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RESUMEN

Fusarium oxysporum es uno de los hongos mas limitantes en la
produccidn del cultivo de lulo y con el fin de conocer su patogenicidad,
este trabajo caracterizé morfologica y patogénicamente aislamientos
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provenientes de diferentes municipios productores del departamento de Narifio. Se evaluaron 20 aislamientos
de FE oxysporum bajo el Disefio Completamente al Azar con dos factores y tres repeticiones por tratamiento
mas un testigo. El primer factor corresponde a 20 aislamientos de E oxysporum y el segundo a 10 genotipos de
lulo. Para la caracterizaciéon morfolégica se evalué la velocidad de crecimiento (VC), colouracién (CM) y tipo de
micelio (TM), colouracion del medio(Cm), forma(F), tamafio(T) y nimero (N) de septos de macroconidios (Ma)
y microconidios (Mi), presencia de clamidosporas (PC) y forma de clamidosporas (FC); para la caracterizacion
patogénica se evalud el periodo de incubacién (PI), tasa de crecimiento absoluto (TCA), severidad de la
enfermedad (SEV), incidencia de la enfermedad (I) y decoloracién vascular (DV). Los resultados de la
caracterizacién morfolégica mostraron que todos los aislamientos corresponden a F. oxysporum. Para la variable
PI, el genotipo G1 presentd el menor promedio con 18 dias. En cuanto a TCA, el genotipo G2 present6 el menor
incremento en altura con un valor de 0.05cm.dia!. Para SEV, el genotipo G1 alcanzé el nivel mas alto de severidad
(nivel 9) y una incidencia del 100%. Solanum hirtum, Solanum sessiliflorum y Solanum estramonifolium fueron
resistentes a los aislamientos evaluados, demostrando que existe la forma especial Fusarium oxysporum f. sp.
quitoense identificada por primera vez en Narifio y se debe considerar a las especies silvestres como fuentes de
resistencia para incluirse en programas de mejoramiento genético como base para la obtencién de genotipos

comerciales resistentes.

Palabras clave: Incidencia; Severidad; Solanum hirtum; Solanum sessiliflorum; Solanum estramonifolium.

INTRODUCTION

Lulo (Solanum quitoense Lam.) is a native shrub
species ofthe Ecuatorianand Colombian Andes.
This species produces green-fleshed fruits
sought after by domestic and foreign markets
due to their color, flavor, and nutritional value
(Lagosetal, 2015).1In Colombia, the cultivation
of lulo represents 0.01% of the exported fruits’
value in the country. Furthermore, lulo exports
grew from 27.88t to 33.35t between 2016 and
2017 (MADR, 2019).

In recent years, there has been a reduction
in the planted area, production, and yield
of lulo crop in the Department of Narifio. In
2017, lulo production and yield decreased
between 11.61% and 16.93%, resulting in a
production of 2823.5t and yield of 5.48t.ha™
(MADR, 2019). Reduced production is due
to the abandonment of the crop by farmers,
mainly owing to limiting phytosanitary
problems caused by Fusarium oxysporum
(Lagos et al, 2015).
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E oxysporum is a soil-dwelling fungus that
lives as a facultative saprophyte. Additionallly,
it behaves as a pathogen that causes vascular
wilt under suitable humidity conditions and
temperature (Lopez-Zapata and Castafio-
Zapata, 2019; Hernandez et al., 2020; Segura
and Torres, 2020; Ochoa, 2002; Renteria-
Martinez et al., 2018; Espinoza-Ahumada et
al.,2019). The fungus infects the plant through
the roots and colonizes the vascular system.
Furthermore, during plant colonization, the
pathogen also infects the seed as a means
of transmission of the disease (Ochoa, 2002;
Guerra-Fuentes etal, 2019; Pifieros-Guerrero
etal, 2019).

Fusarium oxysporum reproduces through
microconidia, macroconidia, and chlamydo-
spores, which are responsible for the infection
of new plants and dissemination throughout
the crop. Particularly, chlamydospores confer
resistance and remain viable in the soil for long
periods of time (Nelson et al, 1994). To date,
no effective control methods are known for
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affected plants; therefore, farmers are rec-
ommended to remove plants showing symp-
toms, leading to representative losses up to
80% (Lagos et al, 2015).

Studies in several plant species have focused
on identifying sources of resistance as an
effective control method for the disease.
Ribeiro et al. (2018) evaluated 41 banana
accessions, identifying genotype MS53 as
resistant to F oxysporum f. sp. cubense Race
1. Likewise, Carvalho et al. (2021) focused
on identifying completely resistant species of
passion fruit to F oxysporum f. sp. passiflorae
and Fusarium solani, finding that Passiflora
nitida presented complete resistance to the
two pathogens and can be used in breeding
programs for this species.

A study in Colombia determined that wild
species such as Solanum sessiliflorum,
Solanum hirtum, and Solanum marginatum
presented resistance to F oxysporum under
greenhouse conditions (Betancourth et al,
2005). The same study also evaluated the
resistance of 37 genotypes of lulo de Castilla
(S. quitoense) to four isolates of F oxysporum
collected in Narifio, finding that the genotypes
evaluated presented symptoms and vascular
colonization.

This research aimed to morphologically

characterize different isolates of E oxysporum,
causing vascular wilt of lulo (VWL), from
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different areas of the Department of Narifio.
Furthermore, the pathogenic behavior of
these isolates in commercial lulo varieties
and wild species of Solanum was determined.

MATERIALS AND METHODS

Location. This study was conducted at a
greenhouse located in Ricaurte-Narifio
(1°11°17”N and 77°58°25”W) at an altitude of
1,230 m a.s.l,, with temperatures ranging from
19 to 30°C and a relative humidity above 80%
(IDEAM, 2020). Additionally, laboratory work
was done at the phytopathology laboratory
of the Grupo de Investigacién en Produccién
de Frutales Andinos (GPFA), located at 2,488
m a.s.l, with coordinates 1°14’3”N and
77°17°'7"W.

Collection of E oxysporum isolates.
Infected plant material was collected during
the second semester of 2018 and the first
semester of 2019 from plants with symptoms
caused by F oxysporum infection, such as leaf
chlorosis, stem necrosis, wilting, and rotting
of vascular bundles (Garcia et al, 2007). The
sampled plants were located in commercial
plots, previously identified with the Municipal
Agricultural Technical Assistance Units
(UMATAs) of each municipality. Seventeen
municipalities in the department of Narifio

were sampled for a total of 20 fungal isolates
collected (Table 1).
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Table 1. Passport data from 20 isolates of E oxysporum collected in 17 lulo (Solanum
spp.) growing municipalities in the Department of Narifio.

ISO HOST MUN COORD ALT
Al S. q Castillo La Florida N01°24°03.12” W77°18°46.75” 1850
A2 S. @*S. hirtum Arboleda N01°30°55.58” W77°08°2.57” 2301
A3 S. q Larga Vida Arboleda N01°30°22.84” W77°07°'53.57” 2288
A4 S. q Castillo La Llanada N01°28’41.73 W77°34’59.21 2113
A5 S. q Castillo La Uni6n N01°35’32.5” W77°06’25.2” 1963
A6 S. q Castillo La Unién N01°34'22.4” W77°07°52.0” 2028
A7 S. q Castillo Consaca N01°13°4.15 W77°28'37.03 1244
A8 S. q Castillo Samaniego N01°19°1.17 W77°35’36.80 1470
A9 S. q Castillo Cartago N01°33’52.2” W77°07°12.2” 1966
A10 S. @*S. hirtum Mallama NO1°11°'43.45 W77°56'19.66 1783
A11 S. q Larga Vida Ricaurte N01°9'53.41 W77°57°49.37 1670
A12 S. q Castillo Tangua N01°04’25.1” W77°23'24.92” 1537
A13 S. q Larga Vida Taminango N01°33'58.94” W77°16’24.86” 1627
A14 S. @*S. hirtum Ancuya N01°16°09.31” W77°31°2.76” 1359
A15 S. q Castillo Buesaco N01°22°47.93” W77°52°27.0” 2153
Al6 S. q Larga Vida Buesaco N01°22'10.15” W77°08°42.7” 2030
A17 S. q Castillo Yacuanquer N01°07°30.54" W77°26'26.66” 2218
A18 S. q Larga Vida Colon N01°39°2.96” W77°02°23.30” 2192
A19 S. q Castillo EL Tambo N01°24°25.66” W77°23'32.71" 2187
A20 S. q Castillo Linares N01°21°16.18” W77°31'31.24” 1457

ISO: isolate; MUN: municipality; COORD: coordinates; ALT: altitude in m a.s.l; S. q: Solanum quitoense.

Pathogen isolation and purification. The
collected samples were transferred to the
laboratory of phytopathology of Universidad
de Narifio. The plant material was washed
with sterile distilled water, then, 5 mm-
sections of healthy and diseased tissue were
cut from stems and branches. The tissues
were disinfected with distilled water and
2.5% sodium hypochlorite (NaClO) for 1
minute and 70% alcohol for 1 minute. Finally,
they were washed with sterile distilled
water, then, four cuttings per Petri dish
were seeded on Potato Dextrose Agar (PDA)
medium and incubated at 28°C for 48 hours.
Once fungal structures were obtained, fungal
replication was performed until pure cultures
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of 20 isolated colonies of the pathogen were
obtained (Nelson et al., 1994).

Monosporic cultures. To obtain pure cultures
from a single spore, a low concentration
suspension of conidia in sterile water was
made from pure cultures on PDA medium.
For this, the mycelium in the Petri dishes
was washed with sterile water, 0.5 ml of the
suspension was taken, the contents were
added to a water-agar medium and streaked
with a sterile glass rod. Germination of the
conidia was observed under a stereoscope at
time intervals of 24, 48 and 72 hours. Once
germination started, conidia with isolated
growth were observed. A section of the agar
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was extracted using a sterile needle, then,
a conidium was transferred to Petri dishes
with PDA medium to obtain 10 replicates of
pure cultures from each isolate (Nelson et
al, 1994).

Morphological identification of E
oxysporum. Morphological identification
of the pure cultures was done using the
taxonomic keys developed by Nelson et al
(1994) and Leslie and Summerell (2006).
Macroscopic morphological characteristics
were determined from eight-day-old fungal
colonies by observing the texture, color,
and PDA medium growth. On the other
hand, microscopic parameters of shape,
size, chlamydospores (e.g., shape, presence,
size), and number of macroconidia and
microconidia septa were determined from
pure mycelia grown on Carnation Leaf Agar
(CLA) medium with lactophenol staining,
observed under light microscopy.

Pathogenicity test

Plant material. The lulo plants were obtained
from seeds of visually healthy plants in seven
lulo growing municipalities in the Department
of Narifio, namely La Florida, Arboleda,
Mallama, La Union, Ancuya, Buesaco, and
El Tambo, located at altitudes ranging from
1,320 to 2,301 m a.s.l. Wild plant material of S.
hirtum, S. sessiliflorum and S. stramonifolium
were obtained from spontaneously growing
plants in the municipalities of Mocoa-
Putumayo (590 m a.s.l.) and Tumaco (764 m.
a.s.l.). A total of 100 seeds of each genotype
were sown in order to select five plants of
homogeneous growth for inoculation. A
total of 500 plants were evaluated under
greenhouse conditions.
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Inoculation of seedlings with FE oxysporum.
The inoculum was obtained from a mycelial
wash with sterile distilled water at a
concentration of 1x10° spores.ml? of the
purified fungus and calibrated in a Neubauer
chamber. Subsequently, five seedlings (two
months old with two true leaf pairs) per
material were inoculated by injecting 3ml
of the suspension at the base of the stem,
according to the methodology of Cardona and
Castafio (2019). Additionally, distilled water
was injected as a negative control. Once the
plants were inoculated, they were kept at
field capacity for 15 days to facilitate the
development of the disease (Betancourth et
al, 2005).

Traits assessed

Morphological characterization. Observations
of morphological structures were done
at 40X and 100X magnification for
detailed microconidia, macroconidia, and
chlamydospore sstructures. The characterization
was based on the descriptions of Nelson et al.
(1994) and Leslie and Summerell (2006),
considering the following variables: i) Growth
rate of colonies in the PDA culture medium,
estimated as the ratio between the diameter
of the colonies (mm) and the time required
to colonize the total Petri dish area (mm.day
1). ii) Mycelium color and type according to
the Auction Color Chart® (2004). iii) Growth
medium color according to the Auction
Color Chart® (2004). iv) shape and size of
macroconidia and microconidia in pum. v)
Number of macroconidia and microconidia
septa (1-6 septa). vi) Chlamydospore
presence and shape.

Pathogenicity = characterization.  The
pathogenicity test was conducted for 98
days and variables were measured every
seven days. Disease incubation period was
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determined as the number of days to symptom
onset after inoculation (IP); additionally,
absolute growth rate (AGR) was recorded as
the increase in plant height in cm.day from
the time of inoculation and calculated using
the formula:

P — AP2 — AP1
O T2-T1

Where: AP1 = plant height at time 1, AP2 =
plant height at time 2, T2 = evaluation time 2
and T1 = evaluation time 1.

Disease severity (DS) was expressed as a
percentage (%) using the scale proposed by
Estupifian and Ossa (2007) (Table 2).

Table 2. Disease severity scale for
Fusarium oxysporum.

Severity Percentage Characteristics

No symptom

1 0 . .
manifestation
No more than 10% of

3 10 the total foliage is wilted
and/or chlorotic

. 9t Leaves Wllted or
chlorotic

7 50 Leaves .wilted or
chlorotic
Dead or severely
infected plants showing

9 100 virtually all foliage

with wilted, chlorotic,
necrotic, and/or
premature defoliation

Vascular discoloration (VD) was determined
through a transverse cut in the stem of each
plantatthe end of the evaluation period. VD was
described according to the scale of Estupifian
and Ossa (2007), as shown in Table 3.
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Table 3. Vascular discoloration scale
according to Estupifian and Ossa (2007).

VD DS CHARACTERISTIC

0 NONE | |
1 SLIGHT [ |
- INTERMEDIATE | | |
3 SEVERE I

Resistance (-) or incompatibility reactions
were indicated by levels 0 and 1 of vascular
discoloration (i.e., no evidence of damage and
none or slight discoloration of the vascular
system). Conversely, susceptibility (+) or
compatibility reactions were manifested by
levels 2 and 3 (i.e., intermediate vascular
discoloration in a large part of the plant and
severe vascular discoloration of the whole
plant, respectively) (CIAT, 2010).

Reisolation of the fungus. Sections of vessels
were taken from the base of stems with
and without symptoms after the evaluation
period. The sections were placed on PDA and
incubated at 22°C for eight days to test Koch'’s
postulates (Estupifian and Ossa, 2007).

Experimental design. A completely
randomized design was used with three
replicates perisolate and a control isolate. The
design considered two factors: the first factor
corresponded to 20 isolates of F oxysporum
and the second factor to 10 genotypes of
lulo, in addition to the control inoculated
with distilled water. The experimental unit
consisted of one seedling planted in a bag
with a capacity of 1 Kg of sterile substrate
under greenhouse conditions.

Statistical = analysis.  The observed
pathogenicity data were subjected to an
Analysis of Variance (ANOVA) using S.A.S.
software version 9.4 (Statistical Analysis
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System, Institute Inc.). Significant differences
were established when the hypothesis test
allowed rejecting the null hypothesis, i.e,
significant or highly significant statistical
differences were determined when the
means of the genotypes exceeded the general
mean plus one standard error (u+0) or twice
the standard error (u+2c0), respectively,
according to Lagos et al. (2015). For the traits
related to pathogenicity and aggressiveness
of E oxysporum, the most outstanding genetic
materials were those below p-o or p-20, with
significant or highly significant differences
compared with the others.

RESULTS AND DISCUSSION

Collection of isolates. A total of 17
municipalities with established lulo crops
were sampled in the Department of Narifio.
The municipalities were located at elevations
ranging from 1,244 to 2,301 m a.s.l. and
average temperatures between 20 and
23°C. The selected areas presented visually
diseased plants with typical symptoms such
as foliage wilting, dwarf plants, chlorosis in

the lower leaves, and vascular tissue with
orange-brown colorations observed by a
longitudinal section of the stem (Figure
1). These characteristics agree with the
description of Forero-Reyes et al (2018),
who report that pathogen hyphae growth
throughout the xylem allows the colonization
and obstruction of the ducts, generating an
observable necrosis through longitudinal
sections of the stem.

Morphological characterization of F
oxysporum. The macroscopic morphological
identification of the 20 isolates showed
colony (GR) growth rates ranging from 7 to 21
days. For mycelium color, type, and medium
color, different shades ranging from whitish-
pink, purplish-white to intense purple and
intense pink were observed. These results
are similar to those obtained by Nelson et
al. (1994), Betancourth et al. (2005), Leslie
and Summerell (2006), Robles-Carrién et
al. (2016), Arellano (2018), Leyva-Mir et al.
(2018), Retana et al. (2018), who state that
these mycelial colors are a characteristic
feature of F oxysporum since it displays great
color variation on PDA medium.

Figure 1. Symptoms observed in the field in different municipalities of the Department of Narifio.
A) Foliage wilt B) Dwarf and chlorotic plants C) Necrotic vascular tissue with brown coloring.
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The mycelium of the different isolates varied
from very sparse to dense, with irregular to
continuous shapes, and aerial or flattened
growth. These observations are similar to
those described by Castro et al. (2018), who
evaluated eight strains of E oxysporum on
PDA medium, isolated from cultures of S.
quitoense in Pastaza, Ecuador. The authors
found variable results regarding mycelial
color (purple and white), with irregular
shape, slow growth, cottony appearance,
sparse, purple in the center and white on the
edges, both on the back and the reverse.

The observations of the different isolates on
CLA medium after 12 days of germination
indicated the presence of unicellular, ovoid,
and oval microconidia with one and two
cells in single or short chains. Additionally,
macroconidia were hyaline, slender (i.e.,
almost needle-shaped), multiseptated (3 to
6 septa), with a hooked apex for isolates A1,
A2, A4, A5, A6, A6, A9, Al11, A12, A13, Al14,
A15, A16, A17, A18, A19 and blunt apex
for isolates A3, A7, A8, A10, A20. Foot cells
were minutely notched, clear notches were

observed only for A18, and thick-walled,
globose, unicellular, hyaline chlamydospores
were present in chains or clusters.

These macroscopic observations allowed
identifying the isolates as E oxysporum and
corroborated findings from previous studies
(Nelson et al, 1994; Leslie and Summerell,
2006; Iturbide-Zufiiga et al,, 2017; Mariscal-
Amaro et al, 2017; Buitrago, 2018; Huarhua,
2018; Lopezetal, 2018). These investigations
reported that the pathogen produces three
types of asexual spores: microconidia formed
by one or two cells, macroconidia (spores)
with three to five cells that gradually slim
down and curl towards both ends, and
chlamydospores constituted by one or two
cells, which are thick-walled and classified as
survival structures.

Finally, 20 isolates with microscopic
morphological characteristics similar to
E  oxysporum were obtained on CLA
medium (Figure 2). Observations of these
structures allowed identifying microconidia,
macroconidia, and chlamydospores.

A T e | 77\,
BN

Figure 2. Structures of the fungus Fusarium oxysporum observed under the light microscope.

A and B: macroconidia, C: chlamydospores.
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Pathogenic  characterization of E
oxysporum. According to the ANOVA (Table
4), significant differences were found for
all the traits related to the pathogenesis
of the isolates. The isolates showed highly

significant differences in response to the
interaction with the genotype, indicating
that they behaved differentially across the
different lulo genotypes evaluated in this
study.

Table 4. Mean squares of the ANOVA for incubation period (IP), absolute growth
rate (AGR), and disease severity (DS) evaluated in seven genotypes of lulo and
three wild plant materials inoculated with 20 isolates of E oxysporum.

VF DF IP AGR DS
Repetition 3 438.42ns 0.0076ns 1908.77ns
[solate (Is) 21 1076.01* 0.042** 2012.28*

Genotype (G) 10 7535.03** 0.66** 13793.32**
IsxG 21 651.12** 0.014** 1155.51**
Error 418 247.71 0.0061 574.65

CvV 160.39 31.09 186.03

R? 0.67 0.78 0.61

Average 27.89 0.25 12.71
SD 13.24 0.07 22.72

* = significant at P<0.05; C.V= coefficient of variation; R?= coefficient of determination; SD = standard

deviation.

Incubation period (IP). Genotypes G9, G8,
and G6 showed the shortest time of symptom
onset (15 - 16 days) and presented chlorosis
on the lower leaves. Next, G5, G2 and G3
presented symptoms after 18 to 19 days and,
finally, G1 presented the highest average time
of symptom onset on day 22 (Table 5).

These results differ from findings by
Duarte-Alvarado et al. (2020), who reported
incubation periods of seven days on S.
quitoense plants inoculated with nine FE
oxysporum isolates obtained from lulo plants
in Narino. Furthermore, Ochoa et al. (2001)
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found incubation periods of 39 to 48 days
with an inoculum concentration of 5x10°
conidia.ml™. This large difference in disease
incubation period can be explained due to
the inoculation method used by Ochoa et
al. (2001), which consisted of generating
wounds in the root for pathogen entry. It
can also be attributed to differences in the
infective capacity of the isolates and the
resistance or susceptibility of the materials.
This pathogen can present different rates
of host colonization, depending on the time
of initial infection, virulence, and climatic
conditions (Gonzales et al, 2012).
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Table 5. Mean incubation period (IP), absolute growth rate (AGR), and disease
severity (DS) in 10 genotypes of lulo (Solanum quitoense Lam.)
inoculated with Fusarium oxysporum.

G Is P AGR DS G Is P AGR DS

A6 100* Al 0.08%*
A10 100* 6 A2 16.7*
A12  22.3* A4 100%*

Gl A15 22.0% Al1l 0.11*

A17  22.0% A20 21.67*

A18 0.16* o7 Al 0.22*
A19 0.14* A2 0.19%*
A20 19.3*  0.12% A9 0.24*
A9 66.7%* Al 0.03%*
A10 58.33* G8 A2 0.05%*

G2 A11  20.0% A12 100**
A12 58.33* A13 66.7%*
Al4  18.7* Al 0.35*

A18 0.05* A3 33.33%
Al 0.15% 33.33* G9 A5 0.38*
A3 33.33* Al4 33.33%

G3 A2 0.19* A15 0.36%  33.33*
A8 33.33* A20 14.00*

A13 Al 0.16*
A19 33.33* G107 0.14*
G4 Al6 0.09% A13 0.15*

s A9 0.07*

A15 66.67**

* = significant at P<0.05; ** = significant at P<0.01.

Genotypes G4, G7, and G10, belonging to the
wild materials of S. hirtum, S. sessiliflorum
and S. stramonifolium, did not present any
symptoms during the experiment so there
were no values registered for pathogenicity
traits. These findings agree with reports by
Betancourth et al. (2005) regarding S. hirtum
and S. sessiliflorum as sources of resistance to
E oxysporum. Moreover, given the selectivity
of the isolates towards generating infection
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processes in Solanum quitoense, it is possible
to affirm that there is a special form of
the fungus identified as E oxysporum f. sp.
quitoense, which has been reported by Ochoa
etal (2001) and Avilaetal (2019) in Ecuador.

Absolute growth rate (AGR). Table 5
shows the significant means of the AGR for
each genotype, indicating the adverse effect
that the isolates generate on normal plant
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development. In G1, significant means were
obtained with isolates A18 (0.16 cm.day!)
and A19 (0.14 cm.day™V, and highly significant
with A20 (0.12 cm.day?). Particularly, the
mean for this genotype ranged from 0.12 to
0.33 cm.day™.

For G2, only isolate A18 showed a significant
AGR mean of 0.05 cm.day’, indicating that
the isolate’s infective capacity generates a
physiological imbalance in this genotype that
limits normal apical growth. In G3, isolate
A1 stands out with an AGR of 0.15 cm.day’,
as well as A2 with 0.19 cm.day. In genotype
G4, isolate A16 showed a significant mean of
0.09 cm.day’. The AGR in genotype G4 ranged
from 0.09 to 0.337 cm.day’. Similarly, in G5,
only isolate A9 showed a significant mean of
0.07 cm.day™. In G6, isolate Al presented a
highly significant mean of 0.083 cm.day! and
A11 displayed a significant mean of 0.113
cm.day’. The AGR range for this genotype
was 0.083 to 0.33 cm.day! (Table 5).

For G7,isolates A1 and A9 reported significant
means and A2 a highly significant mean.
Specifically, A2 showed the smallest increase
relative to the overall mean of 0.19 cm.day ™
Similarly, G9 showed significant means for
isolates A1, A5, and A15, (0.35, 0.38,and 0.36
cm.day!, respectively). Finally, in G10, isolates
Al, A7, and A13 demonstrated significant
means; particularly, A7 showed the smallest
increase compared to the overall mean of 0.2
cm.day .

Accordingly, isolates A1, A2, A9 and A18
displayed a high infective capacity (Table 4).
According to Gonzales (2012), E oxysporum
produces phytotoxins that cause a growth-
inhibitory reaction by hormonal imbalance
since these substances are strong enough
to overcome the growth-stimulating action
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of gibberellins. In addition, plants affected
by this pathogen usually express a type of
dwarfism compared to healthy plants.

On the other hand, reduced seedling growth
is due to the successful development of the
pathogen in the genotypes. According to
Angel-Garcia et al. (2018), the pathogen
enters the plant directly, or through wounds,
and spreads through the xylem vessels.
Subsequently, the mycelium invades the
vascular tissue and conidia, thus, physically
blocking these vessels and preventing
the transport of water and nutrients.
Consequently, the plant metabolism is altered,
causing cellular processes to be reduced or
stopped.

Disease severity (DS). In G1, isolates A6 and
A10 reached the highest severity (level 9),
indicated by total foliage wilting, generalized
chlorosis, tissue necrosis, and premature
defoliation by the end of the evaluation. Thus,
these isolates showed significant means.

In G2, isolate A9 generated a severity of
66.7%, followed by A10 and A12 with 58.33%
severity. In G3, the severity levels ranged from
5 to 7 with isolates A1, A3, A8, A13, and A19
(33.33%), which induced wilted or chlorotic
leaves during the 14 weeks of evaluation.

Likewise, in G5, isolate A15 showed a highly
significant mean and induced level 7 disease
severity (66.67%), indicated by wilted or
chlorotic leaves between weeks 11 and 13,
respectively. In this same genotype, A3, A4,
A8,A9,A10,and A11 induced disease severity
levels between 1 and 5, with no more than
10% of the total foliage wilted or chlorotic.

Moreover, G6 showed a highly significant mean
with isolate A4, reaching level 9 severity after
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12 weeks of inoculation. Therefore, 100% of
the plants were severely affected, indicated
by total foliage wilting, general chlorosis,
necrosis, and premature defoliation.

InG8,A12and A13 generated highly significant
means (100% and 66.7%, respectively),
reaching level 9 severity by week 10. Finally,
in G9, isolates A3, A14, and A15 generated
significant values, reaching low severity levels
between 3 and 5 (33.33%), demonstrated by
wilted and chlorotic leaves (Table 5).

These results agree with those reported by
Betancourth et al. (2005), who mention that,
after 12 weeks, the disease was more aggressive,
inducing general wilting of the leaves and 100%
seedling death (level 9 severity).

Genotypes G4, G7, and G10, belonging to the
wild materials of S. hirtum, S. sessiliflorum,
and S. stramonifolium, did not show any
symptoms during the experiment so no
values were registered for the pathogenicity
variables. These findings confirm the
selectivity of the isolates towards F
oxysporum f. sp. quitoense.

Disease incidence (I). The disease incidence
of the isolates on the genotypes evaluated is
shown in Table 6. The results are presented
according to the isolates’ individual effect and
theirpathogenicdifferences.Thesedifferences
may be attributed to variations in the
macroscopic morphological characteristics,
which sometimes generate alterations in their
infective capacity (Betancourth et al, 2005).

Table 6. Disease incidence (%) assessed in genotypes of lulo (Solanum spp.)

Isolate G1 G2 G3 G5 G6 G8 G9
Al 66.7 0 66.7 66.7 66.7 0 0
A2 100 333 0 0 33.3 0 0
A3 100 0 100 33.3 0 333 333
A4 100 0 0 33.3 100 33.3 0
A5 100 0 0 0 66.7 0 0
A6 100 0 0 0 0 0 0
A7 100 0 333 0 100 0 0
A8 100 0 33.3 33.3 66.7 0 0
A9 66.7 66.7 0 33.3 0 0 0
A10 100 100 0 33.3 0 0 0
Al1l 333 33.3 0 33.3 33.3 0 0
Al12 33.3 100 0 33.3 0 100 0
A13 66.7 100 333 33.3 0 66.7 0
Al4 66.7 333 0 333 0 333 33.3
A15 66.7 0 0 66.7 100 0 33.3
Ale 0 0 0 0 0 0
A17 333 0 0 0 0 0
A18 0 0 0 0 0 0
A19 0 0 33.3 33.3 0 0
A20 333 0 0 33.3 333 0 333
TEST 0 0 0 0 0 0 0
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For G1, isolates A2, A3, A4, A5, A6, A7, A8, and
A10 showed a disease incidence of 100% at
14 weeks. Additionally, isolates A1, A9, A13,
A14, and A15 demonstrated an incidence of
66.6% by the end of the experiment. Similarly,
Al11, A12, A17, and A20 affected 33.3% of
plants, which displayed chlorosis in the lower
leaves and loss of turgor. Conversely, isolates
A16, A18 and A19 did not showed disease
incidence in this genotype.

In G2, isolates A10, A12, and A13 showed
100% incidence by the end of the evaluation.
Furthermore, A9 displayed 66.6% incidence,
while A2, A11, and Al14 caused disease in
33.3% of the plants. The remaining isolates
did not affect any plants. In G3, the highest
incidence was obtained by A3 (100%).
Isolate A1 showed 66.6% incidence, while A7,
A8, A13, and A19 displayed 33.3% disease
incidence.

The highest disease incidence in G5 was
obtained by isolates A1 and A1l5 (66.6%).
Moreover, in G6, 100% of the plants were
affected by isolates A4, A7, and Al5;
additionally, 66.6% were affected by isolates
A1, A5 and A8. The highest incidences in G8
were caused by isolates A12 and A13 (100%
and 66.6%, respectively), while the lowest
incidence was obtained by A3, A4 and Al4
(33.3%).

These results differ from those reported
by Arizala et al. (2011), who evaluated the
reactions of wild Solanaceae to the effect of
E oxysporum, finding that S. hirtum showed
the lowest disease incidence (5.55%) and S.
quitoense showed the most affected plants
(25% incidence). Moreover, the mean values
obtained here are low compared to the
findings by Maya and Lagos (2011), who
report an incidence of 92.57% in half-sibling
families of lulo.
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The control isolates (TEST) did not show any
symptoms during the 14 weeks of evaluation;
thus, their development was normal and they
were not affected by the fungus (Table 6).

Vascular discoloration (VD). Differentlevels
of VDwereobservedintheinoculatedseedlings
by the end of the 14" week of evaluation. The
results allowed demonstrating the resistance
or susceptibility of each genotype to the
attack by the different isolates (Table 7).

In G1, isolates A11, A12, A16, A17, and A19
generated level 1 VD, which consisted of slight
or light pigmentation of the vascular bundles
due to the development of the pathogen inside
the plant. The remaining isolates induced
level 3 VD, observed by a dark brown coloring
(severe) in the stem tissues, indicating
the destruction and total colonization of
the conductive tissues of the plant due to
the development and proliferation of the
pathogen.

G2 showed susceptibility to isolates A9, A10,
Al11, A12, A13, A14, and A20, observed by
VD levels of 2 to 3. Conversely, the remaining
isolates did not generate VD for this genotype.
Similarly, in G3, the compatible isolates were
Al, A8, A9, A12, A13, A17, A19, and A20,
which induced VD of 2 to 3. The other isolates
showed incompatibility with this genotype.
G4, corresponding to S. hirtum, only showed
susceptibility to A18, indicated by level 2
VD. Accordingly, intermediate coloring and
tissue colonization was observed for G4;
however, the plants survived the experiment.
This genotype shows resistance to the other
isolates; therefore, it can be considered
a source of resistance and be included in
crossbreeding schemes to obtain resistant
hybrids with agronomic potential.
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Table 7. Vascular discoloration (VD) of lulo (Solanum spp.)
seedlings caused by 20 isolates of E oxysporum.

Isolate. G1 G2 G3 G4 G5 G6 G7 G8 G9 G10
Al 3 0 3 0 3 3 1 1 0 1
A2 30 0 0 0 3 0 1 1 0
A3 30 1 1 3 0 1 1 3 0
A4 30 1 0 3 3 1 3 1 0
A5 3 0 0 0 0 2 1 1 0 0
A6 3 0 0 0 1 0 1 0 0 0
A7 30 1 0 0 1 1 1 0 0
A8 3 0 3 0 0 2 1 2 0 0
A9 3 3 2 0 3 0 1 1 0 0
A10 3 3 0 0 1 0 2 1 1 0
Al1l 1 2 o0 0 3 3 0 0 1 0
A12 2 3 2 1 1 3 1 3 0 0
A13 3 3 3 0 3 3 3 3 0 0
Al4 3 3 0 1 3 0 2 3 0 0
A15 3 0 1 0 3 1 0 2 0 0
A16 1 0 o0 1 0 3 2 0 0 0
A17 1 0 2 0 0 2 1 0 3 0
A18 3 0 0 2 0 2 0 0 0 0
A19 0 0 3 0 1 1 1 0 0 0
A20 32 2 0 1 3 2 3 1 0

TEST 0o 0 o0 O O 0 0 0 ©0 0

Genotype G5 showed compatibility with
isolates A1, A3, A4, A9, A9, Al11, A13, Al4,
and A15 (level 3 VD), while the other isolates
showed incompatibility. Moreover, G6 showed
susceptibility to A1, A2, A4, A5, A8, A11, A12,
A13, A16, A17, A18, and A20 (levels 2 and
3 of VD), and the remaining isolates were
incompatible.

G7, corresponding to S. stramonifolium,
showed a compatibility reaction with A4,

A8, A12, A13, A14, A15, and A20, displayed
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by levels 2 and 3 of VD. However, the
plants showed mild symptoms during the
experiment and presented an incompatibility
reaction with the other isolates. Additionally,
G8 showed compatibility with A4, A8, A12,
A13, A14, A15, and A20, indicated by levels
2 and 3 of VD, while G9 only demonstrated
susceptibility to A3 and Al17 (level 3 VD).
Finally, G10, corresponding to S. sessiliflorum,
did not show susceptibility to any of the
isolates, demonstrating complete resistance
to the pathogen. Therefore, this material
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can be considered a wild species with genes
of interest in breeding programs to obtain
resistant genotypes with desirable agronomic
potential.

Overall, these results allowed establishing
that G1 was the most susceptible with 17
compatibility reactions with the isolates,
followed by G5 with 12, G6 with nine, G2
with seven, G3 with six, G8 with five, and G9
with four reactions. These differences in the
compatibility of the genotypes with certain
isolates are due to genetic factors that activate
a series of defense mechanisms to inhibit,
slow, or counteract the infection, which,
in some cases, are insufficient to avoid the
infectious process. Furthermore, the fungus is
highly variable and can present differences in
its vascular colonization capacity in different
lulo materials (Forero et al,, 2015).

Gabriel et al. (2020) mention that resistance
mechanisms can be structural, such as
the production of waxes, cuticles, hairy
structures, among others. Additionally,
they can be biochemical, constituted by
enzymatic changes or the production of
phenolic compounds or tannins. Lastly, these
mechanisms can be induced, for instance, by
the synthesis of phytoalexins, in response to
different types of aggression. These modes
of resistance may be effective in the wild
genotypes of S. hirtum, S. sessiliflorum, and S.
stramonifolium evaluated in this study, which
are resistant to F oxysporum f. sp. quitoense.

The results of this study showed that all
isolates of E oxysporum f. sp. quitoense were
pathogenic to Solanum quitoense. This agrees
with reports by Manangon et al. (2015), who
found vascular colonization level 3 in several
accessions of Castilla lulo, highlighting that
fungal isolate 12 from the hybrid Puyo did not
affect three accessions. However, the authors
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mention that all S. quitoense accessions
were susceptible and one accession of .
sessiliflorum showed susceptibility to one of
the isolates.

On the other hand, Gallardo (2005) observed
that S. sessiliflorum and S. hirtum expressed
VD in response to E oxysporum, contrasting
with the results found in this study; however,
these differences may be due to a new special
form of fungus that affected these two wild
species.

CONCLUSIONS

The isolates obtained from different lulo
cultivars showed differences in colony
color, mycelium type, and mycelial growth.
However, they did not show structural
differences observed under light microscopy
and corresponded to E oxysporum f. sp.
quitoense.

The isolates behaved differentially across
the lulo genotypes studied and displayed
pathogenic differences. Disease severities of
100% were determined for isolates A6 and
A10in G1, A4 in G6, and A12 in G8.

Wild plant materials of S. hirtum, S.
sessiliflorum, and S. stramonifolium were
resistant to F oxysporum f. sp. quitoense,
while S. quitoense materials were susceptible
to attack by this special fungal form.

Conflict of interests: The authors declare
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