytometer. Subsequently the sporangia were 131	

incubated at 4 ºC for 3h to induce zoospore release. The inoculum was used in five separate 132	

petri plates by spreading 20, 40, 60, 80, or 100 µL of zoospore suspension and kept at 10 ºC 133	

for 12 h and subsequently at 15 ºC for 24h [25]. Then, individual zoospores were picked 134	

and placed onto pea agar medium. Isolates were maintained on pea media at 18 ºC in the 135	

dark [26].  136	

 137	

Phenotypic characterization 138	

Mating type assay. Mating type was determined by pairing an unknown isolate with a 139	

known A1 (US970001 of the US-17) or A2 (US040009 of the US-8) mating type isolate on 140	

pea media amended with 1 mL of 𝛽-sitosterol. Plates were kept in the dark at 18 ºC until 141	

oospores were produced [27]. Isolates that produced gametangia on the hyphal interface 142	

and formed oospores in the presence of the A1 tester were designated A2 and vice versa. 143	

The two known strains were paired as positive control. Negative controls consisted of 144	

pairing the isolates with themselves to check for self-fertility.  145	

In addition, a modified cleaved amplified polymorphic sequence assay (CAPS) 146	
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based on the polymorphic locus w16 reported by Judelson [28] and tested by Mazáková et 147	

al., [29] was performed. Each PCR was conducted in a 20-µL reaction mixture consisting 148	

of 2 µl 10x buffer for Taq polymerase, 2.2 µL MgCl2 (5.5 mM), 0.4 µL dDNTP (0.2 mM), 149	

1 µL primer mix (0.5 µM of each primer), 0.2 µL Taq polymerase (1U), 3.2 µL ddH2O, and 150	

10 µL template DNA (5 ng µL-1). Reactions were performed on a thermal cycler 151	

Mastercycler® Pro (Eppendorf Corp., Hamburg). Temperature cycling parameters used 152	

were as follows: initial denaturation for 5 min at 94 ºC, 29 cycles of denaturation for 30s at 153	

94 ºC, primer annealing for 30s at 64 ºC, primer extension for 30s at 72 ºC, and final 154	

extension for 10 min at 72 ºC. The primer set W16-1 (5'-155	

AACACGCACAAGGCATATAAATGTA-3') and W16-2 (5'-156	

GCGTAATGTAGCGTAACAGCTCTC-3') was used. PCR products were cleaved with the 157	

restriction enzyme BsuRI (HaeIII) with recognition site GGCC to distinguish both mating 158	

types. Restriction products were separated by electrophoresis on a 1.4% agarose gel stained 159	

with syber safe (1 mg/mL) and visualized on a UV transilluminator. Digestion products of 160	

A1 mating type isolates consist of three fragments of 557 bp, 457 bp, and 100 bp or one 161	

uncleaved product. Digestion products of A2 mating type isolates produce two fragments of 162	

457 bp and 100 bp. PCR products were sequenced to identify BsuRI restriction sites and 163	

determine accurate length of the W16 region.  164	

 165	

Fungicide sensitivity assay. For fungicide sensitivity experiments mefenoxam (Ridomil 166	

GoldSL, 45.3% a.i.; Syngenta), cymoxanil (Curzate 60DF, 60% a.i.; DuPont), and 167	

fluopicolide were used. Twenty-two isolates collected in this study were used for the 168	

fungicide sensitivity assays. In addition, five isolates whose sensitivity to mefenoxam had 169	

already been reported were included as reference isolates (Table S1). Three reference 170	
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isolates US040009, Z32-82, RC1-10 had been collected on potato and two, IMK-1 and 171	

US150046, had been collected on tomato. Stock solutions of each fungicide were prepared 172	

in sterile distilled water in the case of mefenoxam and cymoxanil or in sterile dimethyl 173	

sulfoxide for fluopicolide.  174	

Pea media were supplemented with different concentrations of each fungicide 175	

according to Saville et al. [30] and a previous assay performed in our laboratory 176	

(unpublished data). Volumes of stock solutions were added to molten (50 ºC) sterile culture 177	

media prior to pouring into plates [31]. Final mefenoxam concentrations were 0, 0.1, 1, 10, 178	

100, and 1000 µg mL-1; cymoxanil: 0, 0.01, 0.1, 1 10, and 100 µg mL-1; and for 179	

fluopicolide 0, 0.1, 0.5, 1, 10, and 100 µg mL-1. Sensitivity to mefenoxam, cymoxanil, and 180	

fluopicolide was assessed as described by Danies et al., Childers et al., [26] [32], and 181	

Rekanovic et al., [31]. Briefly, mycelial plugs obtained from actively growing cultures 182	

were transferred to test plates and incubated until the growth on the control plate (0 µg mL-183	

1 of each fungicide, respectively) was 80% of the Petri dish diameter. Relative growth of 184	

each isolate on fungicide-amended media compared with the unamended control was 185	

calculated. The R package drc was used for generating dose-response curves and EC50 186	

values (the effective concentration of each fungicide that inhibited 50% of the radial 187	

mycelial growth) [30]. A three-parameter log-logistic model was used if an isolate was 188	

unable to grow at the highest concentration while a four-parameter model was used if an 189	

isolate was able to grow at the highest concentration as previously reported (Saville et al. 190	

2015). For each isolate at each fungicide concentration three technical replicates were done 191	

and the whole experiment was repeated three independent times. 192	

 193	

Silicon sensitivity assay. An isolate of Antioquia, one of Boyacá and one of Cundinamarca 194	
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were selected to carry out the silicon sensitivity test. To assess the sensibility of the P. 195	

infestans isolates, pea media were supplemented with 0, 1000, 2000, 5000, 6500, 8000, and 196	

10000 µg mL-1 of silicon. The recommended dosage for Si-Agro commercial product is 197	

5000 µg mL-1. Sensitivity to silicon was assessed as described previously for the fungicide 198	

sensitivity assay. 199	

 200	

Genotypic characterization 201	

DNA extraction. The isolates were grown on pea broth [15 g saccharose; 200 mL pea 202	

juice; 800 mL distillated water, to 1L media] for 30 days at 18 ºC in darkness. Mycelium 203	

was vacuum filtered, lyophilized overnight and macerated. DNA extraction was conducted 204	

by adding 800 µL of CTAB buffer [CTAB 2% w/v: 250 mM NaCl; 100 mM Tris-HCl pH 205	

8.5; 20 mM EDTA] to the macerated mycelium and was incubated for 1 h at 65 ºC mixing 206	

every 10 min. Subsequently 600 mL of chloroform was added and the mixture was 207	

centrifuged at 13000 rpm or 17000 g for 10 min. The upper phase was mixed with 0.6 208	

volumes of isopropanol (approximately 360 µL) and mixed until the DNA had precipitated. 209	

Subsequently, the mixture was left at room temperature for 5 min and was then centrifuged 210	

at 13000 rpm or 17000 g for 10 min. The pellet was washed by adding 1 mL of 70% 211	

ethanol (-20 ºC). The sample was incubated for 20 min at 65 ºC, centrifuged again at the 212	

same conditions and the ethanol was evaporated at 37 ºC. The remaining pellet was stored 213	

with 100 µL of miliQ water at -20 ºC. 214	

 215	

Mitochondrial haplotyping assay. Mitochondrial DNA haplotype was determined using 216	

the restriction fragment length polymorphism (RFLP) analysis of the polymerase chain 217	
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reaction (PCR), as described by Griffith et al., with some modifications [33]. Each PCR 218	

was conducted in a 25-µL reaction mixture consisting of 4.58 µL 10x buffer of NEB Taq 219	

polymerase M0273L, 0.5 µL dDNTP (0.2 mM), 0.8 µL primer mix (0.4 µL of each primer), 220	

0.125 µL Taq polymerase, 14 µL ddH2O and 5 µL template DNA (5 ng µL-1). Two pairs of 221	

primers were used F2-R2 and F4-R4. The digestion of the amplified regions with the 222	

restriction enzymes, MspI and EcoRI, produces band patterns for each haplotype (Ia, Ib, IIa, 223	

and IIb) [34]. Known haplotype isolates were included as positive controls. 224	

 225	

Microsatellite marker analysis (SSRs). To identify polymorphisms on the population of 226	

P. infestans collected on tomato plants in Colombia, we assessed 12 polymorphic 227	

microsatellite markers. The protocol consisted of three multiplex reactions using the 228	

primers for the markers Pi4B, Pi04, PiG11, Pi02, SSR2, SSR4, SSR6, SSR8, SSR11, Pi70, 229	

Pi63, and D13 [35][36][37]. DNA samples were sent to Cornell University where they were 230	

genotyped using the QUIAGEN Microsatellite PCR kit [25]. The PCR amplicons were 231	

sequenced and compared with the standard sizes at GeneMapper library for SSR of P. 232	

infestans and based on this, the alleles for 16 tomato isolates were scored [37]. At least one 233	

of the isolates representing one of the available clonal lineages was used as positive control 234	

in the assignment of the GeneMapper allele. Allele matrix was exported to the R package 235	

poppr [38]. For the analysis in poppr, 16 Colombian potato isolates and 19 clonal lineages 236	

known as reference were included. The microsatellites of 51 isolates were used in total to 237	

infer the ploidy and calculate the genetic distance matrix and the minimum expansion 238	

network analysis [37].	239	

	240	

	241	
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Results  242	

Phytophthora infestans isolates. In 2017, 42 samples were collected in the field, and a 243	

total of 16 strains were successfully isolated, 10 from Antioquia (An), five from Boyacá 244	

(Bo), and one from Caldas (Ca). In 2018, seven samples were collected in Cundinamarca 245	

(Cu) from which four strains were isolated. The Mycology and Phytopathology Laboratory 246	

of Universidad de los Andes (LAMFU) provided two additional isolates from 247	

Cundinamarca, for a total of 22 isolates collected from tomato crops (Table S1). Among the 248	

three media evaluated for isolation, rye B and pea agar were successful for isolation. The 249	

fastest growth was observed on pea. Thus, isolates maintenance and the fungicide 250	

sensitivity assays were done on pea agar. The impact of the late blight disease on local 251	

farmers was quantified. Of the 222 growers who responded the survey, 13% were female 252	

and 87% were males. When farmers were asked whether they had been affected by late 253	

blight, interviews revealed that 33% of the farmers were affected by P. infestans in the year 254	

2017. A total of 51 different commercial agrochemical products were used to control P. 255	

infestans, and 50% of these commercial products have an active ingredient specific to 256	

control late blight. 257	

 258	

Mating type assays. All 22 tomato P. infestans isolates that were assessed by pairing with 259	

a known A1 or a known A2 mating type were assigned as A1 mating type. We performed 260	

the mating type assay for this same 22 tomato P. infestans isolates using the CAPS assay 261	

including also isolates of the A1 mating type (RC1-10, Z32-82, and US150046) and 262	

isolates of the A2 mating type (US040009 and IMK-1) as reference. DNA from reference 263	

isolates was digested as expected. Isolates of the A1 mating type showed a single uncleaved 264	

product (isolate US150046) or three fragments (isolates RC1-10 and Z32-82), while 265	
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isolates of the A2 mating type (US040009 and IMK-1) showed two fragments. Tomato 266	

isolates from Cundinamarca UR-24, Cu1, Cu2, Cu3, and Cu4 were the only ones assigned 267	

as A1 mating type with both mating type assays. However, surprisingly, the remaining 17 268	

isolates that were classified as A1mating type based on the pairing assays, showed an A2 269	

mating type based on the CAPS assessment with two fragments of 457 and 100 bp (Table 270	

1). No amplification was observed on the lane of the negative controls. In the sequence 271	

analysis of the W16 locus for the tomato isolates, a single restriction site for the BsuRI 272	

enzyme was found between positions 450 and 460 bp; the same restriction site present in 273	

the IMK-1 isolate that belongs to the A2 mating type.  274	

 275	

Sensitivity to fungicides. Sensitivity to mefenoxam, cymoxanil, and fluopicolide was 276	

assessed for 27 isolates including tomato P. infestans isolates and reference isolates (Table 277	

1). A logistic regression was used to calculate EC50 values from dose response curves 278	

(Figure 1 and Supplementary Figures S1, S2, and S3). Isolates US040009 (US-8), 279	

US150046 (US-23), and IMK-1 (US-22) displayed, a resistance, intermediate resistance, 280	

and sensitivity response to mefenoxam. The corresponding EC50 values for each isolate 281	

were 140.72 µg mL-1, 19.25 µg mL-1, and 1.03 µg mL-1, respectively. For mefenoxam, 81% 282	

percent of the isolates had an EC50 value greater than 10 µg mL-1 (Figure 2). Seven percent 283	

of the isolates were sensitive: An7 collected in Antioquia had an EC50 value < 0.1 µg mL-1 284	

and Slyco collected in Cundinamarca, had an EC50 value of 0.108 µg mL-1. For cymoxanil 285	

37% of the isolates showed EC50 values greater than 10 µg mL-1 but none had an EC50 286	

value greater than 100 µg mL-1, RC1-10 displayed an intermediate resistance with an EC50 287	

value of 20.37 µg mL-1. Sixty-three percent of the isolates had an EC50 value between 0.037 288	

to 10 µg mL-1, IMK-1 and Slyco were sensitive with EC50 values of 0.086 and 0.037 µg 289	
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mL-1, respectively. For fluopicolide the EC50 values were the lowest compared with 290	

mefenoxam and cymoxanil. Most of the isolates were sensitive to fluopicolide. A total of 291	

93% of the isolates had an EC50 values less than 10 µg mL-1 (Figure 2). Only RC1 and Bo5 292	

were insensitive with an EC50 value greater than 100 µg mL-1.  293	

 294	

Silicon sensitivity. For the silicon in vitro assays three isolates were selected (An5, Bo5, 295	

and UR-24), one from a different department (Antioquia, Boyacá, and Cundinamarca). For 296	

the three isolates, the EC50 values were less than the recommended dosage of 5000 µg mL-1 297	

for the commercial product SI-Agro. EC50 values for each isolate were 958.625 µg mL-1 for 298	

An5, 1142.123 µg mL-1 for Bo5, and 1000.035 for UR-24 µg mL-1 (Figure 3).  299	

 300	

Genotypic characterization.  301	

Mitochondrial haplotype. Three of the known mitochondrial haplotypes [33] were found 302	

on tomato isolates. Except for isolates An7 and Slyco, which are Ia mitochondrial 303	

haplotype and UR-24 that is an IIa mitochondrial haplotype, all isolates collected in 304	

Antioquia, Boyacá, Cundinamarca, and Caldas displayed an Ib mitochondrial haplotype. 305	

Reference isolates US040009, US150046, and IMK-1 corresponded to the Ia mitochondrial 306	

haplotype and RC1-10 and Z32-82 to the IIa mitochondrial haplotype. 307	

 308	

Microsatellite marker analysis (SSRs). Allele call for tomato isolates was performed 309	

using the 12 microsatellite loci panel set and binsets for P. infestans on GeneMapper. Three 310	

peaks were recorded in one or more loci, indicating different levels of ploidy in the isolates. 311	

Thus, genotypic characterization was made assuming that P. infestans isolates from tomato 312	

were triploid. For genetic distance, bruvo distribution was used and minimum-spanning 313	
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network were graphed (Figure 4). Of the 51 isolates included, a total of 42 multilocus 314	

genotypes (MLG) were identified. Among these, 38 corresponded to individual isolates. 315	

Tomato isolates from Antioquia and Boyacá (14 isolates), except for An7 and Slyco, are 316	

genetically close and have two identical individuals in Antioquia (MLG3: An1, An2) and 317	

Boyacá (MLG4: Bo1, Bo3). Clonal lineages US-1 and US-23 were the closest relatives in 318	

the network to these 14 isolates, with the given information of the mitochondrial haplotype, 319	

the isolates from Antioquia and Boyacá of haplotype Ib are aligned to the US-1 lineage. 320	

Another group found was constituted by isolates Z32-82, RC1-10, and UR-24. These were 321	

genetically close to the potato isolates that belong to clonal linage EC-1. Nevertheless, An7 322	

and Slyco are different individuals that group together with the clonal lineage US-22. 323	

 324	

Discussion 325	

This study showed that the population of P. infestans on tomato crops in Colombia is 326	

composed of two groups related to clonal lineages US-1 and US-22. Despite all isolates are 327	

of the A1 clonal lineage, tomato population are different of potato population reported 328	

recently that are part of EC-1 lineage. When finding between the isolates resistance to 329	

mefenoxam as well as an increase of the values of EC50 to cymoxanil with respect to other 330	

reports on this fungicide, the response against silicon was evaluated as another control 331	

method to P. infestans. In three isolates the effect of silicon was evaluated in vitro, 332	

determining that under the recommended application conditions there is a complete 333	

inhibition of growth of the pathogen. 334	

 The two methods used to assess mating type showed inconsistent results. Only in 335	

the case of five isolates that were of the A1 mating type the two approaches coincided. This 336	

inconsistency has also been shown by Brylińska et al., [27] who compared the two analyses 337	
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among 172 P. infestans isolates. They found that seven isolates of the A1 mating type and 338	

US-1 clonal lineage were misidentified as A2 by W16 marker. Furthermore, they concluded 339	

that the identification of mating type using the W16 locus is not an appropriate marker and 340	

cannot be used in populations where the US-1 lineage occurs. Despite the consistencies 341	

found in Brylińska et al., [27] and in this study, Chowdappa  et al. [39] was able to identify 342	

that the population in India assessed belonged to the A2 mating type by using both the 343	

pairing tests and the W16 locus. Most of the P. infestans isolates included in this study 344	

presented the Ib mitochondrial haplotype and were of the A1 mating type. The 345	

microsatellite data showed more than one polymorphism in the alleles between the isolates 346	

of Antioquia and Boyacá with respect to the US-1 lineage. This result suggests that the 347	

isolates of Antioquia and Boyacá could be new variants of the lineage US-1 and present the 348	

same inconsistency between the pairing test and the CAPS assay of the locus W16. 349	

 A precise identification of the mating type among tomato P. infestans isolates is a 350	

crucial for population and epidemiological studies. The presence of both mating types in a 351	

region increases the possibilities of sexual reproduction. If this were to happen, the 352	

pathogen’s population would most likely become more diverse and control strategies 353	

against late blight would have to be adjusted. Thus, it is essential to compare different 354	

methods for assessing mating type to be sure that A1 and A2 mating types are assigned 355	

correctly. To the best of our knowledge, this is the first study aimed to examine the 356	

differences between pairing tests and the W16 marker assay among P. infestans isolates 357	

collected in Colombia. In Colombia, with the exception of a single report of an A2 strain of 358	

P. infestans isolated from Physalis peruviana, all isolates have been reported to be of the 359	

A1 mating type [5][6][7][8]. This has allowed populations of P. infestans in Colombia to 360	

remain relatively simple.  361	
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Resistance of P. infestans isolates to mefenoxam has been previously reported [28] [36]. 362	

About one third of the tomato isolates assessed in this study were resistant to mefenoxam 363	

with an EC50 values greater than 100 µg mL-1. All of these resistant isolates belong to US-1 364	

lineage. Although, no resistant isolates to cymoxanil were obtained, eight isolates displayed 365	

an intermediate resistance. In the United States, Saville et al., [30] did not find resistance to 366	

cymoxanil in the clonal lineages present between 2009 to 2013. The same has been 367	

observed in Peru with the clonal lineage EC-1 [40]. However, in 2006 Grünwald et al., 368	

[41], assessed the sensitivity to cymoxanil of isolates of P. infestans collected in the Toluca 369	

Valley, a region where populations of P. infestans reproduce sexually and are highly 370	

exposed to fungicides, and found a directional selection towards greater resistance to 371	

cymoxanil with EC50 values rangeing from 10–2 to103 µg mL-1. The identification of tomato 372	

isolates with intermediate resistance in the Andean Region of Colombia suggests a potential 373	

for greater resistance to cymoxanil. This fact must be considered when applying the 374	

agrochemical products in the field. For fluopicolide, only two isolates showed resistance 375	

with values higher than 100 µg mL-1. The sensitivity to fluopicolide must be constantly 376	

monitored given that this fungicide belongs to the group of phenylamides, and P. infestans 377	

is catalogued as a high-risk pathogen by FRAC (Fungicide Resistance Action Committee - 378	

http://www.frac.info/) due to its rapid acquisition of resistance to this group of fungicides 379	

[42]. Isolates An7 and Slyco seem to be genetically related to the US-22 clonal lineage 380	

(US-22 and IMK-1 isolates). These four isolates (An7, Slyco, US-22, and IMK-1) were of 381	

the Ia mitochondrial haplotype and were all sensitive to the three fungicides tested 382	

(mefenoxam, cymoxanil, and fluopicolide). 383	

It is important to consider that integrated Disease Management (IDM) is necessary 384	

to control late blight (IDM) [43], which in many opportunities is not the case for tomato 385	
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Colombian farmers. An IDM scheme is a set of strategies among which, but are not limited 386	

to, cultural practices, crop monitoring, farmer’s economic thresholds, and preventive tactics 387	

that would help among others, to determine when and how fungicide applications are 388	

needed, avoiding establishment of resistant populations as is the case of mefenoxam. Due 389	

to the constant risk of developing fungicide resistance, alternative methods such as the use 390	

of resistance inducers and bioactive substances should be studied. In vitro approach of 391	

silicon as a controlling agent showed that concentrations lower than the recommended dose 392	

of the commercial product resulted in an in vitro inhibition of P. infestans. Si-Agro contains 393	

silicon dioxide and is formulated as a foliar fertilizer. Our results demonstrate that silicon 394	

can also act as a control agent against P. infestans. 395	

 This work established the actual state of P. infestans associated to commercial 396	

hybrid tomato varieties in Colombia. Isolates from Antioquia and Boyacá exhibit resistance 397	

to mefenoxam and sensitivity response to cymoxanil and fluopicolide. The application of 398	

fungicides against late blight is not restricted mostly to mefenoxam, cymoxanil and 399	

fluopicolide, through the survey data other 37 commercial products formulated for the 400	

control of P. infestans are applied in the country. It is necessary to determine with these 401	

fungicides what is the sensitivity of P. infestans isolates. Preliminary experiments show that 402	

silicon treatment has a potential as an alternative approach to control late blight. It is 403	

necessary to determine the effect of silicon on in vivo assays by evaluating the effect of this 404	

compound on the tomato plants to determine its potential efficacy in the field. After 405	

characterizing the P. infestans population in tomato, studies of the aggressiveness of the 406	

isolates in the different varieties of tomato and potato varieties can be carried out to 407	

evaluate their response to the pathogen, as well as to determine the presence of resistance 408	

genes in these varieties as part of control of P. infestans. 409	
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Tables  532	

Table 1. Genotypic and Phenotypic characterization of Phytophthora infestans isolates related to Solanum lycopersicum crops. 533	

Clonal Lineage Isolate 
 

Mefenoxam 
EC50 (µg ml-1) 

Cymoxanil 
EC50 (µg mL1) 

Fluopicolide 
EC50 (µg ml-1) 

Mating Type 
media crossing 

W16 CAPS 
assay1 

# of 
fragments 

(mating type) 

Mitochondrial 
Haplotype 

US-1 An1 74.086 8.150 0.305 A1 2 (A2) Ib 

US-1 An2 33.119 10.846 0.316 A1 2 (A2) Ib 

US-1 An3 114.530 4.722 0.281 A1 2 (A2) Ib 

US-1 An4 111.952 6.558 0.208 A1 2 (A2) Ib 

US-1 An5 42.711 0.541 0.299 A1 2 (A2) Ib 

US-1 An6 46.573 4.197 0.260 A1 2 (A2) Ib 

US-1 An9 44.599 7.134 0.349 A1 2 (A2) Ib 

US-1 An10 159.061 13.879 0.346 A1 2 (A2) Ib 

US-1 An11 87.957 1.487 0.293 A1 2 (A2) Ib 

US-1 Bo1 62.439 29.537 0.326 A1 2 (A2) Ib 

US-1 Bo2 14.319 21.096 0.196 A1 2 (A2) Ib 

US-1 Bo3 197.500 15.861 0.306 A1 2 (A2) Ib 

US-1 Bo4 78.971 19.991 0.363 A1 2 (A2) Ib 

US-1 Bo5 11.459 30.720 >100 A1 2 (A2) Ib 
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Unknown 12 An7 <0.1 0.455 0.400 A1 2 (A2) Ia 

Unknown 12 Slyco 0.108 0.037 0.522 A1 2 (A2) Ia 

ND Cu1 5.941 2.979 0.426 A1 1 (A1) Ib 

ND Cu2 21.822 10.558 0.374 A1 1 (A1) Ib 

ND Cu3 2.354 13.823 0.336 A1 1 (A1) Ib 

ND Cu4 61.001 4.032 0.263 A1 1 (A1) Ib 

EC-1 UR-24 0.500 0.505 0.196 A1 1 (A1) IIa 

US-8 US040009 140.720 9.616 0.341 A2 2 (A2) Ia 

US-23 US150046 19.246 1.654 0.237 A1 1 (A1) Ia 

US-22 IMK-1 0.1332 0.086 0.099 A2 2 (A2) Ia 

EC-1 RC1-10 313.780 20.374 0.141 A1 3 (A1) IIa 

EC-1 Z32-82 180.427 7.754 0.228 A1 3 (A1) IIa 

1 PCR amplification of W16 locus for mating type described by Judelson et al., [28] and tested by Mazáková et al., [29] . Number 1 corresponds to 534	

uncleaved product, 2 represents two fragments of 447 and 100 bp and 3 557, 447 and 100 bp. 535	
2An7 and Slyco are genetically related to US-22 clonal lineage, indeed the have the same mitochondrial haplotype Ia, but they differ with mating type 536	

according to pairing test. 537	

ND. Not determined. For these isolates, microsatellite analysis was not performed. 538	

 539	
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Figure legends 625	

Figure 1. Dose response curves of Phytophthora infestans for representative isolates 626	

(US040009, IMK-1, An7 and Bo5) to mefenoxam, cymoxanil and, fluopicolide. The 627	

isolates US040009 and IMK-1 present to mefenoxam a resistant and sensitive response, 628	

respectively. An7 is one of the isolates sensitive to all fungicides; dose response curve for 629	

An7 to mefenoxan is not shown because their EC50 was less than 0.1 µg mL-1. Finally, Bo5 630	

represents the fungicide response observed on the majority isolates from Antioquia and 631	

Boyacá. For mefenoxam, pea agar was amended with 0.1, 1, 10, 100, and 1000 µg mL-1, 632	

maximum dosage were 1000 µg mL-1 as the concentration where the growth as percentage 633	

of control was 0. Cymoxanil pea agar was amended with 0.01, 0.1, 1, 10 and 100 µg mL-1 634	

and 0.1, 0.5, 1, 10 and 100 µg mL-1 of fluopicolide. Growth is represented as a percentage 635	

of growth at different fungicide concentrations against isolates growing on non-amended 636	

pea agar used as control. The effective concentration at which 50% of mycelial growth was 637	

suppressed (EC50) was calculated for each isolate on each fungicide. The dose response 638	

figures for all other isolates included in this study are shown in Supplementary Figures 1, 2, 639	

and 3. 640	

 641	

Figure 2. Percentage of Phytophthora infestans isolates that displayed an EC50 value less 642	

than or equal to the dose assessed for mefenoxam, cymoxanil, and fluopicolide, 643	

respectively. The number in parentheses indicates the number of isolates in each category. 644	

 645	

Figure 3. Dose response curves of three isolates of Phytophthora infestans (An-5, Bo-5 and 646	

UR24) for silicon were assessed. Growth is represented as a percentage of growth against 647	

to control of non-amended pea agar. Silicon pea agar was amended with 1000, 2000, 5000, 648	
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6500, 8000, and 10000 µg mL-1. The effective concentration at which 50% of mycelial 649	

growth was suppressed (EC50) was calculated for each isolate from dose response curves. 650	

 651	

Figure 4. Minimum-spanning network for tomato, potato and reference isolates of 652	

known clonal lineages. Bruvo’s distances for microsatellites were used to calculate genetic 653	

distances (i.e. number of allelic differences). Branch sizes are arbitrate, width and color of 654	

branches are proportional to genetic distance. Each node represents a multilocus genotype 655	

(MLG). For nodes were only one individual was present, the name of the isolate were 656	

putted, otherwise MLG followed by a consecutive number were named. For 51 isolates, 42 657	

MLG were identified on 38 individual isolates and MLG1 (S1 and S14), MLG2 (S5 to 658	

S11), MLG 3 (An1 and An2) and MLG4 (Bo1 and Bo3).  659	
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 683	

Supplementary Material 684	

Table S1. Phytophthora infestans isolates used in this study. 685	

Country Locality 

Code of the 

isolate 

Name of the 

isolate Host Year 

Colombia Antioquia / San 

Vicente 

 

 

 

An170001 An1 Tomato 2017 

An170002 An2 Tomato 2017 

An170003 An3 Tomato 2017 

An170004 An4 Tomato 2017 

An170005 An5 Tomato 2017 

An170006 An6 Tomato 2017 

An170007 An7 Tomato 2017 

Antioquia / Guarne An170009 An9 Tomato 2017 

An1700010 An10 Tomato 2017 

An1700011 An11 Tomato 2017 

Boyacá / Villa de 

Leyva 

 

 

Bo170001 Bo1 Tomato 2017 

Bo170002 Bo2 Tomato 2017 

Bo170003 Bo3 Tomato 2017 

Bo170004 Bo4 Tomato 2017 

Bo170005 Bo5 Tomato 2017 

Cundinamarca / NA S. lycopersicum Slyco Tomato - 

 

UR-24 UR-24 Tomato - 
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Cundinamarca / San 

Cayetano 

Cu180001 Cu1 Tomato 2018 

Cu180002 Cu2 Tomato 2018 

Cundinamarca / 

Pacho 

Cu180003 Cu3 Tomato 2018 

Cu180004 Cu4 Tomato 2018 

 

Ca170001 Ca1 Tomato 2017 

Cundinamarca RC1-10 RC1-10 Potato NA 

Cundinamarca Z32-82 Z32-82 Potato 2012 

United 

States  

NA US040009 US040009 Potato 2004 

NA IMK-1 IMK-1 Tomato/Potato NA 

NA US150046 US150046 Tomato/Potato 2015 

NA: Not available 686	

  687	
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 689	

Figure S1. Dose response curves of Phytophthora infestans to mefenoxam were assessed. 690	

Pea agar was amended with 0.1, 1, 10, 100, and 1000 µg mL-1, maximum dosage were 1000 691	

µg mL-1 as the concentration where the growth as percentage of control was 0. Growth is 692	

represented as a percentage of growth at different fungicide concentrations against isolates 693	

growing on non-amended pea agar used as control. The effective concentration at which 694	

50% of mycelial growth was suppressed (EC50) was calculated for each isolate on each 695	
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fungicide. The missing dose curves correspond to those very sensitive isolates (An7 and 696	

Slyco), which could not be graphed. 697	

  698	
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 699	

 700	

 701	

	702	
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	703	

	704	

 705	

Figure S2. Dose response curves of all isolates of Phytophthora infestans for cymoxanil 706	

were assessed. Growth is represented as a percentage of growth against to control of non-707	

amended pea agar. Cymoxanil pea agar was amended with 0.01, 0.1, 1, 10 and 100 µg mL-708	

1. The effective concentration at which 50% of mycelial growth was suppressed (EC50) was 709	

calculated for each isolate from dose response curves. 710	
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 711	
 712	

 713	
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	714	

 715	

Figure S3. Dose response curves of all isolates of Phytophthora infestans for fluopicolide 716	

were assessed. Growth is represented as a percentage of growth against to control of non-717	

amended pea agar. Fluopicolide pea agar was amended with 0.1, 0.5, 1, 10 and 100 µg mL-718	

1. The effective concentration at which 50% of mycelial growth was suppressed (EC50) was 719	

calculated for each isolate from dose response curves. 720	


