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Abstract: The area planted with avocado crops in Colombia has been growing rapidly in recent years,
especially for export varieties such as Hass. The increase in planted area coincided with increased
phytosanitary problems, where pathogens such as fungi of the genus Verticillium spp. are becoming
of economic importance. The objective of this study was to evaluate different control strategies
for avocado wilt disease caused by Verticillium spp., under in vitro, net house, and field conditions.
Strategies tested included fungicides (benomyl, azoxystrobin, captan, and carbendazim), beneficial
and antagonistic microorganisms (Trichoderma sp., and Rhizoglomus fasciculatum), and physical and
cultural practices such as solarization, drainage and removal of diseased tissues. Treatments T7fi
(pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage) and T8fi (fungicide-
pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage), showed the greatest
reduction in the area under disease progress curve and Verticillium dahliae inoculum in soil and plant
tissues under field conditions. Fruit with extra quality increased 120.8% with T7fi and 108% with
T8fi, compared to the control with diseased trees. The highest costs were identified for T7fi and T8fi;
however, these treatments also showed the best cost/benefit relationship. Integrated approaches as
in T7fi and T8fi showed the best results for Verticillium wilt control. As no fungicides of chemical
synthesis are included in T7fi (pruning-solarisation-Trichoderma-mycorrhiza-sucrose-organic matter-
drainage), it should be preferred to T8fi, which does include them, to avoid their negative impacts on
avocado production.

Keywords: Verticillium wilt; integrated disease management; beneficial microorganism; cultural
practice; disease reduction; Persea americana

1. Introduction

The genus of fungi Verticillium Nees comprises a cosmopolitan group of Ascomycetes,
within which are classified devastating plant pathogen species that cause vascular wilt and
plant death in a number of crops [1,2]. Verticillium spp. may survive in the environment for
long periods of time by resistant structures and present a wide range of host plants [1–5].
Arguably, Verticillium albo-atrum Reinke and Beerthold, and Verticillium dahliae Kleb., are
the species in this genus that cause the largest losses in several crops worldwide [2,6].

Control of plant diseases caused by Verticillium spp. are a challenge because infections
start through the roots, making it difficult to perform detection of this causal agent and
limiting the effect of most fungicides. In addition, inoculum persists for long time periods
under field conditions, the pathogen exhibits a wide host range and there is a lack of
resistant varieties for most crops [7–10]. Most control measures of diseases caused by
Verticillium spp. are based on application of synthetic chemicals to the soil, which usually
increase costs, may induce resistance in pathogen populations, show toxicity or affect the
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ozone layer as methyl bromide, and present other adverse effects on the environment and
human health [1,2,5].

V. albo-atrum and V. dahliae have been reported causing wilt disease on Persea americana
Mill. in several countries around the world [8,9,11,12]. There are examples of integrated
disease management programs for Verticillium wilt in crops such as tomato, olive, and
many others [1,13]. However, information for avocado is scarce, and most integrated
management proposals have been focused in the root rot disease caused by the oomycete
Phytophthora cinnamomi Rands [9,14]. In general, it has been reported that pruning and
other cultural practices, selection of Mexican rather than Guatemalan tolerant rootstocks,
to avoid planting avocado crops on lands previously used for other crops susceptible
to Verticillium spp. and to prevent the use of affected trees as a source of budwood or
seeds, are agronomical practices recommended to reduce Verticillium wilt in avocado
crops [15–17]. However, despite its high incidence and wide distribution, no efficient
management practices are readily available [12,18].

Efficient programs for integrated disease management usually include several strate-
gies of pathogen control. Beneficial microorganisms have proven useful for agriculture
around the world. Mycorrhizas and Trichoderma spp. have been extensively studied for
various aspects useful in crop production, such as fertilization, plant growth promotion
and adaptation to abiotic and biotic stresses [19,20]. There are several reports about the
effect of biological control on Verticillium spp., but in general, the results are not conclusive
about the effective reduction of disease incidence and severity and on yield increase in
crop fields [1,6,21,22]. Other practices reported as successful in reducing Verticillium spp.
inoculum in avocado and others hosts are heat treatments [10], fungicide applications,
plant resistance inducers, peroxygen-based disinfectants [7,13], use of manures or compost
of different origins [23–26], combination of biological and chemical control measures [27],
and tolerant rootstocks with different levels to avocado disease response [15,16]. In recent
publications, the concept of “next-generation green composts” is proposed, which relates
to the use of multiple sources of agricultural residues with great potential in the biocontrol
and suppressive effect on soilborne plant pathogenic fungi such as V. dahliae [25,26].

The area growing avocados in Colombia expanded 212% during the decade
2008–2018 [28]. Comparing the period from January to June of the year 2019 with the
year 2020, the area growing avocado cv. Hass for export increased 34%, with a change in
value from 52 to 72 million USD of FOB price [29]. Currently, Colombia is third in area
grown and fourth in avocado fruit production in the world [30].

Avocado wilt caused by Verticillium spp. has gained growing importance in Colombia
during the last years up to reaching second place in diseases of biotic origin after the root
rot wilt caused by P. cinnamomi [12,18]. Verticillium wilt has been detected in Colombia
in the departments of Antioquia, Caldas, Cundinamarca, Risaralda, Quindío and Valle
del Cauca [31]. However, studies about basic biology, epidemiology, incidence, severity,
prevention, diagnosis, integrated management and economic losses of this disease are
scarce [17]. As most available management strategies of avocado wilt diseases are focused
on root rot caused by P. cinnamomi, but little is known about practices for other pathogens
such as Verticillium spp., the present work aimed to test the in vitro activity of antagonists
against this fungal pathogen and to evaluate different strategies as tools for integrated
management of the avocado wilt disease caused by Verticillium spp. at net-house and
field conditions. Integrated approaches, including pruning-solarization-Trichoderma-
mycorrhiza-sucrose-organic matter-drainage, showed the best results for Verticillium wilt
control, and also showed the best cost/benefit relationship.

2. Materials and Methods
2.1. Experimental Site

The present work was carried out between the years 2011–2014. Net-house average
environmental conditions were temperature of 18–24 ◦C, relative humidity of 75–95% and
photosynthetically active radiation (PAR) of 650–1920 µmol photons m−2 s−1. Research
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under field conditions was performed in two plots planted with avocado cv. Hass trees
of 6 years old at a distance of 7 × 7 m. Seedlings of the genotype West Indian of high
altitude were used as rootstock. As farmers use plants from sexual seeds instead of a clonal
rootstock, variability may be present in avocado fields, including sometimes plants of cv.
Hass. Plots were located in the Department of Antioquia, Colombia in the municipalities
of La Ceja, in the eastern region (5.95931 latitude–75.41777 longitude, 2387 masl), and
Donmatias (6.496961 latitude–75.412118 longitude, 2213 masl) in the Northern region. Plots
localization corresponded to the ecological life zone of lower montane very humid forest
(vhf-LM) sensu Holdridge. Edaphoclimatic details are shown in Supplementary Material
(Table S1 and Figure S1A).

2.2. Plant Material for Evaluation under Net-House Conditions

Avocado seeds of cv. Hass were collected from a healthy tree and disinfested; then,
a pre-germination treatment was applied, and they were sown in autoclaved quartz.
When seedlings exhibited five fully expanded leaves and the secondary root system was
well developed, cotyledons were excised to promote root growth. Seedlings were then
transferred to plastic pots containing 2 kg of soil (Andisol from the municipality of El Peñol,
Antioquia, Colombia, autoclaved at 0.1 MPa and 121 ◦C for 2 cycles of 1 h each). Details
of soil parameters are shown in supporting information 1. Avocado seedlings were kept
under net-house conditions at 50% of the maximum soil moisture retention capacity until
further use.

2.3. Microorganism Isolation and Identification

V. dahliae strains were obtained from the collection kept at “Universidad Nacional
de Colombia branch Medellín” (Vert1, Vert2, Vert3, and Vert4), which were morphologi-
cally and molecularly identified [12]. V. dahliae strains were used because they were the
prevalent species under field conditions. Trichoderma sp. TAF22, TC2 and TC3, morpho-
types were isolated from the rhizosphere of healthy and well developed avocado trees [16]
Rhizoglomus fasciculatum (Thaxt.) C. Walker and A. Schüßler (syn. of Rh. fasciculatum
(Thaxt.) Sieverd., G.A. Silva and Oehl.) mycorrhizal fungal strain was kindly provided by
professor Dr. Walter Osorio from the microorganisms bank at Laboratorio of Microbiología
Ambiental del Suelo, from “Universidad Nacional de Colombia branch Medellín”.

2.4. In Vitro Assays

In vitro assays were performed to determine the inhibitory capacity of fungicides of
chemical synthesis and Trichoderma sp. Morphotypes. An r-mycelium plug taken from the
first 5 mm of the edge of an actively growing V. dahliae strain in sterile potato dextrose agar
(PDA) medium culture (PDA, Difco, Lawrence, KS, USA) was transferred to fresh PDA in a
side of a Petri dish, and on the other side, a plug of 5 mm2 taken from an actively growing
Trichoderma sp. strain in PDA was placed. The doses of fungicides under in vitro condi-
tion were designed based on previous tests associated with the use of different molecules
to control of Verticillium species. Fungicides of chemical synthesis tested were Benomyl
(0.05% of 500 g of active ingredient (a.i.) kg−1, Dupont, Bogotá, Colombia) [32], Azoxys-
trobin (40 mL L −1 of 23.2 a.i. kg−1, Syngenta, Bogotá, Colombia) [13], Captan (10 mg L−1

of 500 g a.i. kg−1, Adama, Barranquilla, Colombia), and Carbendazim (20 mL L−1 of
500 g a.i. kg−1, Vecol, Bogotá, Colombia) [33]. Tests were developed on PDA, supple-
mented with the different fungicides. In each treatment, a plug of mycelium of 5 mm2

taken from an actively growing V. dahliae strain in PDA was transferred to fresh PDA
amended with each corresponding fungicide. Radial growth rate was measured as the
response variable of the V. dahliae strain tested. It was measured daily for 20 days using
a caliper (Mitutoyo Digimatic Caliper, Sendai, Japan). Experiments were repeated twice
through time.
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2.5. Net-House Tests
2.5.1. Pathogenicity Tests on Avocado cv. Hass Plants

V. dahliae strains (Vert1, Vert2, Vert3, and Vert4), were grown on PDA medium as de-
scribed before. Conidia were collected in sterile distilled water and concentration adjusted
to 1 × 105 conidia mL−1. Then, 100 mL of conidia suspension were added, distributed
in four equidistant points to each pot containing an avocado plant. Soil humidity was
increased to 70% of the maximum retention capacity to favor disease development. Ag-
gressiveness of each isolate was determined as the area under disease progress curve
(AUDPC) [34] using a specific disease scale developed and calibrated for Verticillium spp.
infecting avocado in Colombia [35].

2.5.2. Effect of Fungicides, Solarization, and Inoculation with Beneficial Microorganism
(Trichoderma sp. and R. fasciculatum) on V. dahliae inoculum)

Two experiments were designed with the objective to know the effect on soil infected
with V. dahliae. of the addition of fungicides and solarization. First, 100 mL of a suspension
of 1 × 105 conidia × mL−1 of V. dahliae (Vert 2) were added to each pot containing 2 kg
of soil. Then, avocado plants were planted into inoculated pots and were maintained
until the plants died to produce inoculum. Afterward, 500 mL of a solution with each
fungicide, diluted in sterile distilled water at doses described previously, were applied into
the infested soil, and distributed through time in three applications at days 5, 10, and 15. For
solarization, a layer of 10 cm thick soil was covered with plastic film (transparent, caliber 4)
for 40 days. In addition, temperature during solarization was measured using a digital
sensor coupled with communication and storage of information, assembled in an Arduino
Uno plate [36]. Solarized soil was then used to fill the pots for performing the experiments.
Each experimental unit consisted of a pot with 2 kg of soil, three experimental units were
used per treatment in a completely randomized experimental design. All experiments were
repeated twice through time.

In each experiment, quantification of V. dahliae inoculum was performed by serial
dilutions in sterile distilled water obtained from 15 random samples of 10 g of soil each, to
recover structures of V. dahliae (Vert 2) that were quantified in PDA medium acidified with
lactic acid (PDA-A) supplemented with streptomycin (100 µg L−1). Inoculum quantification
was performed every five days after treatment application and during 40 days.

Based on previous tests, a new experiment was proposed to be implemented for plants
under net-house conditions. Treatments were (where “nh” stands for net-house condi-
tions): a non-inoculated control of healthy plants (nh—healthy control); a control of plants
inoculated with V. dahliae (Vert 2) (nh—diseased control); T1nh (fungicide): Verticillium-
inoculated plants + benomyl applied in drench; T2nh (Trichoderma): Verticillium-inoculated
plants + inoculation with Trichoderma sp. TC2; T3nh (mycorrhiza): Verticillium-inoculated
plants + inoculation with R. fasciculatum; T4nh (fungicide-Trichoderma-mycorrhiza): Ver-
ticillium-inoculated plants + simultaneous application of T1nh + T2nh + T3nh; and T5nh
(Trichoderma-mycorrhiza): Verticillium-inoculated plants + simultaneous application of
T2nh + T3nh. In each treatment, V. dahliae inoculum were added to the soil as described be-
fore, and Trichoderma sp. and R. fasciculatum were applied following the method described
in [14]. Fungicide was diluted in sterile distilled water at the dose recommended by the
manufacturer and 200 mL of fungicide solution × plant−1 were applied directly to the soil
when plants showed the degree one of disease scale developed for Verticillium spp. [35].
Aall treatments under net-house conditions may be observed in Supplementary Material
Table S2.

Disease severity was measured weekly during 120 days using the aforementioned
scale of severity [35], and with the obtained data, the AUDPC was calculated for each
treatment [34]. At the end of the experiment, V. dahliae inoculum were quantified in plant
tissues and soil. For plant tissues, 15 random samples of 10 g of root and stem pieces
were processed according to assay reported to this microorganisms [12,36]. Briefly, tissues
were macerated and serial dilutions were prepared in sterile distilled water. Dilutions
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were placed and dispersed in Petri dishes containing PDA media, incubated, and colony
forming units (UFC) were quantified. The procedure described before was followed for
quantification of V. dahliae in soil. Total inocula of V. dahliae were considered as the sum of
inocula from soil plus inocula from plant tissues. Mycorrhizal colonization was calculated
using the line interception method [37]. Avocado roots were collected and washed with
tap water, then were bleached in KOH (10%) for 24 h [38], followed by alkaline immersion
(0.5% NH4OH and 0.5% H2O2 v/v, in aqueous solution) for 30 min. Mycorrhizal hyphae
were visualized by staining with trypan blue (0.025%) [39].

Additionally, to verify the effect of fungicides on Trichoderma sp. and R. fasciculatum
populations, an experiment was developed in pots using the same procedure described
before. Plants of Leucaena leucocephala Lam, which is an indicator of mycorrhization, were
germinated on sterile quartz until three fully developed leaves were observed and then
were transferred to previously prepared pots. R. fasciculatum and Trichoderma sp. were
inoculated as described before. Tested fungicides were applied at each dose at 10 and
30 days after microbe inoculation into the soil. Mycorrhizal colonization and quantification
of AVM propagules and Trichoderma sp. CFUs, were evaluated 40 days after the inoculation
of microorganisms following procedures already described. Pots containing plants of
L. leucocephala inoculated with both microorganisms were used as a negative control. All
results may be observed in Figure S2.

2.6. Assays under Field Conditions

Based on data obtained from experiments performed under in vitro and net-house
conditions described before, the following treatments were evaluated under field condi-
tions (where “fi” stands for field conditions): fi—healthy control: non-inoculated control of
healthy plants; fi—diseased control: plants infected with V. dahliae; T1fi (fungicide): Verti-
cillium-infected plants + application of fungicide in drench (3000 mL of benomyl solution
(0.05% of 500 g a.i. kg−1)) in rotation with azoxystrobin (3000 mL of 40 mL L−1, 23.2 a.i.),
sprayed around a diameter of 2 m from the base of the stem of the avocado trees; T2fi
(pruning): Verticillium-infected plants + sanitary pruning (trimming all symptomatic and
necrosed tissues); T3fi (solarization): Verticillium-infected plants + solarization covering
a diameter of two meters around the base of the stem with a plastic film (caliber # 4);
T4fi (Trichoderma-mycorrhiza-sucrose): Verticillium-infected plants + soil inoculation with
the following mixture: Trichoderma sp. morphotype TC2 (1000 mL of a solution in ster-
ile distilled water at a concentration of 1 × 105 conidia per plant) plus R. fasciculatum
(1 kg of roots and soil with R. fasciculatum, prepared from mycorrhiza-associated maize
plants, adjusted at a concentration of 45 propagules per g of soil), and the addition of
1000 g of sucrose diluted in sterile distilled water (1:1 p:v) as a source of energy [40,41];
T5fi (organic matter): Verticillium-infected plants + application of 10 kg of compost in a
diameter of two meters around of the base of the stem, made with bovine manure, mineral
amendment (P2O5, 13%; CaO, 25%; MgO, 7%; S, 10%; SiO2, 6%) and a layer of 15 cm
thick of homogenized plant residues and mushroom residues (1:1) [14]; T6fi (drainage):
Verticillium-infected plants + a drainage network around the base of the stem consisting of
a crescent-shape ditch in the upper zone of the slope (10 cm wide and 10 cm depth) and
a drain in the lower zone of the slope (20 cm length, 10 cm wide and 30 cm depth);
T7fi (pruning- solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage):
Verticillium-infected plants + integrated management proposal without fungicide con-
sisting of simultaneous application of T2fi + T3fi + T4fi + T5fi + T6fi; and T8fi (fungicide-
pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage): Verti-
cillium-infected plants + integrated management proposal with fungicide consisting of
simultaneous application of T1fi + T2fi + T3fi + T4fi + T5fi + T6fi.

A scheme summarizing drainage treatment under field conditions may be observed
in Figure S3.

Treatments were applied in 7 year old plants showing symptoms corresponding to
scale 2 of wilt disease under field conditions, caused by V. dahliae [35]. V. dahliae was
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verified using a polyphasic approach, which included plant symptomatology, morphology
and molecular characterization [12]. Treatments for soil solarization and drainage were
performed at the initial stage of the experiment. Soil solarization was applied during
40 days. Fungicides were applied when plants showed symptoms corresponding to a
value above 2 of the scale of the wilt disease. In T1fi, three applications of fungicide
were performed. For T8fi, one application of fungicide was made before solarization and
inoculation with R. fasciculatum and Trichoderma sp. Incorporation of compost, mineral
amendment and plant and mushroom residues were performed every six months for two
years. For pruning of affected plants, permanent monitoring for symptomatic and necrosed
tissues was carried out. Benefic microorganisms and the energy source were applied at
the beginning of the experiment and one year later. In treatments in which microorganism
application was combined with solarization, microbes were applied after soil solarization.

Disease severity was measured, and the AUDPC calculated every two months for
two years [34]. At the end of the experiment, inoculum of Trichoderma sp., mycorrhizal
colonization and inoculum of V. dahliae were quantified following procedures described
above. During the whole period of evaluation, the accumulated fruit production, the
percentage of fruit of extra quality and the unitary cost of each treatment were determined.
Using these parameters, the cost/benefit ratio was calculated [14].

All treatments under field conditions may be observed in Table S3.

2.7. Experimental Design and Statistical Analyses

An in vitro experimental unit was a Petri dish, 10 replicates were performed per
treatment and the experiments were repeated twice through time using a completely
randomized experimental design. At net-house, three plants were an experimental unit,
five replicates were performed per each treatment and the experiments were repeated
twice through time using a completely randomized experimental design. Under field
conditions, three 7 year old plants were used as an experimental unit, with three replicates
per treatment and using a randomized block experimental design (consisting of each
plot), where the primary factor were the treatments and the secondary factor was the
terrain slope classified in three arbitrary categories (0–10, 10.1–25 and >25.1). Under
Colombian conditions there are two harvesting seasons per year; therefore, each year
tested corresponded to two harvesting seasons for a total of four harvesting seasons. Data
homoscedasticity and normality were determined using the Levene and Kolmogorov–
Smirnov tests, respectively. Means were compared by analysis of variance (ANOVA)
followed by the Tukey test (p ≤ 0.05). All statistical analyses were performed using the
computational package R.

3. Results
3.1. In Vitro Assays

All fungicides tested inhibited more than 95% the growth of V. dahliae (p < 0.05)
(Figure 1A). Similarly, but to a lesser extent, all isolates of Trichoderma sp. significantly
reduced the growth of all V. dahliae isolates tested (p < 0.05), when compared to the control
(Figure 1B). Isolate TC2 showed the best effect in decreasing the growth of V. dahliae isolates
Vert1 (47.7%), Vert2 (44.5%), Vert3 (55.1%) and Vert4 (41.19%) (p < 0.05) (Figure 1B).
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3.2. Net-House Assays

Isolate Vert2 showed the highest aggressiveness of all V. dahliae isolates (p < 0.05),
exhibiting AUDPC values higher than isolates Vert3 (19.6%) and Vert1 (24.4%) (Figure 2A).
All fungicides evaluated and solarization decreased V. dahliae inoculum in soil, compared to
the control (p < 0.05); however, none completely eradicated this fungus. Benomyl showed
the best effect followed by Azoxystrobin, Carbendazim and Captan (p < 0.05) (Figure 2B).
The effect of solarization at 5, 10 and 15 days after application of treatments, was inferior to
reduction observed for fungicides (p < 0.05); nevertheless, for a longer period of time (i.e.,
>15 days), solarization exhibited a higher reduction of V. dahliae inoculum than Azoxys-
trobin, Carbendazim or Captan, and similar to Benomyl (p > 0.05) (Figure 2B). It is apparent
that under solarization, fluctuations of V. dahliae inoculum through time, coincided with
fluctuations in the maximum temperature, with lower quantities of inoculum observed
when the temperature was above 35 ◦C (Figure 2B and Figure S1B).

All treatments significantly reduced the AUDPC caused by V. dahliae (p < 0.05).
Benomyl, when applied in drench alone (T1nh) or in combination with R. fasciculatum
and Trichoderma sp. (T4nh), showed the best reduction of AUDPC values: 65.5% (T1nh)
and 68% (T4nh), respectively, compared to the control inoculated with V. dahliae. T5nh
(R. fasciculatum plus Trichoderma sp.,), T2nh (Trichoderma sp.,) and T3nh (R. fasciculatum), ex-
hibited reductions in the AUDPC values of 51.4, 44.5 and 30.62%, respectively (Figure 3A).
V. dahliae inoculum levels measured for each treatment coincided with AUDPC values
(p < 0.05). For T1nh, T4nh, T5nh and T2nh, reduction in AUDPC values of 55.1, 51.7, 41.3
and 24.1%, respectively, was quantified compared to the control inoculated with V. dahliae.
For T3nh, no significant differences were observed when compared to the control inoculated
with V. dahliae (p > 0.05) (Figure 3B).



Agronomy 2021, 11, 1932 8 of 16Agronomy 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 2. AUDPC and inoculum quantification for management practices of Verticillium dahliae in Hass avocado under 

net-house conditions. (A): evaluation of strain aggressiveness of V. dahliae on Hass avocado. (B): effect of chemical fungi-

cide and solarization on soil inoculum of V. dahliae. Error bars represent the confidence interval of the mean, validated by 

Tukey mean separation test. Equal letters indicate that there are no significant differences (p > 0.05). 

All treatments significantly reduced the AUDPC caused by V. dahliae (p < 0.05). Be-

nomyl, when applied in drench alone (T1nh) or in combination with R. fasciculatum and 

Trichoderma sp. (T4nh), showed the best reduction of AUDPC values: 65.5% (T1nh) and 

68% (T4nh), respectively, compared to the control inoculated with V. dahliae. T5nh (R. fas-

ciculatum plus Trichoderma sp.,), T2nh (Trichoderma sp.,) and T3nh (R. fasciculatum), exhib-

ited reductions in the AUDPC values of 51.4, 44.5 and 30.62%, respectively (Figure 3A). V. 

dahliae inoculum levels measured for each treatment coincided with AUDPC values (p < 

0.05). For T1nh, T4nh, T5nh and T2nh, reduction in AUDPC values of 55.1, 51.7, 41.3 and 

24.1%, respectively, was quantified compared to the control inoculated with V. dahliae. For 

T3nh, no significant differences were observed when compared to the control inoculated 

with V. dahliae (p > 0.05) (Figure 3B). 

  

Figure 2. AUDPC and inoculum quantification for management practices of Verticillium dahliae in Hass avocado under
net-house conditions. (A): evaluation of strain aggressiveness of V. dahliae on Hass avocado. (B): effect of chemical fungicide
and solarization on soil inoculum of V. dahliae. Error bars represent the confidence interval of the mean, validated by Tukey
mean separation test. Equal letters indicate that there are no significant differences (p > 0.05).

Agronomy 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 

 

Figure 3. Effect of management practices of Verticillium dahliae in Hass avocado under net-house conditions on beneficial 

population of soil microorganism and reduction of AUDPC. (A): area under disease progress curve (AUDPC) of wilt 

disease under different treatments. (B): mycorrhizal colonization and inoculum of Trichoderma sp. quantified under differ-

ent treatments for wilt disease. Error bars represent the confidence interval of the mean, validated by Tukey mean sepa-

ration test. Equal letters indicate that there are no significant differences (p > 0.05). Treatments were (where “nh” stands 

for net-house conditions): a non-inoculated control of healthy plants (nh—healthy control); a control of plants inoculated 

with V. dahliae (Vert 2) (nh—diseased control); T1nh (fungicide): Verticillium-inoculated plants + benomyl; T2nh (Tricho-

derma): Verticillium-inoculated plants + inoculation with Trichoderma sp.; T3nh (mycorrhiza): Verticillium-inoculated plants 

+ inoculation with R. fasciculatum; T4nh (fungicide-Trichoderma-mycorrhiza): Verticillium-inoculated plants + simultane-

ous application of T1nh+T2nh+T3nh; and T5nh (Trichoderma-mycorrhiza): Verticillium-inoculated plants + simultaneous 

application of T2nh+T3nh. 

As expected, Trichoderma sp. and mycorrhizal colonization values were higher (p < 

0.05) in the treatments where individual application of these microorganisms was per-

formed (T2nh and T3nh, respectively). In contrast, combined application of these micro-

organisms with a fungicide (T4nh) exhibited reduction of these variables 47.8% and 52.7%, 

respectively, when compared to T2nh (Figure S2). Similarly, application of Trichoderma sp. 

and mycorrhiza without fungicide (T5nh), reduced values of these variables 34.4% and 

23%, respectively, compared to values obtained in T3nh (Figure 3B). 

3.3. Assays under Field Conditions 

V. dahliae caused plant death when no control measures were applied as evidenced 

in the diseased control treatment, confirming pathogenicity of isolates. A similar effect 

was observed in the treatment where only drainages were made (T6fi). In the other treat-

ments, no plant death was observed and their effects were classified into two groups. In 

the first group, composed by T1fi (fungicides Benomyl and Azoxystrobin) and integrated 

management proposals without (T7fi) or with fungicides (T8nh), disease severity was al-

ways below a value of 3 in the scale used (Figure 4A). In the second group, composed by 

treatments T5fi (mineral amendment, bovine manure and plant and mushroom residues), 

T4fi (Trichoderma sp., R. fasciculatum and energy source), T3fi (solarization) and T2fi (prun-

ing), disease severity was between values of 3 and 4 according to the scale used (Figure 

4A). 

All treatments evaluated, with the exception of drainage alone (T6fi), showed signif-

icant reduction of AUDPC and V. dahliae inoculum in soil and plant tissues (p < 0.05), com-

pared to the diseased control. Integrated management proposals (T7fi and T8fi) showed 

Figure 3. Effect of management practices of Verticillium dahliae in Hass avocado under net-house conditions on beneficial
population of soil microorganism and reduction of AUDPC. (A): area under disease progress curve (AUDPC) of wilt
disease under different treatments. (B): mycorrhizal colonization and inoculum of Trichoderma sp. quantified under different
treatments for wilt disease. Error bars represent the confidence interval of the mean, validated by Tukey mean separation test.
Equal letters indicate that there are no significant differences (p > 0.05). Treatments were (where “nh” stands for net-house
conditions): a non-inoculated control of healthy plants (nh—healthy control); a control of plants inoculated with V. dahliae
(Vert 2) (nh—diseased control); T1nh (fungicide): Verticillium-inoculated plants + benomyl; T2nh (Trichoderma): Verticillium-
inoculated plants + inoculation with Trichoderma sp.; T3nh (mycorrhiza): Verticillium-inoculated plants + inoculation with
R. fasciculatum; T4nh (fungicide-Trichoderma-mycorrhiza): Verticillium-inoculated plants + simultaneous application of
T1nh + T2nh + T3nh; and T5nh (Trichoderma-mycorrhiza): Verticillium-inoculated plants + simultaneous application of
T2nh + T3nh.
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As expected, Trichoderma sp. and mycorrhizal colonization values were higher (p < 0.05)
in the treatments where individual application of these microorganisms was performed
(T2nh and T3nh, respectively). In contrast, combined application of these microorganisms
with a fungicide (T4nh) exhibited reduction of these variables 47.8% and 52.7%, respec-
tively, when compared to T2nh (Figure S2). Similarly, application of Trichoderma sp. and
mycorrhiza without fungicide (T5nh), reduced values of these variables 34.4% and 23%,
respectively, compared to values obtained in T3nh (Figure 3B).

3.3. Assays under Field Conditions

V. dahliae caused plant death when no control measures were applied as evidenced in
the diseased control treatment, confirming pathogenicity of isolates. A similar effect was
observed in the treatment where only drainages were made (T6fi). In the other treatments,
no plant death was observed and their effects were classified into two groups. In the first
group, composed by T1fi (fungicides Benomyl and Azoxystrobin) and integrated man-
agement proposals without (T7fi) or with fungicides (T8nh), disease severity was always
below a value of 3 in the scale used (Figure 4A). In the second group, composed by treat-
ments T5fi (mineral amendment, bovine manure and plant and mushroom residues), T4fi
(Trichoderma sp., R. fasciculatum and energy source), T3fi (solarization) and T2fi (pruning),
disease severity was between values of 3 and 4 according to the scale used (Figure 4A).

All treatments evaluated, with the exception of drainage alone (T6fi), showed sig-
nificant reduction of AUDPC and V. dahliae inoculum in soil and plant tissues (p < 0.05),
compared to the diseased control. Integrated management proposals (T7fi and T8fi) showed
the greatest reduction in AUDPC and V. dahliae inoculum in soil and plant tissues, followed
by treatments T1fi, T5fi, T2fi, T3fi and T4fi, which reduced the AUDPC value by 80.3, 79.1,
62.3, 50.3, 42.2, 35.7 and 27.7%, respectively; and reduced V. dahliae inoculum by 76.9, 69.2,
56.4, 53.8, 48.7, 51.28 and 41.0%, respectively (Figure 4B).

Accumulated production of fruit and the amount of fruit classified in quality “extra”,
significantly varied for all treatments applied (p > 0.05). As expected, the highest values for
these variables were found in the healthy control, and the lowest values were observed
in the inoculated and not treated control (p < 0.05). Diseased plants showed a reduction
in fruit production of 54.2% and a reduction in the extra quality of fruit of 59.6%, when
compared to healthy plants. In the integrated management treatments (T7fi and T8fi), fruit
production increased 26.9% (T7fi) and 25.7% (T8fi), and fruit with extra quality increased
120.8% (T7fi) and 108% by (T8fi), compared to the control with diseased trees. In treatments
T1fi, T5fi, T2fi, T3fi and T4fi, avocado trees increased fruit production in 20.1, 15.9, 14.5,
12.3 and 9.9%, respectively, and increased the percentage of fruit classified as extra quality
in 82.4, 64, 71.2, 52 and 36%, respectively, compared to the diseased control (Figure 5A).

Similar results to those observed in the net-house assays for mycorrhizal colonization
and the amount of inoculum of Trichoderma sp., were observed in field conditions (p < 0.05)
(Figure 5B).

The highest costs among all treatments tested for V. dahliae management were identi-
fied for the integrated management proposals T7fi and T8fi; however, these treatments also
showed the best cost/benefit relationship (Table 1). Likewise, in the evaluated treatments,
there were large differences in production and losses per year (Table 1). In percentage
terms, the treatment with infected plants (Control +) presented a reduction of 212.9% with
respect to the non-diseased control (Control-), contrasting with the integrated management
proposal (T8fi), with a reduction of 18%.
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Table 1. Costs associated with Verticillium dahliae in avocado cv. Hass crops in Antioquia department, Colombia.

Treatment
Variable Unit

Cost for Tree/Two
Years a,b

Cost of Production of
1 kg c Yield and Reduction

Cost/Benefit
Ratio

Cost/Benefit Ratio
as % Respect to

Control e
Fixed a,b Variable a,b Yield

(kg/tree)
Reduction

(%) d

Control+ 0.0 0.35 0.32 20.9 212.9 0.95 1
T1fi f 5.2 0.35 0.65 39.5 65.5 3.30 347
T2fi 2.5 0.35 0.50 28.2 131.9 2.00 210
T3fi 4.5 0.35 0.45 25.0 161.6 1.50 157
T4fi 4.2 0.35 0.40 28.1 132.7 1.65 175
T5fi 6.5 0.35 0.42 31.4 108.2 2.2 231
T6fi 2.2 0.35 0.40 25.9 152.5 1 1.05
T7fi 19.9 0.35 0.90 50.3 30.0 4.5 473
T8fi 25.1 0.35 0.95 55.4 18.0 4.7 494

Control− 0.0 0.35 0.32 65.4 na na na
a Variable cost associated with the management treatment of diseased plants infected with Verticillium dahliae. b Value given in constant USD
for 23 December of 2014 with an exchange rate of COP 2392.4 per USD 1. c The absorption costing method was used for calculating the
cost of each treatment. d The production reduction was determined based on the yield of each treatment compared to the control—(healthy
plants). e The cost/benefit ratio method was applied to calculate farm income related to each treatment applied, quantified by dividing the
cost/benefit ratio of each treatment by the cost/benefit ratio of T0, multiplied by 100. f fi stands for treatments under field conditions. The
following treatments were evaluated under field conditions (where “fi” stands for field conditions): fi—healthy control: non-inoculated control of
healthy plants; fi—diseased control: plants infected with V. dahliae; T1fi (fungicide): Verticillium-infected plants + application of fungicide in
drench (benomyl in rotation with azoxystrobin); T2fi (pruning): Verticillium-infected plants + sanitary pruning; T3fi (solarization): Verticillium-
infected plants + solarization; T4fi (Trichoderma-mycorrhiza-sucrose): Verticillium-infected plants + soil inoculation with Trichoderma sp. and
R. fasciculatum; T5fi (organic matter): Verticillium-infected plants + application of compost; T6fi (drainage): Verticillium-infected plants + a drainage
network around the base of the stem; T7fi (pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage): Verticillium-infected
plants + integrated management proposal without fungicide consisting of simultaneous application of T2fi + T3fi + T4fi + T5fi + T6fi; and T8fi
(fungicide-pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic matter-drainage): Verticillium-infected plants + integrated management
proposal with fungicide consisting of simultaneous application of T1fi + T2fi + T3fi + T4fi + T5fi + T6fi.
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Figure 4. Area under disease progress curve (AUDPC), and inoculum of Verticillium dahliae under management practices of
disease on field conditions. (A): Dynamics of the severity of V. dahliae under different treatments. (B): AUDPC of V. dahliae under
different treatments. Error bars represent the confidence interval of the mean, validated by Tukey mean separation test. Equal
letters indicate that there are no significant differences (p > 0.05). The following treatments were evaluated under field conditions
(where “fi” stands for field conditions): fi—healthy control: non-inoculated control of healthy plants; fi-diseased control: plants
infected with V. dahliae; T1fi (fungicide): Verticillium-infected plants + application of fungicide in drench (benomyl in rotation
with azoxystrobin); T2fi (pruning): Verticillium-infected plants + sanitary pruning; T3fi (solarization): Verticillium-infected plants
+ solarization; T4fi (Trichoderma-mycorrhiza-sucrose): Verticillium-infected plants + soil inoculation with Trichoderma sp. and
R. fasciculatum; T5fi (organic matter): Verticillium-infected plants + application of compost; T6fi (drainage): Verticillium-infected
plants + a drainage network around the base of the stem; T7fi (pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic
matter-drainage): Verticillium-infected plants + integrated management proposal without fungicide consisting of simultaneous
application of T2fi + T3fi + T4fi + T5fi + T6fi; and T8fi (fungicide-pruning-solarization-Trichoderma-mycorrhiza-sucrose-organic
matter-drainage): Verticillium-infected plants + integrated management proposal with fungicide consisting of simultaneous
application of T1fi + T2fi + T3fi + T4fi + T5fi + T6fi.
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for V. dahliae. (B): mycorrhizal colonization and inoculum of Trichoderma sp. quantified under different treatments of wilt
disease. Error bars represent the confidence interval of the mean, validated by Tukey mean separation test. Equal letters
indicate that there are no significant differences (p > 0.05). The following treatments were evaluated under field conditions
(where “fi” stands for field conditions): fi—healthy control: non-inoculated control of healthy plants; fi—diseased control:
plants infected with V. dahliae; T1fi (fungicide): Verticillium-infected plants + application of fungicide in drench (benomyl in
rotation with azoxystrobin); T2fi (pruning): Verticillium-infected plants + sanitary pruning; T3fi (solarization): Verticillium-
infected plants + solarization; T4fi (Trichoderma-mycorrhiza-sucrose): Verticillium-infected plants + soil inoculation with
Trichoderma sp. and R. fasciculatum; T5fi (organic matter): Verticillium-infected plants + application of compost; T6fi (drainage):
Verticillium-infected plants + a drainage network around the base of the stem; T7fi (pruning-solarization-Trichoderma-
mycorrhiza-sucrose-organic matter-drainage): Verticillium-infected plants + integrated management proposal without
fungicide consisting of simultaneous application of T2fi + T3fi + T4fi + T5fi + T6fi; and T8fi (fungicide-pruning-solarization-
Trichoderma-mycorrhiza-sucrose-organic matter-drainage): Verticillium-infected plants + integrated management proposal
with fungicide consisting of simultaneous application of T1fi + T2fi + T3fi + T4fi + T5fi + T6fi.

4. Discussion

Adequate programs of integrated management for Verticillium wilt in avocado are
scarce and not readily available [9,15]. Here, we identified treatments for avocado wilt
caused by V. dahliae, which reduced disease, increased the percentage of the high value “ex-
tra” fruit category and showed a good cost/benefit relationship (Table 1). Integrated disease
management proposals T7fi (sanitary pruning, solarization, Trichoderma sp., R. fasciculatum,
a source of energy in the form of sucrose, compost, and drainage without fungicides)
and T8fi (same as T7fi, but including benomyl and azoxystrobin fungicides in rotation),
consisting of combined strategies, exhibited the best effect in controlling the wilt disease
caused by V. dahliae in avocado crops (Figures 4 and 5, and Table 1).

Individual control methods as fungicide applications, application of one biocontroller,
addition of organic matter or other amendments, usually reduce some level of disease.
However, when all those strategies are combined they can act in synergy reducing or
suppressing disease development to an effective threshold for farmers. Each strategy has
its own advantages and constraints (Figures 4 and 5).

Fungicide effectiveness in wilt control have been shown in other crops such as
Capsicum annuum L. cv. Soroksari, where benomyl application reduced Verticillium wilt
in 88.2 and 94.6% when applied after and before infection with the pathogen, respec-
tively [32]. A negative side effect of benomyl application observed in the present work was
the reduction of other microorganisms that may be beneficial for avocado crops such as
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Trichoderma sp. and R. fasciculatum (Figure S2). Similarly, the total number of fungi in soil
was reduced after several applications of metalxyl + mancozeb, for controlling P. cinnamomi
in avocado crops [16,17]. In addition, continuous application of chemical fungicides may
select resistant isolates in the pathogen population, causing ineffectiveness of the molecule,
as has been widely reported for benomyl [42]. Therefore, the use of chemical fungicides
may be useful as part of an integrated disease management program, but caution should
be taken to prevent aforementioned problems. As T7fi was effective to manage Verticillium
wilt disease, it should be preferred to T8fi because no fungicides are included in T7fi
(Figures 4 and 5).

The use of microorganisms such as Trichoderma sp. and mycorrhizas for the biological
control of diseases caused by Verticillium sp. have proven useful in several crops [21,22]. In
addition, mycorrhizas such as R. fasciculatum, have shown positive effects, improving the
nutritional status of the host plant, particularly the phosphorus uptake [19,20]. However,
despite the large amount of literature available about biological control agents against
Verticillium, few products effective at the field-level have been developed [1]. An apparent
antagonism between Trichoderma sp., and R. fasciculatum was identified in the present work.
Antagonism between Trichoderma spp. and mycorrhizas has been observed previously in
many plants, including avocado [43,44]. To lessen this problem, the addition of an energy
source readily available such as sucrose has been reported as having a positive effect in
reducing such antagonism [40]. Further research is required to solve this challenge.

Pruning may help in controlling disease by eliminating inoculum sources and by
stimulating regrowth of new disease-free tissues as observed in our research. Besides,
solarization reduced the inoculum amount in an apparent temperature-dependent manner
(Figure S1B). The temperature for controlling effectively Verticillium sp. has been reported
to be above 42 ◦C [45]. This finding suggests that it is important to closely monitor
temperature during the solarization process and to measure viable pathogen populations,
looking for an adequate control of V. dahliae inoculum in soil, before plant establishment
in nursery or in field conditions. Solarization and heat treatments have been tested in the
management of Verticillium with encouraging results [5,10]; therefore, their effects should
not be neglected as a component of an integrated management of Verticillium wilt.

Although the drainage itself did not show a clear effect on disease management, its
implementation in avocado crops should not be ignored because plant roots are sensitive
to oxygen reduction and the water to air ratio and availability of oxygen significantly
influences growth and mineral nutrition of avocado plants [46]. In general, it is widely
accepted that hypoxia and anoxia are of high importance as abiotic causal agents of the
avocado wilt disease complex and the oxygen level in soil plays an important role in the
dynamics of populations of pathogenic/beneficial microorganisms in the soil profile [16,17].
Specifically, severity of root rot caused by P. cinnamomi is increased under soil flooding/low
oxygen conditions [17]. However, it was observed that viable Verticillium microsclerotia
was reduced in soil under flooding conditions and severity of Verticillium disease was
increased under non-flooding conditions compared to flooding conditions [47], suggesting
an additional role of other factors such as edaphoclimatic conditions and the plant genotype
on the infection outcome. Therefore, as avocado production may be significantly affected by
poor soil oxygen availability, much more research is needed to make accurate conclusions
about the relationship between avocado, soil oxygen levels and management of Verticillium
wilt. Climate change is expected to strongly influence plant diseases; therefore, further
research using precise measurements of available contents of water and oxygen using
different drainage methods and edaphoclimatic conditions is a necessary step towards
clarification of the role of air–water ratio in the Verticillium avocado wilt disease.

Organic matter is crucial for good soil health, and its beneficial effects for avocado and
others crops have been widely reported [6,14,48]. Some studied effects include increase in
beneficial microbe populations, reduction of pathogenic microbe populations and disease
incidence and severity, in addition to reduction of the stress caused by climate change
and many others [6,14,47]. Currently, the addition of green compost from agricultural
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and industrial waste is reported as one of the most viable economic and environmental
alternatives for increasing the beneficial microbiota in soils [25,26]. The addition of different
sources of organic matter reduced disease severity caused by Verticillium spp. in several
crops [23–26,48]. It has been shown that the addition of green compost to soils with high
inoculum pressure of soilborne pathogens generates a suppression effect, becoming an
excellent strategy to incorporate into an integrated plant management, which include
fungi genus Verticillium [25,26]. However, organic amendments significantly varied in type,
source, chemical components, crop yield, disease control and many other factors that may
affect results [1,25,26]. Even more, it has been found that in some cases, organic matter
reduce Phytophthora root rot, and in others may even increase disease severity [14,49].
Organic amendments are a valuable tool for Verticillium wilt control, but time consuming
and expensive efforts on research should be made to find appropriate combinations for
each specific planting sites and edaphoclimatic conditions where avocado orchards are
grown. However, they significantly reward the effort, as observed in the present research.

Each individual control strategy has shown some extent of effective reduction of
Verticilium wilt in several crop systems [1]. Integrated management systems, which include
several strategies have been implemented for crops as potato, olive, lettuce, cotton and
others [1,2,5]. In avocado, research about integrated management of Verticillium is limited
compared to other pathogens such as P. cinnamomi [14,31]. The integrated management
proposed in the present research proved to be effective in the conditions performed;
however, results may vary from location to location due to factors already mentioned, so it
is important to make local adaptations to each specific condition because the benefit may
exceed the investment on research. Other emerging strategies for Verticillium control as
new sources of plant resistance, disinfectants, heat treatments, ways of biological control
delivery, and others, may be implemented as they are developed, together with our
proposal of integrated management of Verticillium wilt [7,10,23].

Integrated management practices proposed in T7fi and T8fi are economically viable,
showing a good cost/benefit relationship, where the increase in the production of fruit in
the extra quality category plays an important role because of its high price in the market
that compensates and overcomes a lower net production. These results indicate that
implementation of an appropriate integrated management for this disease may increase
the profit of the avocado plantation. As mentioned above, T7fi should be preferred to
T8fi where possible because T7fi does not include fungicides of chemical synthesis. Even
more, a similar approach has proved to be effective for the control of P. cinnamomi [14],
suggesting that it is possible to design a combined strategy against the two most important
pathogens causing avocado wilt.

5. Conclusions

The avocado wilt disease caused by V. dahliae is economically important in Colombian
conditions. Integrated management may reduce the negative effects and economic losses
caused by this pathogen by increasing the quality of fruits that get the higher prices.
No single control method for Verticillium is completely effective, so implementation of
several compatible strategies adapted to each local condition, together with a careful
economic analysis, should be performed to satisfactorily manage this disease while keeping
reasonable profits. The present work is an important contribution to the avocado industry
because wilt symptoms caused by V. dahliae are easily confused with those caused by other
causal agents, inducing erroneous diagnostics and implementation of ineffective control
methods that may induce an increase in costs of production and even larger losses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11101932/s1, Table S1: Edaphic variables of the soil in the crop plot and labora-
tory tests, Table S2: Description of experiments under net-house conditions, Table S3: Supporting
information 65. Description of experiments under field conditions, Figure S1: (A): climatic conditions
in the plots evaluated during the years 2012–2014. (B): dynamics of temperature associated with
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solarization under net-house and field conditions, Figure S2: Effect of application of fungicides to soil
in microbial beneficial populations, Figure S3: Scheme of drainage treatment under field conditions.
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