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ABSTRACT RESUMEN

Potato early dying is a significant disease in potato-producing 
countries. However, the development of the disease as a result 
of infection by the different propagules of the pathogen and 
at different times of inoculation is unclear. In this study, the 
infection of potato plants var. Diacol Capiro by two types of 
Verticillium spp. propagules, conidia, and microsclerotia (MS), 
was assessed. Conidia were evaluated based on inoculation of 
the soil at the sowing time of the tuber, or in soil drench and 
root immersion 49 days after sowing (das). Microsclerotia were 
evaluated for their incorporation into soil at different densities 
at the time of sowing. The tests were carried out under a com-
plete factorial design in a completely randomized arrangement 
with five repetitions per treatment; the experimental unit was 
a plant. Non-inoculated plants grown in sterile soil were used 
as controls in both cases. Variables measured included disease 
severity, area under the disease progress curve (AUDPC), in-
cubation period, phenological development of the plants, and 
yield components. Disease incubation periods ranging from 65 
to 70 d were recorded when Verticillium spp. was inoculated at 
the time of sowing. With inoculation at 49 das, the incubation 
period was reduced to 23 days after inoculation (dai), with 
lower disease severity than at the time of sowing. The results 
showed that all inoculation methods, times, and strains of 
Verticillium spp. caused the typical symptoms of the disease 
and led to the development of early death. Infection of potato 
plants was possible with the inoculation of conidia or MS of 
the pathogen; however, in the latter case, it depended on the 
inoculum density. While the disease induced by the different 
inoculation methods led to a reduction in tuber weight, it did 
not impact the number of tubers produced per plant.

La marchitez temprana es una enfermedad importante en los 
países productores de papa. Sin embargo, el desarrollo de la 
enfermedad bajo diferentes propágulos del patógeno y momen-
tos de la inoculación no es claro. En este estudio, se evaluó la 
infección de plantas de papa variedad Diacol Capiro con dos 
tipos de propágulos de Verticillium spp., conidias y microes-
clerocios (MS). Las conidias se evaluaron en inoculación al 
suelo al momento de la siembra de los tubérculos, o en drench 
e inmersión de raíces a los 49 días después de la siembra (dds). 
La infección por MS se evaluó mediante incorporación al 
suelo en diferentes densidades al momento de la siembra. Los 
experimentos se realizaron bajo un diseño factorial completa-
mente al azar con cinco repeticiones por tratamiento; la unidad 
experimental fue una planta. En ambos casos como controles 
se utilizaron plantas no inoculadas sembradas en suelo estéril. 
Como variables se evaluaron la severidad de la enfermedad, el 
área bajo la curva de progreso de la enfermedad (AUDPC), el 
período de incubación, el desarrollo fenológico de las plantas y 
componentes de rendimiento. Los períodos de incubación de la 
enfermedad variaron entre 65 y 70 d cuando Verticillium spp. 
se inoculó al momento de la siembra. Con la inoculación a los 
49 dds, el periodo de incubación se redujo a 23 días después de 
la inoculación (ddi) con menor severidad con respecto a la in-
oculación al momento de la siembra. Los resultados mostraron 
que todos los métodos, momentos de inoculación y aislamientos 
de Verticillium spp. causaron síntomas típicos y llevaron al 
desarrollo de la marchitez temprana. La infección de las plan-
tas de papa fue posible con la inoculación de conidias o MS, 
siendo estos últimos dependientes de la densidad de inóculo. 
Con la inoculación por los diferentes métodos, la enfermedad 
redujo el peso de los tubérculos, pero no afectó el número de 
tubérculos por planta.
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Introduction

The potato is the fourth most important crop in the world. 
It has a tremendous economic impact due to its nutritional 
contribution of carbohydrates, minerals, and vitamins 
(Lima et al., 2018). However, its performance is affected by 
various factors, including genotype, environmental condi-
tions, agronomic practices, and limiting pests and diseases 
(Jakubowski et al., 2024). One of the diseases affecting this 
crop is early dying caused by Verticillium spp., which may 
reduce plant performance by 50% or more (Nieto, 1988). 
For this reason, it has attracted interest in potato-producing 
areas worldwide. Potato early dying has become one of the 
most economically significant diseases affecting the crop, 
not only because of its negative impact on yield and tuber 
quality but also due to the accumulation of inoculum in 
the soil, which can render infested fields unsuitable for 
future potato production (Li et al., 2019; Simko & Haynes, 
2017). Among the pathogenic Verticillium species in culti-
vated plants, the most noteworthy include V. albo-atrum 
Reinke & Berthold, V. dahliae Kleb (Daami-Remadi et 
al., 2011), and V. tricorpus Isaac, all of which infect stems, 
vascular tissue, and tubers (Nair et al., 2019). Of these, V. 
albo-atrum and V. dahliae are widely distributed and are 
the most common species (Klosterman et al., 2009; Nair 
et al., 2019; Powelson & Rowe, 1993). In Colombia, V. albo-
atrum and V. dahliae have been reported to be associated 
with potato early dying in Antioquia, Boyacá, Nariño, 
Norte de Santander, and Cundinamarca (Gómez-Caro & 
Mendoza-Vargas, 2020; Nieto, 1988).

Verticillium dahliae has a wide host range, including more 
than 200 plant species. It can survive for long periods in the 
soil, even in the presence of plants, by forming resistance 
structures called microsclerotia (MS) (Johnson & Dung, 
2010). Microesclerotia can be spread by crop residues, 
transportation of contaminated seed, air currents, irriga-
tion, and other agricultural activities (Zhang et al., 2023) 
and can survive for up to 10 years in soil (Steere & Kirk, 
2015). Meanwhile, V. albo-atrum has a more limited host 
range, encompassing 30-40 plant species. It survives for 
shorter periods through melanized hyphae that can remain 
viable for 3 to 5 years in soil (Gómez-Caro & Mendoza-
Vargas, 2020; Johnson & Dung, 2010). Finally, V. tricorpus 
produces resistance structures, including chlamydospores, 
resting dark mycelium, and large, irregularly shaped MS. 
However, it is a less aggressive species than V. dahliae and 
V. albo-atrum (Nair et al., 2019).

Other species of the pathogen that until now have been of 
lesser importance but have attracted increasing interest 

are V. nonalfalfae and V. alfalfae. These refer to pathotypes 
of V. albo-atrum sensu lato, named based on a taxonomic 
revision of the genus (Inderbitzin et al., 2011; Inderbitzin 
& Subbarao, 2014). Verticillium nonalfalfae is morphologi-
cally indistinguishable from V. alfalfae but differs in host 
range and DNA characters (EPPO, 2020). The presence 
of V. nonalfalfae has been reported in Canada, Cuba, 
Germany, Japan, Slovenia, and the United Kingdom, and 
it infects several hosts, including hops, petunia, spinach, 
and potato (Inderbitzin et al., 2011). On the other hand, Li 
and Li (2021) report V. alfalfae causing disease on seven 
non-alfalfa plant species including bluish dogbane, com-
mon vetch, cotton, erect milkvetch, potato, sainfoin, and 
sunflower; it is reported in Canada, France, Germany, Iran, 
Japan, New Zealand, Russia, Sweden, and the USA (Pegg 
& Brady, 2002).

The MS or melanized hyphae formed by V. dahliae and V. 
albo-atrum, respectively, can colonize roots in response 
to plant exudates, which they use as signals to recognize 
their hosts and initiate infection (Klosterman et al., 2009). 
The fungus penetrates the plant’s roots directly or through 
wounds (Gómez-Caro & Mendoza-Vargas, 2020). Once 
the fungus enters the root, it colonizes the bark, and 
the mycelium can enter the xylem vessels. Once there, 
the fungus travels to the upper third of the plant via the 
vascular system as conidia. As the fungus colonizes the 
vascular system, symptoms such as chlorosis, necrosis, 
and leaf wilting begin to appear (Steere & Kirk, 2015). The 
pathogen-induced early dying of potato plants can result in 
premature senescence, leading to decreased tuber produc-
tion (Rowe & Powelson, 2002).

To date, research on this disease caused by Verticillium spp. 
has mainly focused on countries such as Australia, Canada, 
China, and the USA. These studies have helped to under-
stand infection by this pathogen in various economically 
important plant species, such as alfalfa, cotton, eggplant, 
lettuce, maple, okra, olive, potato, rapeseed, sunflower, 
spinach, strawberry, tomato, and watermelon (Rowe & 
Powelson, 2002; Wu et al., 2022), and recently on avocado 
in Colombia (Ramírez-Gil & Peterson, 2019). Some stud-
ies on Verticillium spp. have been conducted under field 
conditions, using in situ inoculum in the plot’s soil as the 
source of the pathogen. These include studies by Platt and 
Sanderson (1987), Uppal et al. (2008), Trapero, Serrano 
et al. (2013), and Mulero-Aparicio et al. (2020), who used 
different types of Verticillium propagules and inoculum 
densities varying between 4×10⁶ and 1×107 conidia ml-1, 5 
and 21 MS g-1 soil, and 35 UCF g-1, respectively. Although 
these studies have contributed significantly to knowledge 
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of Verticillium disease in various crops, results may vary 
due to inoculum density, the type of propagule used, and 
abiotic and biotic factors that affect assay development 
under field conditions.

In the specific case of potatoes, research has been carried 
out using artificial inoculation methods in varieties ‘Russet’ 
and ‘Kennebec’ type in the USA and Canada (Bae et al., 
2007; Platt & Sanderson, 1987), ‘Shepody’ in China (Zhang 
et al., 2023), and ‘Victoria’ and ‘Tasmania’ in Australia 
(Nair et al., 2019). In Colombia, Nieto (1988), Guerrero 
et al. (1991), and Benavides et al. (1995) have studied the 
disease in varieties such as ICA Nariño, ICA Tequendama, 
and Parda Pastusa. 

In studies using artificial inoculation, a concept known 
as pathogenicity testing is used, which is based on Koch’s 
postulates. Despite their secular history, the postulates 
have stood the test of time because of their philosophical 
essence and conceptual stability (Volcy, 2008). The impor-
tance of pathogenicity tests in the study of Verticillium spp. 
is evident in the research carried out by Bae et al. (2007). 
Daami-Remadi et al. (2011) used concentrations of 1×10⁷ 
and 8×10⁶ conidia ml-1, respectively, and successfully re-
produced the disease in potato varieties.

Meanwhile, in Colombia, some work has been carried 
out with inoculations of the pathogen at the time of plant 
emergence using concentrations of 5x10⁵ and 5×10⁷ conidia 
ml-1 (Guerrero et al., 1991), and with 5 g of wheat previ-
ously inoculated with Verticillium (Benavides et al., 1995). 
Regarding the use of MS of the pathogen as inoculum, Land 
et al. (2017) conducted a study in commercial cotton lots, 
using 250 ml of a suspension containing 1×10⁷ MS ml-1 that 
was incorporated into the substrate within the first 12 cm 
pots. In all these trials, disease symptoms were observed, 
and the pathogen was confirmed.

As described, various studies have separately documented 
the use of pathogenicity tests with different inoculation 
methods and Verticillium spp. inoculum densities. Among 
the most frequently used methods are the application of 
a suspension of the pathogen to the soil (drench) (Leon-
Ttacca et al., 2018), immersion of roots in the suspension 
of the pathogen (Serrano et al., 2023; Trapero, Díez et al., 
2013), incorporation of propagules into substrate (wheat) 
(Benavides et al., 1995) or into the soil (Platt & Sanderson, 
1987), and inoculation by puncture or wound (Leon-Ttacca 
et al., 2018; Zhang et al., 2023). Although the disease has 
been reproduced using different methods and inoculum 
densities, no studies have shown how the pathogenesis 

process varies across different infective structures, such as 
conidia, microsclerotia, or melanized mycelium formed by 
the different Verticillium species reported in potato. 

Since no comparative studies on the timing of pathogen 
inoculation and its effects on potato early dying param-
eters exist, the possible outcomes of disease development 
under variations in inoculation time, propagule type, and 
inoculation method remain unresolved. This information 
would not only provide insight into the development of 
potato early dying under different inoculation methods, but 
also into the mechanisms underlying it. But it would also 
facilitate the interpretation and discussion of the results 
obtained. Additionally, it is necessary to clarify whether 
the disease can occur due to pathogen infection at more 
advanced stages of plant development, rather than only at 
the sowing time. Therefore, this work sought to evaluate 
different inoculation methods, using conidia and micro-
sclerotia from Verticillium spp. obtained from infected 
plants in commercial fields in Cundinamarca (Colombia) 
on potato early dying development.

Materials and methods 

The study was carried out in a greenhouse at the Facultad 
de Ciencias Agrarias of the Universidad Nacional de Co-
lombia (UNAL), Bogotá campus, located at 4°38’17.3 N and 
74°05’20.3” W, at an altitude of 2630 m a.s.l. The study took 
place over the second half of 2021 and the first half of 2022. 
The environmental conditions during the experiments 
were an average daily temperature of ± 23°C, 50% and 70% 
relative humidity, and a natural photoperiod of 12 h. The 
volume required for watering the plants was determined 
by daily quantification of their evapotranspiration require-
ments, as described by Hainaut et al. (2016).

Plant material and Verticillium strains
As plant material, certified potato seed tubers var. Diacol 
Capiro was used. The seed tubers were planted in 3 kg 
plastic pots containing soil from non-agricultural areas 
previously sterilized through autoclaving for 2 cycles of 
30 min at 121°C and 21 psi, followed by 20 min of drying. 
Soil fertilization was carried out at the time of sowing by 
applying the commercial fertilizer Sir 24 (Precisagro SAS, 
Colombia) containing 12N-24P2O5-12K2O+10CaO+1.5S at 
a dose of 40 g per plant.

In the study, two monosporic strains of Verticillium spp. 
obtained from infected potato plants in commercial fields 
in Cundinamarca (Colombia), and one reference strain of 
V. albo-atrum from potato was used. The V. albo-atrum 
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strain was provided by the microbiology laboratory of the 
Colombian Agricultural Research Corporation (Agrosa-
via). The other two strains were obtained from plants of 
the Diacol Capiro variety with symptoms of potato early 
dying collected in commercial plots in Funza (4°44’56.0” 
N, 74°12’04.0” W) (Funza 104 strain) and Mosquera 
(4°39’48.0” N, 74°14’42.0” W) (Mosquera 98 strain). These 
two strains (Funza 104 and Mosquera 98) were selected 
based on the high disease severity of the commercial crop 
plants from which they were isolated and their contrast-
ing in vitro characteristics, including colony appearance, 
growth rate, and the propagules formed by the pathogen. 
The strain Funza 104 was characterized by the formation 
of conidia and melanized mycelium, and the strain Mos-
quera 98 by the profuse production of microsclerotia (MS); 
V. albo-atrum (Agrosavia) was characterized by the pro-
duction of conidia only. Previously, the strains Funza 104 
and Mosquera 98 were morphologically and molecularly 
identified by Mendoza-Vargas et al. (2025) as belonging to 
the genus Verticillium, with greater phylogenetic proximity 
to the species V. nonalfalfae and V. alfalfae, which have not 
been previously reported in Colombia. 

Multiplication of Verticillium strains
The inoculum of the three Verticillium strains [Funza 
104, Mosquera 98, and V. albo-atrum (Agrosavia)] for the 
tests was produced on sterile rice, following the protocol 
proposed by Guerrero et al. (1992), and adjusted by the 
laboratory. For this purpose, flasks containing 30 g of rice 
and 20 ml of sterile distilled water (SDW) were autoclaved 
for 20 min in two cycles at 121°C, 21 psi, followed by 20 
min of drying. The flasks, with rice as substrate, were 
inoculated with 1 ml of a conidial suspension (1×107) of 
Funza 104 or Agrosavia strain, separately, and placed in an 
incubator (Incucell® V, Medcenter, Planegg, Germany) at 
21°C for 11 d. To prepare each conidial suspension, a plug 
of Potato Dextrose Agar (PDA) medium (Oxoid®, Thermo 
Scientific, USA) with seven-day-old mycelial growth colo-
nies of each strain was added to sterile tubes containing 
12 ml of SDW, shaken in a Vortex® for 2 min, and filtered 
with sterile gauze. Conidia were counted in a Neubauer 
chamber (Neubauer, VWR, Darmstadt, Germany), and the 
suspensions of 1×107 conidia ml-1 were adjusted. 

For the essays involving microsclerotia, the strain Mos-
quera 98 was multiplied using the same methodology de-
scribed above for conidial production. Still, approximately 
15 d were required to obtain microsclerotia (MS). After this 
period, the MS were separated following the methodology 
proposed by Hawke and Lazarovits (1994), which consisted 
of preparing sand (50 g) with 37% HCl on watch glasses and 

allowing this to act for 24 h. Subsequently, this mixture was 
thoroughly washed with abundant SDW to neutralize its 
acidity. The MS were recovered by sieving (100, 50, and 25 
μm), collected on filter paper, and stored in sealed Falcon® 
tubes until inoculation.

Pathogenicity tests
Different methods and times of inoculation of the pathogen 
were evaluated. These varied according to the propagules 
formed by each Verticillium strain. Conidia as inoculum 
were assessed from the Funza 104 and Agrosavia strains, 
and MS from Mosquera 98. Two moments of inoculation 
of conidia were evaluated, at the sowing time and 49 days 
after sowing (das). In this case, plants were inoculated at 
49 das, since the time period between 45 and 55 das in 
potato coincides with an active root growth, beginning of 
tuberization, and the maximum vegetative growth stage, 
when the pathogen may strongly impair water and nutrient 
transport (Klosterman et al., 2009; Steere & Kirk, 2015). 

For conidia inoculation (Funza 104 and Agrosavia) the 
treatments were: (i) incorporation of propagules in the 
substrate (rice) into the soil at the time of sowing (IPS) 
and (ii) 49 das (IPS 49); (iii) incorporation of conidia into 
the soil at the time of sowing (CS); (iv) inoculation by im-
mersion of roots in the suspension of conidia 49 das (150 
ml plant-1; 10 min) (IR); and (v) inoculation of the conidial 
suspension by soil drench 49 das (120 ml plant-1) (DS). For 
these treatments, a concentration of 1×107 conidia ml-1 was 
used (Ashraf et al., 2012; Mendoza-Vargas et al., 2025). In 
the case of propagules into the substrate (rice), the amount 
of rice needed to achieve the desired conidia density for 
inoculation was previously determined (data not shown). 
In each inoculation method evaluated for conidia, five 
potato plants var. Diacol Capiro were inoculated, and five 
non-inoculated plants were used as controls. The assessed 
treatments are explained in Table 1. 

For MS (Mosquera 98 strain), test plants were inoculated 
with five different concentrations: 2, 5, 10, 30, and 60 MS 
g⁻¹ of soil. The suspension of MS was prepared by count-
ing the required number of MS in a Neubauer chamber 
and suspending them in 600 ml of SDW. The inoculation 
was carried out at sowing by incorporating the MS sus-
pension directly into the soil and thoroughly mixing to 
ensure uniformity. In each MS concentration evaluated, 
five potato plants var. Diacol Capiro were inoculated, and 
five non-inoculated (treated only with SDW) were used 
as controls. Previously, the viability of MS, measured as 
the germination rate, was assessed in PDA medium fol-
lowing the method of Coley‐Smith and Javed (1970). The 
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MS viability was determined to be 70%, which was used to 
adjust the amount of MS per gram of soil for each inoculum 
density assessed.

Monitoring of disease development and plant phenology 
Disease monitoring was carried out using the severity 
scale for Verticillium in potatoes proposed by Hunter et al. 
(1968). This is a five-level scale, where 0: no symptoms of 
the disease; 1: slight wilting and discoloration of leaves; 2: 
moderate wilting affecting less than half of the leaves on 
the plants; 3: severe wilting affecting more than half of the 
leaves on the plants; and 4: plant death due to wilting. The 
results were used to calculate the disease severity index 
(DSI) according to Equation 1 (Chávez-Arias et al., 2020).
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where n is the level of infection according to the scale, v 
is the number of plants present in each level, and V is the 
total number of evaluated plants.

Evaluation was conducted twice a week for 17 weeks (120 
d), by visually inspecting all plants in each pot across all 
treatments. Using the data obtained for each treatment, 
the incubation period (Simko & Haynes, 2017), disease 
incidence, and the area under the disease progress curve 
(AUDPC) were calculated according to Campbell and Mad-
den (1990). The formula used for calculating the AUDPC 
is presented in Equation 2. 
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where n is the number of evaluations, yi and yi + 1 are the 
values of the severity scale that were obtained at every 
evaluation time, and (ti + 1 – ti) is the time interval between 
evaluations.

To confirm the presence of the pathogen in the symp-
tomatic plants at the end of the study, stem explants from 
each treatment were seeded on PDA media according to 
the protocol described by EPPO (2007). Pure culture iso-
lations from each treatment were prepared and visually 
confirmed as Verticillium by microscopic observations 
(Olympus CX31) at 10X and 40X of 7-d cultures according 
to the morphology described by Barnett and Hunter (1998). 

The phenological monitoring of the plants was carried out 
weekly using the BBCH scale (Meier, 2018)—the German 
acronym for Biologische Bundesanstalt, Bundessortenamt 
und Chemische Industrie— selecting from the outset the 
most vigorous stem in each pot. With these data, the ef-
fect of the disease on the phenological development of the 
potato plants was determined. Once the plant cycle in each 
treatment was completed, the inoculated and control plants 
were harvested. The number of tubers per plant, tuber 
weight, and caliber were evaluated in accordance with 
Colombian technical standard 341 (ICONTEC, 2018). The 
experiments were conducted until harvest (120 das), and 
harvest time was carefully monitored to ensure consistency 
among treatments.

Experimental design
The test was carried out using a complete factorial design in 
a completely randomized arrangement with five replicates 
(plants) per treatment. Two trials were conducted based 
on the type of Verticillium propagules used as inoculum: 
conidia or MS. The first trial, which involved conidia, in-
cluded two inoculation timings: (i) at sowing and (ii) at 49 
das. The factor evaluated was the inoculation method, com-
prising five different methods, while the levels considered 
were the Verticillium strains (Funza 104 and Agrosavia). 
The second trial, focusing on MS, involved inoculating with 

TABLE 1. Inoculation methods, strain of Verticillium spp., and amount of conidia used as inoculum in potato plants var. Diacol Capiro.

Inoculation method Strain of the pathogen Amount of substrate or 
suspension per plant Final concentration

Incorporation of propagules in the substrate (rice) into the soil  
at the time of sowing (IPS)

Funza 4.35 g of rice

1×107 conidia ml-1

Agrosavia 0.8 g of rice

Incorporation of propagules in the substrate (rice) into the soil  
49 das (IPS 49)

Funza 4.35 g of rice

Agrosavia 0.8 g of rice

Incorporation of conidia into the soil at the time of sowing (CS)
Funza

120 ml
Agrosavia

Inoculation by immersion of roots in the suspension of conidia  
49 das (IR)

Funza
150 ml

Agrosavia

Inoculation of the conidial suspension by soil drench 49 das (DS)
Funza

120 ml
Agrosavia
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varying MS densities. Here, the factor evaluated was the 
inoculum density, with five different densities tested, and 
the level was represented by the single Mosquera 98 strain.

Data analysis
The free software RStudio version 4.4.1 (Core R Team 2024) 
was used to analyze the data. The Shapiro-Wilk (P>0.05) 
and Bartlett (P>0.05) tests were used to assess normality 
and homogeneity of variances. ANOVA analysis of variance 
(P<0.05) was performed, along with Tukey’s multiple com-
parison tests (P<0.05). A multivariate analysis of variance 
(MANOVA) (P<0.05) was utilized to analyze the harvest 
data, facilitating the examination of correlations among 
response variables originating from the same experimental 
units. This approach enabled a simultaneous assessment of 
the effects of various factors. In addition, cluster analysis 
was performed to further explore treatment relationships.

Results 

Characteristic potato early dying symptoms were observed 
in plants inoculated with the Funza 104, Agrosavia, or 
Mosquera 98 strains, regardless of inoculation method, 
timing, or the propagule type used (MS or conidia). The 
symptoms resembled those typically reported, loss of tur-
gor, unilateral chlorosis of the lower leaves extending from 
the edge to cover the entire leaf blade, subsequent necrosis 
starting from the borders of the leaflets that progress to the 
complete leaves advancing from the base of the stem to-
wards the upper part of the plants, accompanied by wilting 
and subsequent necrosis of the stems (Ashraf et al., 2012; 
Gómez-Caro & Mendoza-Vargas, 2020; Trapero, Serrano 
et al., 2013). For all conidial inoculation methods and for 
most MS densities evaluated, the same pattern of symptom 
development was observed over time. The differences be-
tween the evaluated treatments were associated with the 
number of affected plants and the severity of the disease.

In the treatments inoculated with conidia (Funza 104 and 
Agrosavia), a 100% incidence of the disease was achieved, 
confirming that the evaluated inoculation methods suc-
cessfully induced pathogen infection and reproduced 
the disease (Fig. 1). The inoculation with MS (Mosquera 
98), a 20% incidence of the disease was obtained with the 
density of 5 and 30 MS g-1 of soil, and 40% incidence was 
obtained with the density of 10 and 60 MS g-1 of soil. For 
the density of 2 MS g-1 of soil, there was no development 
of symptoms associated with potato early dying caused by 
Verticillium (Fig. 2).

Development of the disease from the 
inoculation of Verticillium conidia
Regarding the incubation period (Fig. 3A), the results 
showed that all treatments inoculated at the time of sowing 
presented higher values [59-71 d after inoculation (dai)] 
than treatments inoculated at 49 das, where the symptoms 
appeared between 17-32 dai (Fig. 3B), this being the shortest 
incubation period observed. The inoculation with conidia 
in the soil (CS) presented significant differences (P<0.05) 
compared to the treatment with inoculation of propagules 
in substrate (rice) (IPS), for both Funza 104 and Agrosavia. 
The incubation period for the treatment with incorpora-
tion of conidia into the soil (CS) with the Agrosavia strain 
was the longest (71 dai) of all the treatments evaluated. 
On the other hand, plants inoculated at 49 das did not 
show significant differences in this variable (Fig. 3B). In 
the control treatment plants, disease symptoms did not 
develop during the study.

The AUDPC values in Figure 4 represent the amount of 
disease per treatment and Verticillium strain over 120 
d (from the appearance of the first disease symptoms 
until the end of the evaluations). Significant differences 
(P<0.05) in AUDPC are observed between inoculation 
methods and the two inoculation timings for all treat-
ments. The results show that the disease caused by the 
strains Funza 104 and Agrosavia in potato plants inocu-
lated at sowing presents higher AUDPC values (110-160, 
respectively). Additionally, these plants showed shorter 
incubation periods and a faster increase in disease se-
verity compared to plants inoculated at 49 das (65-110 
d, respectively) (Fig. 6A-B). Inoculation of propagules in 
the substrate (rice) (IPS) at the time of sowing with the 
strain Funza 104 presented the highest AUDPC value 
(160.82). Additionally, this treatment showed significant 
differences (P<0.05) with respect to the treatments with 
incorporation of conidia into the soil (CS) with Funza 
104 and Agrosavia strains at the time of sowing (Fig. 4A). 
In contrast, the treatment with inoculation of conidia 
in the substrate 49 das (IPS 49) of the Agrosavia strain 
presented the lowest AUDPC value (70.55) of all the treat-
ments (Fig. 4B). 

The results for treatments with inoculation of conidia 
into the substrate (rice) at 0 and 49 das showed significant 
differences (P<0.05) in AUDPC values (Fig. 4B), despite 
using the same inoculation method and differing only in 
the time of inoculation. In this case, potato early dying 
progressed more rapidly when the pathogen was inoculated 
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FIGURE 1. Development of potato early dying caused by Verticillium in plants var. Diacol Capiro under different inoculation methods at 70, 77, 84, 
and 91 d after sowing (das). IPS: incorporation of propagules in substrate (rice); CS: incorporation of conidia into the soil; IR: immersion of roots 
in a suspension of conidia; DS: applications of conidia in drench to the soil; IPS 49: incorporation of propagules in substrate (rice) at 49 das. Agro: 
Agrosavia strain; Funza: Funza 104 strain. The pots on the left of each image correspond to the control. 
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FIGURE 2. Development of potato early dying caused by Verticillium at 76, 84, 99, and 111 d after sowing in the plants var. Diacol Capiro inoculated 
at the sowing time with different densities of microsclerotia (2, 5, 10, 30, and 60 MS g-1 of soil) of the Mosquera 98 strain. The pots on the left of 
each image correspond to the control.

FIGURE 3. Incubation period (IP) of potato early dying in plants var. Diacol Capiro after the inoculation of Verticillium conidia under different methods 
and strains of the pathogen: A) at the time of sowing and B) 49 d after sowing (das). Treatments at the time of sowing: CS: incorporation of conidia 
into the soil; IPS: incorporation of propagules in substrate (rice). Treatments 49 das: DS: applications of conidia in drench to the soil; IR: immersion 
of roots in a suspension of conidia; IPS 49: incorporation of propagules to substrate (rice) at 49 das. Agro: Agrosavia strain; Funza: Funza 104 
strain. Bars represent the mean of five values ± SE (n=5). Different letters indicate significant differences according to the Tukey test (P≤0.05).
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at sowing. The results showed that plants inoculated with 
Verticillium conidia by soil drench (DS) and incorporation 
of propagules into the substrate (rice) 49 das (IPS 49), with 
the Funza 104 and Agrosavia strains, generated the lowest 
severity values for potato early dying (Fig. 6A and 6B). 

Development of the disease from inoculation 
of Verticillium microsclerotia 
The incubation period of potato early dying in plants in-
oculated with MS of Mosquera 98 was in the range of 60 
to 88 dai, the longest being the treatment with a density 
of 5 MS g-1 of soil (Fig. 5A). Regarding the AUDPC values, 
the highest was found with the density of 30 MS g-1 of soil 
(Fig. 5B). Due to the small number of plants affected by 
this inoculation method, it was not possible to perform a 
statistical analysis of the data obtained.

Development of the plants
Regarding the phenological development of potato plants, 
var. Diacol Capiro with the two types of propagules (co-
nidia and MS), the first disease symptoms were observed 
after 45 das at phenological stage PS4 (tuberization) and the 
disease severity increased 60-90 das at phenological stages 
PS5 (tuber development) and PS6 (flowering), regardless 
the inoculation method, timing of inoculation, strain or 
type of inoculum used (Fig. 6). After 90 das, the potato 
plants reached values over 2.5 and the maximum disease 
severity of 4.0 at 120 das with conidia as inoculum (Fig. 6A 
and B). In the case of MS, a similar tendency was observed, 
but with lower disease severity values (Fig. 6C). Necrosis 
of leaves caused by Verticillium infection led to leaf fall 
and subsequently to the affected stems dying, altering the 
phenological development of the plants. Upon inoculation 
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FIGURE 4. Area under the disease progress curve (AUDPC) of potato early dying in plants var. Diacol Capiro after the inoculation of Verticillium 
conidia under different methods and strains of the pathogen: A) at the time of sowing and B) 49 d after sowing (das). Treatments at the time of 
sowing: CS: incorporation of conidia into the soil; IPS: incorporation of propagules in substrate (rice); DS: applications of conidia in drench to the 
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cording to the Tukey´s test (P≤0.05).
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FIGURE 6. Severity of potato early dying and phenological stages of plants var. Diacol Capiro inoculated with three different sources of Verticillium 
inoculum. A) Inoculation of conidia Agrosavia strain (Agro) under different methods, B) Inoculation of conidia Funza 104 strain (Funza) under 
different methods, C) Inoculation of microsclerotia Mosquera 98 strain (Mosquera) under different densities of MS (2, 5, 10, 30, and 60 MS g-1 of 
soil). Treatments: CS: incorporation of conidia into the soil at the time of sowing (st); IPS: incorporation of propagules in substrate (rice) at st; DS: 
applications of conidia in drench to the soil 49 d after sowing (das); IR: immersion of roots in a suspension of conidia 49 das; IPS 49: incorporation 
of conidia in substrate (rice) at 49 das. Dashed vertical lines indicate the transition between main phenological stages according to the BBCH scale. 
Stage 0 (PS0): sprouting (0-15 das); stage 1 (PS1): leaf development (15-30 das), stage 2 (PS2): development of lateral stems (30-45 das), stage 
4 (PS4): tuberization (45-60 das), stage 5 (PS5): tuber development (60-90 das), stage 6 (PS6): flowering (60-80), stage 7 (PS7): tuber filling/initial 
ripening (90-110 das) and stage 9 (PS9): senescence (110-120 das).
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with conidia, the plants showed senescence at 60-67 das, 
and plant death was observed from 84 das. Premature 
senescence of potato plants inoculated with the pathogen 
was consistently observed across all inoculation methods 
and Verticillium strains evaluated. Plants inoculated with 
conidia reached phenological stage PS9 according to the 

BBC scale, as early as 67 das in most inoculation methods 
with the Agrosavia (Fig. 7) or the Funza 104 strain (Fig. 8). 

These results show that the plants inoculated with Agro-
savia and Funza 104 strains senesced 28-35 d earlier than 
the control plants (non-inoculated), which flowered (PS6) 
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FIGURE 7. Developmental status of potato var. Diacol Capiro during the final phenological stages of plants inoculated with conidia of the strain Agro-
savia (Agro). The figure illustrates the percentage of plants in each phenological stage (PS), for leaf development (PS1), flowering (PS6), and senes-
cence (PS9) according to the BBCH scale. A) Control plants non-inoculated, B) Incorporation of propagules in substrate (rice), C) Incorporation of 
conidia into the soil, D) Immersion of roots in the suspension of conidia, E) Application of conidia by soil drench, F) Incorporation of propagules in 
substrate (rice) at 49 days after sowing (das). Note the early dying of plants under Verticillium inoculation (PS9) starting at 64-67 das, compared 
to control plants (A), which reached PS9 (senescence) at 95-102 das.
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between 67 and 88 das and began to show senescence 
symptoms at 95 das (Figs. 7A and 8A). In the case of plants 
inoculated with MS (Mosquera 98 strain), the alteration 
of the phenological development of the plants was less 
remarkable; however, leaf fall associated with wilting was 
also recorded, which affected the phenology of the plants, 

causing them to enter the senescence stage around 20 d 
earlier than the control plants.

Isolation of Verticillium from plants
In the symptomatic potato plants, var. Diacol Capiro, in-
oculated with the two types of propagules of the pathogen 
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FIGURE 8. Developmental status of potato var. Diacol Capiro during the final phenological stages of plants inoculated with conidia of the strain Funza 
104 (Funza). The figure illustrates the percentage of plants in the phenological stages (PS), leaf development (PS1), flowering (PS6), and senes-
cence (PS9) according to the BBCH scale. A) Control plants non-inoculated, B) Incorporation of propagules in substrate (rice), C) Incorporation of 
conidia into the soil, D) Immersion of roots in a suspension of conidia, E) Application of conidia by soil drench, F) Incorporation of propagules in 
substrate (rice) at 49 days after sowing (das). Note the early dying of plants under Verticillium inoculation (PS9) starting at 64-67 days after sowing 
(das), compared to control plants (A), which reached PS9-senescence at 95-102 das.
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(conidia and MS) and the three strains of Verticillium 
evaluated, the browning of the vascular bundles of the 
stems reported for the disease was observed in cross stem 
sections taken from the base of the diseased plants (Daami-
Remadi et al., 2011; Powelson et al., 1993; Simko & Haynes, 
2017). In isolations carried out in PDA medium from these 
stems, the growth of Verticillium colonies was confirmed, 
with typical mycelial growth of this genus as reported by 
Klosterman et al. (2009), Rubilar (2010), and Leon-Ttacca 
et al. (2018). In the colonies obtained, the characteristic 
whorled conidiophores were formed (Barnett & Hunter, 
1998; Leon-Ttacca et al., 2018). In stems of control plants, 
the presence of vascular browning was not observed, and 
no Verticillium colonies were isolated. These results allowed 
us to confirm successful infection by the pathogen and that 
the symptoms presented in the potato plants var. Diacol 
Capiro, inoculated and maintained under greenhouse 
conditions, corresponded to potato early dying disease 
caused by Verticillium spp.

Harvest
From the MANOVA analysis of harvest data from plants 
inoculated with conidia, the inoculation method had a 
highly significant effect (P>0.05) on the set of response 
variables, and neither the strain nor the interaction had 
significant effects. From the clusters obtained, two pos-
sible groups were observed. The first group comprised 
the drench methods, application of conidia to the soil, 
and incorporation of propagules into the substrate for 49 
das. The second group included root immersion and the 
incorporation of propagules into the substrate at sowing. 
Group 1 had the highest average tuber weights, and Group 2 
had the lowest. Regarding the MS test, the analysis showed 
no significant differences in the evaluated MS densities. 

Regarding the number of tubers per plant, for the two types 
of inoculated propagules (conidia and MS), no significant 
differences (P>0.05) were found between inoculation 
method, inoculum density, Verticillium strain, and the 
control treatments. Regarding tuber quality, in the conidia 
test, the most significant proportion of these (a range of 
67% to 98% of the total tubers) corresponded to third-class 
quality, and no tubers classified as zero or first-class qual-
ity were obtained. In the case of MS, no zero-class quality 
tubers were recorded. Still, a small number of first-class 
quality tubers (maximum 2) were observed. In contrast, 
between 90% and 95% of the total tubers were classified as 
second or third-class quality, with similar proportions for 
the two classes. In both cases (conidia and MS), the control 
treatment presented the same behavior as the inoculated 
treatments for this variable.

Discussion 

Under natural conditions, wilting of potato plants due 
to Verticillium begins during tuberization, as a result of 
infection by the inoculum present in the soil (Busch & 
Edgington, 1967), and it can also originate from inoculum 
present in seed tubers (Ayers, 1952; Robinson & Ayres, 
1961). In this study, a comparative evaluation was carried 
out of the development of potato early dying under differ-
ent methods, inoculation timing and types of Verticillium 
propagules (conidia and microsclerotia), in order to expose 
the host plants (seed tubers and newly emerged plants) to 
inoculum that can be found on the surface of the tuber, in 
the soil near the seed, and near the root system of devel-
oping plants. Our research revealed that almost all plants 
inoculated with the three Verticillium strains and treated 
with the different methods developed the characteristic 
symptoms of early wilting. The results also confirmed 
that Verticillium can infect established plants (49 das), and 
was not limited to early root from potato tuber seed at the 
time of sowing. 

Characteristic symptoms of the disease developed under 
all the inoculation methods evaluated. These results are 
in accordance with previous studies, in which Verticillium 
inoculation methods such as soil drench (Leon-Ttacca 
et al., 2018), root immersion (Trapero, Díez et al., 2013), 
incorporation of propagules (conidia) in substrate (wheat) 
and application of propagules (conidia) to the soil (Platt 
& Sanderson, 1987) were applied to potatoes; the results 
find that it is possible to induce potato early dying by Ver-
ticillium. Based on the results obtained, the inoculation 
of a suspension of conidia into the soil is a recommended 
method, as it allows the exact inoculum density to be 
determined. Aditionally, the pathogen is similar to what 
is found in natural conditions. Due to its practicality, in-
corporating propagules into the substrate (rice) underlines 
the effectiveness of rice as a substrate for the multiplication 
and growth of Verticillium spp., but it also demonstrates 
the ease of adjustment to the required inoculum concentra-
tion. Regarding the timing of inoculation, it is suggested 
that it should be done at sowing, as this best represents the 
Verticillium infective process under natural commercial 
cultivation conditions. 

In this study, a progressive increase in the severity of the 
disease was observed over time, ending with the wilting and 
death of the plants, which is in accordance with Guerrero et 
al. (1991), Bae et al. (2007), Johnson and Dung (2010), and 
Gómez-Caro and Mendoza-Vargas (2020). These symp-
toms appear once the pathogen has penetrated and invaded 
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the xylem, where it generates numerous conidia that move 
systemically through the host’s vascular system, causing 
chlorosis, necrosis, and, finally, leaf wilting (Johnson & 
Dung, 2010; Steere & Kirk, 2015).

Observing the development of the disease from the inocula-
tion of Verticillium conidia demonstrated that the incuba-
tion period was shorter (23 dai) in the treatments where 
the pathogen was inoculated at 49 das. However, although 
symptom onset in these treatments was faster, disease 
progression was less severe than in treatments with co-
nidia applied to the soil and propagules in substrate (rice), 
where the pathogen was inoculated at the time of sowing. 
Johnson and Dung (2010) state that, although Verticillium 
infection in potatoes can occur in the early stages of crop 
growth, wilting symptoms usually appear in the last phase 
of development, coinciding with the rapid tuber growth 
stage. Therefore, the treatments (Verticillium inoculation) 
applied at sowing exhibited a more extended incubation 
period and higher disease than those inoculated at 49 das. 
This difference is probably because, when the Verticillium 
inoculum reaches the crop after it has been established and 
its root system is developed, infection and the subsequent 
appearance of symptoms occur more rapidly. Moreover, al-
though studies quantifying phenological susceptibility are 
limited, Johnson and Dung (2010) also found that Verticil-
lium inoculation at sowing resulted in more severe disease 
than inoculation at a later stage. This implies heightened 
susceptibility during early plant development, which likely 
contributes to the more extended incubation period and 
greater disease levels observed in these treatments.

In the development of potato early dying through MS 
inoculation, we observed that the incubation periods 
coincided with the intervals reported by Trapero, Díez et 
al. (2013) in three of the five densities evaluated (10, 30, 
and 60 MS g-1 of soil), which range between 60 and 80 d. 
Furthermore, we observed an increase in disease (higher 
AUDPC) with increasing MS levels in the soil. However, at 
soil densities greater than 30 MS g-1, the AUDPC decreased. 
Similar results are reported by Xiao and Subbarao (1998) in 
cauliflower, where the incidence of wilting due to V. dahliae 
is 16%, even at 4 MS g-1, and inoculum densities greater 
than 20 MS g-1 of soil did not cause a further reduction in 
plant growth. Likewise, these authors point out that the 
minimum MS concentration in soil required to cause wilt-
ing, as well as the number of infected plants at increasing 
MS density, depends on the cultivated plant species. In the 
present work, we found that infection with the pathogen 
and development of the disease in potato var. Diacol Capiro 
was at a density of 5 MS g-1 of soil. The results obtained in 

this and other studies reflect the difficulty of working with 
Verticillium resistance propagules such as MS, due to the 
limited protocols available for them. Although numerous 
methods have been described for their quantification, in 
most cases, sample processing is complex and laborious, MS 
recovery rates are low, and isolates are often inconsistent. In 
summary, the low efficiency of these techniques has been 
attributed, among other factors, to the possible dormancy 
that MS may present in the semi-selective media used for 
their production (López-Escudero et al., 2003). Moreover, 
MS have been reported to survive in soil for 10 to 15 years 
as melanized microsclerotia in the absence of a suitable 
host (Duressa et al., 2013).

Pullman and DeVay (1982) report that cotton plants in-
oculated with V. dahliae mainly presented inhibition of  
growth and development. This finding is consistent with 
observations of potatoes in the current study, in which 
leaf fall and vascular wilting affected plant phenology. 
In addition, this would lead to a lower photosynthetic 
rate, directly due to wilting and leaf drop, and indirectly 
through vascular blockage by the pathogen, resulting in 
reduced tuber production. In this regard, in the 1960s, it 
was speculated that the pathogen’s toxins are responsible 
for leaf necrosis in plants infected by V. dahliae (Stoddart 
& Carr, 1966). However, the proteins secreted by V. dahliae 
are mostly intrinsic toxins that cause leaf wilting, fulfilling 
two main functions: altering the host’s physical barriers 
through their enzymatic activity, and manipulating its 
defense system through their synergistic contribution to 
virulence (Chen et al., 2021). In V. dahliae, the best-known 
toxin is the necrosis and ethylene-inducing protein (Vd-
NEP), which induces wilting in cotton leaves (Wang et al., 
2004) and cell death in tobacco (Santhanam et al., 2013; 
Zhou et al., 2012) and is a virulence factor in tomato and 
Arabidopsis thaliana. Potato plants var. Diacol Capiro 
inoculated with Verticillium sceneced approximately 20 d 
before non-inoculated plants coinciding with those results 
reported by Rowe and Powelson (2002), in which the death 
of potato plants affected by the pathogen was accelerated 
between 20 and 30 d. These findings underscore the altered 
phenological development of potato plants caused by Ver-
ticillium spp. infection.

Studies carried out by Steere and Kirk (2015), and Gómez-
Caro and Mendoza-Vargas (2020) report that potato early 
dying by Verticillium causes that plants cannot develop 
tubers of significant size, resulting in a lower proportion 
of tubers in the zero and first-class categories, which 
negatively affects the performance of diseased plants and 
makes early dying a limiting disease for the crop. In this 
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study, a greater number of tubers was found in the second 
and third-class categories, along with a reduction in tuber 
weight in the affected plants. According to Botseas and 
Rowe (1994), tuber size may have been affected by a de-
crease in photosynthetic rate resulting from the premature 
loss of foliage, a consequence of chlorosis that progresses 
to necrosis and ultimately causes the plant’s death. Plants 
subjected to methods of inoculation of Verticillium conidia 
by soil drench (DS), incorporation of conidia into the soil 
(CS), and incorporation of propagules into the substrate 
at 49 das (IPS 49) had a greater tuber weight. In contrast, 
plants subjected to root immersion (IR) 49 das and those 
inoculated by incorporating propagules into the substrate 
at the time of sowing (IPS) had lower weights. According to 
the results, the pathogen inoculation methods that showed 
the highest AUDPC values (CS and IPS), which resulted in 
premature plant death around 30-35 d before the control 
plants, presented the lowest harvested tuber weights.

Given the increasing importance of potato early dying 
caused by Verticillium spp. in Colombia, the need to con-
duct studies that consider melanized hyphae as a source of 
inoculum is evident, as these resistance structures, which 
form some Verticillium species, have been little studied. 
Likewise, the results of the present study could be expanded 
by evaluating other potato varieties, infection processes 
with mixtures of different types of propagules in the de-
velopment of the disease under different soil conditions, 
including pH, texture, and humidity. This would broaden 
our understanding of the development of potato early dying 
caused by Verticillium within the framework of a pathogen 
that produces different infective propagules, making this 
a complex disease to study and control.

Conclusions

This study revealed that potato early dying caused by Verti-
cillium may occur due to plant infection at sowing time or 
during later growth stages, such as the onset of tuberization 
and the maximum vegetative growth stage, 45 to 55 days 
after sowing. However, the results suggest that the disease 
is more severe in plants inoculated at sowing. It was found 
that the first symptoms in potato plants var. Diacol Capiro 
can be observed between 65 and 70 d, regardless of the 
type of Verticillium propagule used as inoculum. Although 
either conidia or microsclerotia can infect potato plants, 
the density of microsclerotia plays an essential role in plant 
infection, with densities of minimum 5 MS g-1 of soil.

Additionally, it was found that plants affected by the 
pathogen senesce prematurely, 28 to 35 d earlier than 

pathogen-free plants. This finding highlights the altered 
phenological development of infected plants, leading to 
reduced tuber production and quality, with a more pro-
nounced effect when infection occurs at sowing. To further 
understand the disease’s development, evaluations using 
melanized hyphae as a source of inoculum are necessary, 
as it is a typical structure of the pathogen for persisting in 
soil. Finally, this study lays the groundwork for a systematic 
evaluation of potato varieties in Colombia and the Andean 
region. A similar approach could be employed to screen 
Solanum species related to Solanum tuberosum or Solanum 
phureja to identify resistant sources.
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SUPPLEMENTARY TABLE S1. Analysis of variance (ANOVA) results for area under the disease progress curve 
(AUDPC) in potato plants inoculated with conidia of different Verticillium strains (Agrosavia and Funza 104) 
and inoculation methods.

Df Sum Sq Mean Sq F value Pr(>F)

AUDPC 9 22465 2496.08 4.9353 0.0003155

Residuals 3 16690 505.76

Df = degrees of freedom; Sum Sq = sum of squares; Mean Sq = mean square; F value = Fisher’s statistic; Pr(>F) = P-value. Significance 
was considered at P<0.05.

SUPPLEMENTARY TABLE S2. Analysis of variance (ANOVA) results for incubation period (IP) in potato plants 
inoculated with conidia of different Verticillium strains (Agrosavia and Funza 104) and inoculation methods.

Df Sum Sq Mean Sq F value Pr(>F)

AUDPC 9 19571.1 2174.57 53.589 2.2e-16

Residuals 3 1339.1  40.58

Df = degrees of freedom; Sum Sq = sum of squares; Mean Sq = mean square; F value = Fisher’s statistic; Pr(>F) = P-value. Significance 
was considered at P<0.05.

SUPPLEMENTARY TABLE S3. Analysis of variance (ANOVA) results for average total weight of tubers harvested 
in potato plants inoculated with conidia of different Verticillium strains (Agrosavia and Funza 104) and 
inoculation methods. 

Df Sum Sq Mean Sq F value Pr(>F)

Method 4 428.91 107.226 2.0963 0.0966 

Strain 2 64.37 32.187 0.6293 0.5375

Residuals 46 2352.87 51.149

Df = degrees of freedom; Sum Sq = sum of squares; Mean Sq = mean square; F value = Fisher’s statistic; Pr(>F) = P-value. Significance 
was considered at P<0.05.

SUPPLEMENTARY TABLE S4. Multivariate analysis of variance (MANOVA) results for average total weight of 
tubers harvested in potato plants inoculated with conidia of different Verticillium strains (Agrosavia and 
Funza 104) and inoculation methods. 

Df Pillai approx F num Df Den Df Pr(>F)

Method 4 0.63872 5.3959 8 92 1.421e-05

Strain 2 0.06774 0.8064 4 92 0.5242

Residuals 46     

Df = degrees of freedom; Pillai = Pillai’s trace statistic; approx F = approximate F value; num Df = numerator degrees of freedom; den  
Df = denominator degrees of freedom; Pr(>F) = P-value. Significance was considered at P<0.05.
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SUPPLEMENTARY TABLE S5. Multivariate analysis of variance (MANOVA) results for the number of tubers 
harvested in potato plants inoculated with conidia of different Verticillium strains (Agrosavia and Funza 104) 
and inoculation methods. 

Df Pillai approx F num Df Den Df Pr(>F)

Method 4 0.46860 2.1288 12 138 0.01870

Strain 2 0.22414 1.8933 6 90 0.09052

Residuals 46     

Df = degrees of freedom; Pillai = Pillai’s trace statistic; approx F = approximate F value; num Df = numerator degrees of freedom; den  
Df = denominator degrees of freedom; Pr(>F) = P. Significance was considered at P<0.05.

SUPPLEMENTARY TABLE S6. Multivariate analysis of variance (MANOVA) results for average total weight of tu-
bers harvested in potato plants inoculated with microesclerotia of different Verticillium strain (Mosquera 98).

Source Df Pillai approx F num Df Den Df Pr(>F)

Method 5 0.67189 1.61614 15 84 0.08659

Strain 1 0.04448 0.40348 3 26 0.75170

Residuals 28      

Df = degrees of freedom; Pillai = Pillai’s trace statistic; approx F = approximate F value; num Df = numerator degrees of freedom; den  
Df = denominator degrees of freedom; Pr(>F) = P. Significance was considered at P<0.05.
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