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Abstract: Avocado, a fruit consumed worldwide and essential for countries like Mexico and
Chile, faces significant postharvest challenges, particularly during prolonged storage and
transportation periods, where Botryosphaeriaceae and Glomerellaceae genera cause fruit rots
that can generate substantial economic losses. This study investigated three Hass avocado
orchards in the Valparaiso region of Chile to identify spore dispersion peaks, analyze the
aerial dynamics of fungal inoculum, and evaluate the association with climatic conditions,
as well as the incidence (I) and damage index (DI) of fruit rots. Spore traps were installed
in symptomatic trees and monitored weekly over 13 months. Meteorological data were
collected in parallel. Fruits from these orchards were sampled to evaluate postharvest
rots, physiological maturity, and disease severity using molecular techniques, including
DNA sequencing and phylogenetic analysis of isolated pathogens. The results revealed
that spore peaks for both fungal families were closely associated with increased rainfall
and high relative humidity, particularly from June to mid-September (winter season).
The Santo Domingo orchard exhibited the highest disease pressure, with stem-end rot
reaching an I of 44% and a DI of 17.25%, and anthracnose reaching an I of 23% and a
DI of 12.25%. This study provides the first long-term, field-based evidence of airborne
spore dynamics of Botryosphaeriaceae and Glomerellaceae in Chilean avocado orchards and
their statistical relationship with environmental variables. These findings highlight the
potential of incorporating climatic indicators—such as rainfall thresholds and humidity
levels—into monitoring and early-warning systems to optimize fungicide application
timing, reduce unnecessary chemical use, and improve postharvest disease management in
avocado production.

Keywords: avocado; Glomerellaceae; Botryosphaeriaceae; spore dispersion; climatic factors

1. Introduction

Persea americana Mill. (1768), commonly known as the avocado crop, belongs to
the genus Persea, which includes approximately 85 species, whose first origin seems to be
Mexico about 10,000 years ago [1]. In recent decades, avocado consumption has significantly
increased worldwide. Among avocado cultivars, Hass avocado has become the most widely
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grown and exported due to its desirable sensory attributes and extended postharvest shelf
life. Chile has become a key player in avocado production and export [2]. According
to FAO data for 2022, Chile ranked 13th worldwide in avocado production, with an
output of approximately 142,340 metric tons [3]. This level of production, along with
high per capita consumption, underscores the national importance of avocado cultivation.
This volume positions Chile among the top global producers. Furthermore, national per
capita consumption averages 8.2 kg per person yearly, ranking Chile the second-highest
consumer worldwide [4]. Historically, avocado cultivation was concentrated in Central
America, where it has been grown for centuries. However, since the early 2000s, production
has expanded into semi-arid regions of other countries, including central Chile, where
environmental conditions have proven favorable for commercial avocado farming. Today,
Chile ranks among the top 15 avocado-producing countries globally, with a planted area
exceeding 30,000 hectares concentrated in central and semi-arid regions, from the Atacama
Region (25°17'S to 29°30’ S) in the north to the O’Higgins Region (33°51’ S to 35°01’ S) in
the south. Within this distribution, the Valparaiso Region (32°02’S to 33°57’ S) stands out
as the most productive area, concentrating the highest density of avocado orchards in the
country [5-7].

In Chile, avocado orchards are often established following significant soil modification,
with deep ridges constructed using excavators to enhance root development and reduce
compaction stress. Despite advances in agronomic practices and the implementation of
quality standards, such as harvesting fruit with a minimum dry matter content of 23% to
ensure ripeness upon arrival in export markets [8], postharvest quality loss remains a sig-
nificant challenge. As a climacteric fruit, avocado is particularly vulnerable to physiological
and pathological deterioration during storage and transport [9]. Postharvest fungal rots,
especially stem-end rot caused by Botryosphaeriaceae species and anthracnose caused by
Colletotrichum spp., represent the leading causes of economic losses, typically manifesting
as circular black lesions and vascular browning in the pulp [7,10-14].

Environmental factors such as rainfall, relative humidity, and temperature are criti-
cal for spore dispersal. Botryosphaeriaceae spores are often dispersed via rain splash and
wind [15]. Previous studies have shown that spore release is most significant during
rainy periods, as observed in California [16,17] and Chile’s Casablanca Valley [18]. Sim-
ilarly, Glomerellaceae spores are primarily dispersed during rainy seasons or periods of
high humidity, as reported in studies on avocados in Mexico, where 72.5% of spores
were released during the most humid months [19]. These findings highlight the impor-
tance of understanding meteorological influences on fungal spore dynamics for effective
disease management.

Given the economic impact of fungal infections in postharvest avocados, spore
quantification is essential for informed decision-making in disease control. Spore traps
have been widely used to monitor Botryosphaeriaceae and Glomerellaceae spp. in various
crops [16,18,20,21], including avocado in California [22]. A Chilean study used spore
traps to monitor aerial pathogen dispersion in avocados. However, it lacked precipitation
records and used a 15-day sampling interval [23]. These limitations underscore the need
for more comprehensive, higher-resolution studies that integrate climatic variables with
spore dynamics in a statistically robust framework.

Currently, postharvest disease management strategies in avocado rely heavily on
broad-spectrum fungicide applications without predictive tools to assess inoculum pressure
or environmental infection risk. There is a lack of long-term, field-based studies correlating
airborne spore loads with weather patterns and disease severity in fruit, particularly in
semi-arid regions such as central Chile. This gap hinders the development of precise
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forecasting systems for disease outbreaks and limits opportunities to implement targeted,
cost-effective, and environmentally sound control measures.

In this context, the present study aims to determine the dispersion peaks of Glomerel-
laceae and Botryosphaeriaceae spores in three Hass avocado orchards with varying climatic
and geographic conditions in central Chile (Santo Domingo, San Pedro, and La Palma).
The study also evaluates the association between environmental factors, aerial inoculum,
and postharvest disease expression by integrating high-frequency spore monitoring with
weather data and molecular identification of pathogens. The results will contribute to the
development of early warning systems and improve integrated disease management in
avocado fruit production.

2. Materials and Methods
2.1. Study Area

Data were collected over a year (22 November 2017 to 27 December 2018) from three
Hass avocado orchards in the Valparaiso Region, each with varying levels of postharvest
fungal diseases. The orchards were located as follows: the first near Santo Domingo planted
in 2008 (13 years old at the time of study), 6 km from the sea, at an altitude of 68 m.a.s.L,
with an approximate contiguous planting area of 7 hectares; the second in San Pedro
planted in 2002 (19 years old), 20.4 km from the sea, at 87 m.a.s.l., with ~12 hectares of
contiguous avocado planting and the third in La Palma, Quillota planted in 1976 (45 years
old), 28 km from the sea, at 158 m.a.s.l., with ~5 hectares of contiguous planting.

2.2. Measuring Spore Peaks

Five continuous rows were randomly selected in each orchard, with at least 20 plants
per row, and spore traps were installed (five traps per orchard). Each trap consisted of a
slide (25.4 x 76.2 mm) coated with a thin layer of petroleum jelly, secured with a paper
clamp, and tied to tree branches at a height of 90 to 180 cm above the ground [16,22].
Traps were placed near plants exhibiting symptoms such as wood cankers, shoot blight, or
necrotic vascular tissue. This methodology is consistent with previous studies conducted
by Eskalen and Gubler [24], Eskalen et al. [22], and Valencia et al. [18].

The spore traps were collected and replaced weekly over a 13-month period. Before
analysis, cotton blue in lactophenol was applied to the slides and then sealed with Entellan,
as described in Valencia et al. [18]. Spores were identified at the Phytopathology Laboratory
of the Pontifical Catholic University of Valparaiso using an optical microscope (analyzing
15 traps per week) based on their morphological characteristics and classified to the genus
level using a taxonomic key [25].

The number of spores within each slide’s 18 x 18 mm cover area was quantified and
recorded as the weekly total for each location. Data from the sampling period revealed
peaks in spore presence for each species in the respective orchards.

2.3. Weather Data Monitoring

Weekly meteorological data collected included total precipitation, average relative
humidity, and average temperature. For the Santo Domingo orchard, data were obtained
from a meteorological station located at the Santo Domingo aerodrome (latitude —33.65,
longitude —71.61), approximately 5.6 km from the sampling site.

In the San Pedro orchard, meteorological data were gathered using a weather station
within the orchard. Sensors were positioned at latitude —32.94 and longitude —71.29,
approximately 356.6 m from the sampling site.
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For the La Palma orchard, data were collected via the HOBOS system from a meteo-
rological station at latitude —32.89 and longitude —71.20, approximately 200 m from the
sampling area.

2.4. Analysis of Avocado Fruit Dry Matter

The physiological maturity of harvested fruits was assessed by determining the per-
centage of dry matter. Fifteen fruits were collected from the different orchards during the
second week of January 2019 for analysis. A longitudinal section of each fruit was cut, the
peel was removed, and the pulp was diced into cubes. The cubes were weighed to obtain
the initial sample weight and then dried in an oven at 65 °C for 24 h until a constant weight
was achieved, representing the final sample weight [26].

The percentage of dry matter was calculated using the following formula [27]:

Final Weight x 1
%Dry Matterz( inal Weight x 00)

Initial Weight

2.5. Incidence and Severity of Fruit Diseases

During the second week of January, fruit samples were collected from rows containing
spore capture traps, with 100 fruits sampled per orchard. These fruits underwent traditional
phytopathological analyses to determine postharvest disease incidence (I) and severity,
expressed as a damage index (DI).

Sixty humid chambers (20 per orchard) were prepared for analysis. Each chamber
was sterilized with chlorine and 95% alcohol, then fitted with a plastic grid over moistened
sterile absorbent paper. Five avocado fruits, previously sterilized with 1% hypochlorite
and rinsed with sterile distilled water, were placed in each chamber. The chambers were
maintained at 25 & 1 °C for one week.

2.5.1. Disease Incidence (I)

Incidence was calculated as the percentage of diseased fruits over the total number
evaluated. Fruits were either healthy (0) or rotted (1).

2.5.2. Damage Index (DI)

Severity Was Assessed by Examining Internal Lesions on the Fruits:

For Glomerellaceae, severity was scored based on the number of lesions: 0 = healthy
fruit; 1 = one or two lesions; 2 = three or four lesions; 3 = five or six lesions, and 4 = seven
or more lesions.

For Botryosphaeriaceae, severity was scored based on the progression of streaks from
the peduncle toward the other end of the fruit: 0 = healthy fruit; 1 = up to 25% injury
progression; 2 = 26% to 50% injury progression; 3 = 51% to 75% injury progression and
4 =76% to 100% injury progression.

The damage index (DI) was calculated using the following formula, adapted from

McKinney [28]:
~ (Z(nx*v)
DI = (V*N) x 100

where: n = number of damaged fruits per score; v = severity score; V = maximum score
level; N = total number of fruits evaluated.

2.6. Identification of Monosporic Cultures of Botryosphaeriaceae and Glomerellaceae

Preliminary identification of isolates was performed by comparing the morphological
characteristics of the colony spores to those described in established taxonomic keys [25,29].
DNA was extracted from pure monosporic colonies using the DNeasy® Plant Mini Kit
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(Qiagen Hilden, Germany) for molecular identification. Ribosomal DNA was amplified
through PCR following the methodology of Urbez-Torres et al. [30]. The internal tran-
scribed spacer (ITS) regions of ribosomal DNA were amplified using the following primers:
ITS4: TCCTCCGCTTATTGATATGC and ITS5: GGAAGTAAAAGTCGTAACAAGG [31].
Additionally, elongation factor (EF) regions were amplified using EF1-728F: CATCGA-
GAAGTTCGAGAAGG and EF1-986R: TACTTGAAGGAACCCTTACC [32], and Macrogen
Inc. (Seoul, Republic of Korea) sequenced the amplified DNA regions. The results were
compared against the GenBank database using the BLAST (v1.4.0) (Basic Local Alignment
Search Tool) program. Identification was confirmed for isolates showing greater than 97%
similarity to reference sequences in the database.

2.7. Phylogenetic Tree

To confirm the taxonomic identity of the fungal isolates, two complementary phylo-
genetic analyses were performed: one based on maximum parsimony (MP) and another
using Bayesian inference (BI) with concatenated gene regions.

First, MP analysis was conducted in MEGA (v5.2.2) software [33] using ITS sequences
from isolates and GenBank reference strains of Botryosphaeriaceae and Glomerellaceae.
The tree was inferred using the Tree Bisection and Reconnection (TBR) algorithm with
1000 bootstrap replicates to assess clade support. The analysis was rooted with Fusarium
oxysporum (MT530052.1) as the outgroup. Tree quality metrics, including consistency index
(CI) and retention index (RI), were calculated to evaluate the robustness of the resulting
topology.

Additionally, a Bayesian phylogenetic analysis was performed using concatenated
sequences of the internal transcribed spacer (ITS) region and elongation factor 1-alpha
(EF1-x) gene. Sequences were aligned independently, concatenated in MEGA (v5.2.2), and
exported in NEXUS format. The phylogeny was inferred using MrBayes (v3.2.7) under the
GTR + gamma substitution model. The Markov Chain Monte Carlo (MCMC) simulation
was run for 1,000,000 generations, sampling every 100 generations with four chains and a
temperature of 0.2. The first 25% of trees (2500 generations) were discarded as burn-in. A
50% majority-rule consensus tree was constructed, and posterior probability values were
reported for each node. Fusarium oxysporum was again used to root the tree.

2.8. Statistical Analysis and Correlation Visualization

To evaluate the relationship between weekly fungal spore dispersion and climatic
variables (average temperature, relative humidity, and precipitation), Pearson correlation
analyses were performed using R software (v4.0.0). Weekly total spore counts were calcu-
lated by summing Botryosphaeriaceae and Glomerellaceae spores per week and orchard. These
data were then merged with meteorological records using the left_join function from the
dplyr package (v1.1.4).

Pearson correlation coefficients (r) were calculated using the cor function and visu-
alized through scatterplots generated with the ggpubr package (ggscatter function). Each
plot included a fitted linear regression line with a 95% confidence interval, as well as the
corresponding correlation coefficient (1) and p-value. These analyses were conducted inde-
pendently for each orchard (Santo Domingo, San Pedro, and Quillota), covering timeframes
of 48 to 54 weeks, depending on data availability. Data preprocessing, including removal of
duplicated header rows and numeric column conversion, was performed using readxl and
dplyr. Final figures were arranged using ggarrange to facilitate comparative visualization
across sites.

Additionally, Pearson correlation analyses were conducted to assess the relationship
between fruit dry matter content and two postharvest disease parameters: disease incidence
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and damage index. For each orchard, the correlation between dry matter percentage and
disease outcomes was calculated based on individual fruit data (n = 18 per orchard).
These correlations were visualized using scatterplots with regression lines and confidence
intervals, following the same approach described above.

For statistical comparison of disease incidence and severity across orchards, one-way
ANOVA followed by Tukey’s honest significant difference (HSD) test was applied (p < 0.05).

3. Results and Discussion
3.1. Spore Quantification and Meteorological Data Analysis

The study demonstrated that Botryosphaeriaceae and Glomerellaceae spores were
dispersed throughout the year, with significant peaks during or near periods of rainfall and
higher relative humidity (Figures 1-3).
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Figure 1. Weekly data from the Santo Domingo orchard illustrating average temperature (°C), relative
humidity (%), and total rainfall (mm). The lower section highlights the number of Glomerellaceae and
Botryosphaeriaceae spores captured during the same period.
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Figure 2. Weekly data from the San Pedro orchard showing average temperature (°C), relative
humidity (%), and total rainfall (mm). The lower section displays the number of Glomerellaceae and
Botryosphaeriaceae spores captured each week.

3.1.1. Santo Domingo Orchard

Spore dispersion was most pronounced between February and September, with
Botryosphaeriaceae conidial peaks exceeding 30 spores per week during April, June, July,
August, and September 2018 (Figure 1). These peaks coincided with weeks of notable
rainfall (above 0.2 mm), with the highest weekly precipitation recorded (e.g., 14.6 mm in
April, 32.4 mm in July, and up to 63.4 mm in June). Relative humidity ranged from 77%
to 91.3%, and temperatures fluctuated between 7.8 °C and 16.8 °C. The most significant
spore peak occurred during week 29 (June), with 106 spores per slide, closely following the
wettest week (week 28, with 63.4 mm of rainfall) and one of the most humid weeks (week
28, with 89% relative humidity) (Figure 1).
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Glomerellaceae spores remained above 10 spores per slide throughout the year, peaking
at 20 spores during week 43 (September), when rainfall reached 0.4 mm, relative humidity
averaged 89.9%, and the temperature was 10.2 °C (Figure 1).
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Figure 3. Weekly data from the Quillota orchard, presenting average temperature (°C), relative
humidity (%), and total rainfall (mm). The lower section illustrates the number of Glomerellaceae and

Botryosphaeriaceae spores captured weekly.

3.1.2. San Pedro Orchard

Spore dispersal was highest from May to October (Figure 2). Botryosphaeriaceae ex-
hibited peaks exceeding 30 spores per week during November 2017 in April, June, July,
August, and September 2018. These peaks aligned with rainfall greater than 0.1 mm, with a
maximum precipitation of 70.4 mm. Average temperatures during these months ranged
from 9.7 °C to 15.6 °C. The most significant peak occurred in week 33 (July), with 109 spores
per slide. This peak coincided with the wettest week (70.4 mm of rainfall) and the highest
relative humidity (74.9%) recorded during the study period (Figure 2).
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3.1.3. La Palma Orchard (Quillota)

Spore dispersion was primarily detected between April and November (Figure 3).
Botryosphaeriaceae spores exceeded 30 per week in December 2017 and between May and
December 2018. These peaks corresponded to periods of precipitation greater than 0.2 mm,
with a maximum weekly rainfall of 52 mm. Relative humidity during these months ranged
from 63.4% to 86.8%, with temperatures between 9 °C and 20.8 °C. The highest spore peak
occurred during week 35 (July), with 140 spores per slide, near the wettest week (week 32,
with 52 mm of rainfall) and one of the most humid weeks (week 36, with 86.6% relative
humidity) (Figure 3).

Glomerellaceae, the highest peak (12 spores) also occurred in July, under conditions of
8.5 mm rainfall and 85.5% relative humidity (Figure 3)

Our findings on the conidial release dynamics of Botryosphaeriaceae and Glomerellaceae
in avocado orchards under Mediterranean conditions are consistent with studies conducted
in other crops and regions. For example, Mohankumar et al. [34] reported that in Australian
macadamia orchards, the highest conidial dispersal of Lasiodiplodia pseudotheobromae and
Neofusicoccum luteum occurred in summer and autumn, with a strong association with
rainfall events and relative humidity levels exceeding 70%. Similarly, in our study, the
most pronounced spore peaks coincided with periods of rainfall and high humidity, par-
ticularly between June and September. This alignment suggests that, regardless of crop
type, moisture conditions play a critical role in the release and dissemination of fungal
propagules. In parallel, Jiménez et al. [17] documented comparable dispersal patterns
in table grape vineyards in central Mexico, where a strong positive correlation between
rainfall and the number of trapped spores was also established. Unlike our findings, where
temperature correlations were negative or non-significant, studies in tropical crops such
as macadamia and grapes suggest that high temperature combined with humidity may
further enhance sporulation. These comparisons emphasize the importance of incorporat-
ing local climatic variables into early-warning systems for postharvest diseases in avocado,
highlighting the need to tailor disease management strategies to the seasonal dynamics of
each agroclimatic zone.

3.2. Genera Identification on Slides

Using optical microscopy, Botryosphaeriaceae species were identified based on their
spore morphology: Diplodia spores were generally hyaline, aseptate, and occasionally
brown with one or two septa. They had smooth external walls, an ovoid shape, a wider
middle, an obtuse apex, and a truncated or rounded base. Spore dimensions ranged
from 19.26 to 27.94 pm in length and 10.56 to 14.9 um in width, with an average of
23.12 x 12.51 um. Dothiorella spores were hyaline to dark brown, featuring a septum in
the middle, an ovoid shape, a broadly rounded apex, and a truncated base. Dimensions
ranged from 16.69 to 26.93 pm in length and 6.02 to 14.83 um in width, with an average
of 22.14 x 10.25 um. Neofusicoccum spores were predominantly hyaline, aseptate, smooth,
ellipsoidal, and featured truncated bases. Dimensions ranged from 18.17 to 27.62 pm in
length and 5.25 to 8.96 pm in width, with an average of 22.69 x 7.50 um.

Figure 4 highlights the temporal distribution of spores by genus across the three
orchards: Santo Domingo Orchard: The most pronounced peaks for Diplodia and Dothiorella
occurred in week 29, with 46 and 37 spores, respectively. For Neofusicoccum, the peak was
in week 34, with 25 spores. San Pedro Orchard: The highest spore counts were recorded
in week 33, with 52 spores for Diplodia, 31 spores for Neofusicoccum, and 26 spores for
Dothiorella. Quillota Orchard: The highest peaks for Dothiorella and Diplodia were observed
in week 34, with 57 and 48 spores, respectively, while Neofusicoccum peaked in week 40,
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with 36 spores. All three orchards exhibited traces of Botryosphaeriaceae spores throughout
the year, indicating continuous presence and potential spore dispersal across the seasons.
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Figure 4. Temporal distribution of Botryosphaeriaceae spores by genus in three avocado orchards—(A)
Santo Domingo, (B) San Pedro, and (C) Quillota (La Palma)—in the Valparaiso Region, Chile, over a
13-month period (November 2017 to January 2019). Weekly conidial counts for the genera Diplodia
(blue), Dothiorella (green), and Neofusicoccum (red) were quantified from spore traps and plotted to
assess seasonal trends in aerial inoculum presence. Each panel represents data from one orchard,

illustrating distinct temporal peaks and differences in dominant genera.
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It is important to consider which genera are responsible for fruit damage and when
they are most active. In this study, Diplodia, Dothiorella, and Neofusicoccum were consistently
observed throughout the year, with peak dispersion aligning with wet and humid peri-
ods, especially between late autumn and winter. This suggests that these genera have a
high potential for infection during cool, moist seasons, corresponding with stem-end rot
symptoms observed in fruit.

For Colletotrichum (Glomerellaceae), spore detection was more limited, though peaks
were evident during winter when relative humidity was consistently above 85% and tem-
peratures were below 12 °C. These conditions align with previous reports associating
Colletotrichum gloeosporioides infection with cool, wet environments conducive to appresso-
rium formation and penetration [35]. Therefore, monitoring weather conditions may help
predict periods of highest risk for anthracnose outbreaks.

Although Diplodia and Dothiorella spores were identified microscopically on spore
traps, these genera were not recovered from infected fruit tissues during postharvest
isolation. Several factors may explain this discrepancy. First, both genera have been
reported as latent or weakly virulent pathogens in avocado, and their infection may be
more dependent on host stress conditions or pruning wounds rather than direct fruit
colonization. Second, Neofusicoccum spp., particularly N. parvum and N. australe, are
considered more aggressive and may have competitively excluded Diplodia and Dothiorella
during natural infection or incubation. Third, it is possible that infection by these genera
occurred earlier in the season or in tissues not sampled (e.g., stems or peduncles), and thus
remained undetected in the fruit-focused postharvest analysis. Similar patterns have been
reported in previous studies in Chile and California, where Diplodia was frequently found
in cankers and pruning wounds but less often in fruit [7,16].

3.3. Correlation Between Climatic Variables and Total Spore Dispersion

Pearson correlation analyses (Figure S1) revealed varying degrees of association
between total weekly spore counts and climatic variables across the three avocado
orchards evaluated.

In San Pedpro, total spore counts exhibited a moderate to strong positive correlation
with weekly rainfall (r = 0.66, p < 0.001) and a moderate positive correlation with relative
humidity (r = 0.46, p = 0.002). In contrast, a weak negative correlation was observed with
average temperature (r = —0.18, p = 0.24). These results suggest that in this orchard, rainfall
events and higher humidity are key drivers of conidial release for both Botryosphaeriaceae
and Glomerellaceae. In Santo Domingo, total spore counts were moderately and negatively
correlated with temperature (r = —0.43, p = 0.002), while relative humidity showed no
significant association (r = —0.03, p = 0.81). The negative association with temperature
suggests that spore dispersal increased during cooler weeks, particularly in coastal condi-
tions. In Quillota, no strong linear relationships were observed. Correlations were weak
and non-significant for all three variables: temperature (r = —0.12, p = 0.40), relative hu-
midity (r = 0.15, p = 0.28), and rainfall (r = 0.01, p = 0.92). These low correlations may be
attributed to the use of estimated meteorological data in this location and a narrower range
of climatic variation.

Together, these results highlight the site-specific role of climatic conditions in mod-
ulating airborne inoculum dynamics. While rainfall and humidity emerged as the most
influential factors in San Pedro, lower temperatures were more closely associated with
spore peaks in Santo Domingo. The findings support previous reports on the environmental
drivers of conidial dispersal in avocado orchards.

These findings are consistent with previous research by Herndndez-Lauzardo et al. [36]
in Mexican avocado orchards, where over 72% of spore release occurred during the most
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humid months, and rainfall and high relative humidity were identified as key factors
influencing Glomerellaceae dispersal. Similarly, Eskalen et al. [22] reported that Botryosphaeri-
aceae spores in Californian avocado orchards were released predominantly during rainy
periods and cooler months, aligning with our observations in Santo Domingo and San
Pedro. These results reinforce the notion that environmental triggers for spore dispersion
are highly site-dependent and that localized monitoring systems integrating humidity and
precipitation data may be essential to anticipate high-risk periods for fungal infection in
avocado production systems.

3.4. Dry Matter Percentage in Sampled Fruits

The dry matter content of the sampled avocado fruits varied considerably among
orchards: 19.12 £ 2.72 in Santo Domingo, 26.21 &+ 1.90 in San Pedro, and 34.81 + 1.83
in Quillota (Table S1). Notably, the orchard with the lowest dry matter content (Santo
Domingo) also exhibited the highest incidence and damage index of fruit diseases. This
observation suggests a potential relationship between fruit physiological maturity at harvest
and increased susceptibility to postharvest pathogens, as less mature fruits may be more
vulnerable during storage and ripening.

Spore dispersion of both Botryosphaeriaceae and Glomerellaceae was detected year-round;
however, the most pronounced peaks occurred between April and September, correspond-
ing to autumn and winter. These results are consistent with those of Eskalen et al. [22],
who reported similar seasonal spore dynamics in California avocado orchards, with peaks
extending from fall through mid-spring.

Interestingly, this study also recorded a Botryosphaeriaceae spore peak during spring
that was not associated with rainfall. A plausible explanation is agrochemical applications
with water volumes equal to or exceeding 2000 L/ha, which could physically disperse
fungal propagules. In contrast, Valencia et al. [18] did not observe such dispersion during
spring with applications using only 1000 L/ha, suggesting that the volume of liquid used
may play a critical role in passive spore release. This hypothesis merits further investigation,
especially in orchards that rely on high-volume foliar sprays.

Climatic variables also played a key role in inoculum dynamics. Valle [19] reported a
positive correlation between high relative humidity and fungal spore dispersal in Mexican
avocado orchards, where 72.5% of spores were released during the most humid months.
Similarly, Crane et al. [37] found that Glomerellaceae spores dispersed predominantly during
rainy periods or when relative humidity was high and temperatures were low. In Col-
letotrichum spp., which requires free water and specific thermal conditions to germinate,
Prusky et al. [35] described that encystment and infection are enhanced under moderate
temperatures (approximately 20 °C) and relative humidity above 80%. Thus, in this study,
even though relative humidity levels were lower than those typically observed in Mexico,
they were sufficient to promote fungal dispersal, especially during the Chilean winter.

Three Botryosphaeriaceae genera—Diplodia, Dothiorella, and Neofusicoccum—were visu-
ally identified on spore traps, consistent with the genera reported by Valencia et al. [7] for
Chilean avocados. While their study also identified Lasiodiplodia theobromae, this species
was not detected here. However, this difference likely reflects natural geographic variability
rather than a methodological discrepancy, considering that Valencia et al. [7] sampled
Alicahue, approximately 70 km northeast of the orchards studied here.

3.5. Incidence and Damage Index of Fruit Diseases

Following a modified method by Fischer et al. [38], avocado fruits were incubated in
chambers at 25 °C with 80-85% relative humidity for seven days to assess the incidence
(I) and damage index (DI) of stem-end rot and anthracnose. Santo Domingo Orchard:
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50

stem-end rot: I = 44%, DI = 17.25%, and anthracnose: 1 = 23%, DI = 12.25% (Figure 5).
San Pedro Orchard: stem-end rot: I = 19%, DI = 5% and anthracnose: I = 19%, DI = 7.5%
(Figure 5). Quillota Orchard: stem-end rot: I = 22%, DI = 7.25% and anthracnose: I = 12%,
DI = 4% (Figure 5). These results highlight variations in disease prevalence and severity
across the orchards, with Santo Domingo exhibiting the highest incidence and damage
index values for both diseases.
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Figure 5. Incidence (%) and severity index (DI, %) of postharvest fruit rot diseases caused by
Botryosphaeriaceae (left panels) and Glomerellaceae (right panels) in three avocado orchards (Quillota,
San Pedro, and Santo Domingo). Upper panels show disease incidence, while lower panels display
disease severity (DI). Bars represent mean values + standard error (SE). Different letters above bars
indicate statistically significant differences between orchards (p < 0.05) based on Tukey’s honest
significant difference (HSD) test.

Using humid chambers for incidence (I) and damage index (DI) measurements pro-
vided optimal conditions to enhance the expression of fungal pathogens, facilitating the
identification of causative agents. However, it is important to note that these results reflect
an upper bound of potential damage and may not directly correspond to postharvest
conditions under commercial processing.

As shown in Figure 5, the highest I and DI values for diseases caused by both fungal
families were observed in the Santo Domingo orchard, with Botryosphaeriaceae reaching an I
=44% and DI = 17.25%. These values were significantly higher than those recorded in San
Pedro and Quillota. While Santo Domingo is the youngest orchard, this study highlights
the substantial influence of coastal humidity and climatic conditions rather than orchard
age. In particular, Santo Domingo’s proximity to the coast likely results in higher average
humidity, which, as shown by Prusky et al. [34], favors the germination of fungal conidia
and subsequent infection processes.
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The high disease indices in this orchard may also reflect the greater presence of
Colletotrichum spp., which are known to be highly responsive to elevated humidity and
moderate temperatures (20-28 °C), conditions commonly recorded in Santo Domingo dur-
ing summer. This coincides with Freeman et al. [39] and recent findings by Tapia et al. [40],
who observed similar disease patterns in Chilean orchards under coastal influence.

3.6. Correlation Between Dry Matter and Disease Incidence and Severity Index

The correlation analysis between fruit dry matter content and postharvest disease
parameters revealed site-specific patterns that may be influenced by microclimatic con-
ditions (Table S1 and Figure S2). In the coastal orchard of Santo Domingo, a significant
positive correlation was observed between dry matter and both disease incidence (r = 0.74,
p = 0.00043) and damage index (r = 0.66, p = 0.0031), suggesting that more physiologically
mature fruits may be more susceptible to pathogen colonization in humid environments. In
contrast, the San Pedro orchard exhibited a strong negative correlation between dry matter
and disease incidence (r = —0.75, p = 0.00034), as well as a moderate negative correlation
with damage index (r = —0.59, p = 0.011), indicating that in more temperate conditions,
less mature fruits may be at greater risk. Meanwhile, the Quillota orchard, characterized
by lower precipitation and humidity, showed no significant correlations (r = —0.4 to ~0,
p > 0.1), suggesting that fruit maturity may play a less influential role under drier condi-
tions. These contrasting patterns align with previous reports that highlight the interaction
between fruit physiology and environmental moisture in determining postharvest disease
development [1,7].

3.7. Molecular Analysis of Fungal Species Isolated from Fruits

Monosporic isolates were analyzed using ITS. Only isolates with an identity percentage
greater than 98% were selected for this study (Table 1). Santo Domingo Orchard: Eight
isolates were identified, including two N. luteum and six C. gloeosporioides. San Pedro
Orchard: Six isolates were identified, comprising three of N. parvum, one of N. australe, and
two of C. gloeosporioides. Quillota Orchard: Five isolates were identified, including two of
N. nonquaesitum, one of N. parvum, one of N. australe, and one of C. gloeosporioides. These
findings provide a detailed molecular characterization of the fungal species in the sampled
fruits across the three orchards.

Table 1. Percentage (%) identity and GenBank matches of monosporic isolates obtained from fruits in
the three orchards of the Valparaiso Region.

o . % Identity Match Gen Bank
Isolate reanism ITS EF ITS EF

* Pal SD 02 Neofusicoccum luteum 99.82% 100% MH183385.1 MH118929.1
Pal SD 03 Neofusicoccum luteum 100% n.d. MH183385.1 -

Pal SD 04 Colletotrichum gloeosporioides 100% n.d. MK333968.1 -

Pal SD 05 Colletotrichum gloeosporioides 100% n.d. MN744288.1 -

Pal SD 06 Colletotrichum gloeosporioides 100% n.d. MK333968.1 -

Pal SD 07 Colletotrichum gloeosporioides 100% n.d. MF495463.1 -

Pal SD 08 Colletotrichum gloeosporioides 100% n.d. MK333968.1 -

* Pal SP 01 Neofusicoccum parvum 100% n.d. KC479187.1 -

Pal SP 02 Neofusicoccum parvum 100% 98.96% KC479186.1 MF687930.1
Pal SP 03 Colletotrichum gloeosporioides 99.82% n.d. MF495463.1 -

Pal SP 04 Neofusicoccum australe 100% 99.16% MHS863758.1 MF687943.1
Pal SP 05 Colletotrichum gloeosporioides 99.81% n.d. MF495463.1 -

Pal SP 06 Neofusicoccum parvum 99.82% n.d. KC479187.1 -
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Table 1. Cont.
o . % Identity Match Gen Bank
rganism
Isolate 8 ITS EF ITS EF
*Pal LP 01 Neofusicoccum nonquaesitum 100% n.d. MHS864187 -
Pal LP 02 Neofusicoccum parvum 100% 100% JQ647911.1 MF687930.1
Pal LP 03 Neofusicoccum australe 100% 98% MHS863758.1 KU997127.1
Pal LP 04 Neofusicoccum nonquaesitum 99.82% 100% MH864187.1 MF687928.1
Pal LP 06 Colletotrichum gloeosporioides 100% n.d. MK333968.1 -

* Pal SD: isolate from Santo Domingo; * Pal SP: isolate from San Pedro; * Pal LP: isolate from Quillota; n.d.: not
done.

3.8. Phylogenetic Tree Analysis

Phylogenetic analysis was performed using 33 nucleotide sequences, including 15 ref-
erence strains and a final alignment of 513 positions. Among the 18 isolates recovered
from avocado fruits, 10 belonged to the Botryosphaeriaceae family and 8 to Glomerellaceae.
Maximum parsimony (MP) analysis grouped the isolates into five well-supported clades:
Neofusicoccum luteum, N. australe, N. parvum, N. nonquaesitum, and Colletotrichum gloeospo-
rioides (Figure 6). Of the aligned positions, 347 were constant and 118 were parsimony-
informative. The MP method yielded the 10 most parsimonious trees, with a consistency
index (CI) of 0.9161 and a retention index (RI) of 0.9892, confirming the robustness of the
phylogenetic reconstruction.

To complement and confirm these findings, a second phylogenetic tree was constructed
using Bayesian inference (BI) based on concatenated ITS and EF1-a sequences (Figure S3).
This analysis produced a 50% majority-rule consensus tree, revealing strong posterior
probabilities (>0.95) for all major clades. The BI tree confirmed the presence of N. luteum, N.
australe, N. paroum, and N. nonquaesitum among the Botryosphaeriaceae isolates, mirroring
the results obtained through MP analysis and reinforcing the molecular identity of the
isolates. Fusarium oxysporum was used as the outgroup in both analyses.

When comparing the orchards, La Palma (the oldest orchard, 45 years old) exhibited
the highest cumulative number of Botryosphaeriaceae spores (1623 spores in 2018)—32%
more than in Santo Domingo and 42% more than in San Pedro. In contrast, the youngest
orchard (Santo Domingo, 13 years old) recorded the highest total of Glomerellaceae spores
(517 spores), highlighting the likely influence of microclimatic factors such as relative
humidity and temperature on spore dynamics. As previously reported, Colletotrichum spp.
require free moisture and moderate temperatures for successful infection and sporulation,
with optimal conditions between 20 °C and 28 °C and high relative humidity [35]. These
conditions were frequently recorded in Santo Domingo during summer, which may explain
the dominance of C. gloeosporioides in that orchard.

It is noteworthy that Lasiodiplodia theobromae, previously reported by Valencia et al. [7]
in Alicahue avocado orchards, was not detected in this study. This absence likely reflects
natural geographic and ecological differences, given that Alicahue is located approximately
70 km northeast of the orchards sampled here.

Overall, molecular identification of isolates was consistent with morphological obser-
vations. C. gloeosporioides was the predominant Glomerellaceae species in Santo Domingo,
while Neofusicoccum spp. were dominant in San Pedro and La Palma. These distribution pat-
terns align with previous findings showing that Colletotrichum spp. prefer warm and humid
environments [35,39], and N. luteum is particularly common in coastal orchards in Chile [40].
The combination of MP and Bayesian approaches provides a robust framework for species-
level identification and phylogenetic confirmation of avocado-associated pathogens.
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Figure 6. Phylogenetic tree of identified species isolates based on Maximum Parsimony (MP) analysis
of ITS loci. Isolates SP, SD, and LP, sequenced in this study, are included. MP bootstrap values > 50
are indicated on the branches. Fusarium oxysporum was used as the outgroup.

Regarding agrochemical sprays, our observations suggest that spring spray events
using water volumes > 2000 L/ha may facilitate passive spore release or splash dispersion,
particularly under humid conditions. While previous work by Valencia et al. [18] using
1000 L/ha found no effect, the role of spray volume and canopy wetness in spore mobiliza-
tion warrants further investigation.

Compared to earlier studies focused mainly on short-term spore sampling or fruit-only
analysis, our study provides a comprehensive 13-month dataset that integrates conidial dis-
persal, climatic data, and fruit disease assessments under field conditions. Recent research
(e.g., Tapia et al. [40]; Fiorenza et al. [41]; Guarnaccia et al. [42]) has advanced fungal species
identification in avocado but has not fully linked airborne inoculum dynamics to weather
patterns and postharvest outcomes. Our findings thus contribute new insights toward
early-warning strategies and more precise disease management in avocado production.

4. Conclusions

This study demonstrated a clear association between increased rainfall, relative hu-
midity, and lower temperatures with peak aerial spore dispersal of Botryosphaeriaceae and
Glomerellaceae in avocado orchards. Botryosphaeriaceae spores, particularly from Diplodia,
Dothiorella, and Neofusicoccum, were dominant during wet and humid periods and corre-
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lated with stem-end rot in fruit. Colletotrichum gloeosporioides was the main species identified
for Glomerellaceae, linked to anthracnose symptoms. Molecular identification confirmed the
presence and diversity of pathogenic species across the orchards. These findings suggest
that spore release and fruit infection are favored by periods of high humidity and precipita-
tion, highlighting the need to monitor environmental conditions to predict disease risk. As
a practical recommendation, growers should intensify disease surveillance and consider
preventive fungicide applications during winter months or when humidity exceeds 80%
and rainfall accumulates. The integration of weather-based monitoring with spore trap data
may support early-warning systems and improve the timing of spray applications, con-
tributing to more sustainable and targeted integrated disease management (IDM) strategies
in avocado production.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy15061453/s1, Figure S1: Pearson correlation analysis
between total weekly spore counts (Botryosphaeriaceae + Glomerellaceae) and climatic variables (tem-
perature, humidity, and precipitation) in three avocado orchards. Figure S2: Pearson correlation
analysis between dry matter percentage and postharvest disease incidence and severity in fruits
from three orchards. Figure S3: Bayesian phylogenetic tree based on concatenated ITS and EF1-« se-
quences of Botryosphaeriaceae isolates. Table S1: Average dry matter, incidence, and severity values of
Botryosphaeriaceae and Glomerellaceae in avocado fruits from Santo Domingo, San Pedro, and Quillota.
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