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Image Analysis Reveals That Lenticel Damage Does Not Result
in Black Spot Development but Enhances Dehydration in
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Abstract: Black spot corresponds to a physiological disorder of the type of oxidative stress that
occurs after the prolonged postharvest storage of Persea americana Mill. cv. Hass fruit. Industry
tends to confuse this disorder with pathogen attack (Colletotrichum gloeosporioides), chilling injury,
mechanical damage during harvest and transport or lenticel damage. The main objectives of this
research were: (i) to develop a method to assess and differentiate lenticel damage and black spot and
(ii) to study the correlation between mechanical damage and lenticel damage on the development
of black spot. Avocado fruits from different orchards were evaluated at two sampling times using
different harvesting systems (conventional and appropriate) and at two times of the day (a.m. or
p-m.). Here, we report a method based on image analysis to differentiate and quantify lenticel
damage and black spot disorder. In addition, the results show that conventional harvest increased
lenticel damage and lenticel damage did not correlate with black spot development but correlated
with increased weight loss during prolonged postharvest storage. These results have important
commercial implications since the appropriate harvesting of avocado cv. Hass would not only control
the incidence of lenticel damage, which would be an advantage in terms of external quality, but also
reduce weight loss during transport to distant markets.

Keywords: avocado; mechanical damage; lenticel; brown spots; peel

1. Introduction

Avocado (Persea americana Mill.) is a subtropical crop that originated in the highlands
of Mexico and Guatemala [1]. It belongs to the Laureaceae family and is characterized by
fruits with a high content of monosaturated and polyunsaturated fatty acids in addition to
other nutrients and micronutrients of interest [2]. In addition to its high nutritional value,
it is associated with a high economic value [3].

Chile is the ninth largest avocado-producing country in the world, occupying the fifth
place as an exporting country, preceded by Mexico, Netherlands, Peru and Spain [4]. For the
2019/2020 season, Chilean avocado exports were mainly concentrated in Western Europe,
South America, North America and the Asian market [5]. Chile has the particularity of
being quite distant from its destination markets (21 d, 35 d and up to 55 d to reach USA,
Europe and Asia, respectively) [6]. Therefore, it is essential for the fruit to arrive at the
destination markets in an excellent condition and with excellent quality.

The commercial harvest of Hass avocado in Chile occurs when it reaches 23% dry
matter equivalent to 9% oil [5]. In this case, 90% of the production takes place on hillsides,
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which makes harvesting complicated, and the fruit may be exposed to mechanical damage
and long sun exposure during harvesting. Recent research showed that Hass avocado
fruit exposed to mechanical damage (drops of 0.30 m or more) generated lesions in the
impact zone and affected other zones of the mesocarp [7]. Thus, when comparing the effect
of a conventional harvest versus an appropriate harvest (reducing the risk of generating
mechanical damage), an increase of 15% of skin injuries was obtained in conventionally
harvested fruit [8], as well as an increase above 40% in the incidence of pulp browning
and stem end rot in fruit from a conventional harvesting system. In addition, mechanical
damage generates wounds that serve as entry points for pathogens, such as Colletrotrichum
gloeosporiodes [9]; it also causes an increase in the respiratory rate and ethylene production,
which leads to premature and heterogeneous fruit ripening [8].

Currently, a physiological disorder known as black spot has been manifested on the
skin of the fruit without compromising the mesocarp; in years of high incidence, it has
reached up to 20% rejection of exports (e.g., 2016/2017 season) [10]. To date, only one study
on the potential causes and control of this disorder has been published [10]. These spots
are characterized by brown to black patches with a diameter of 2-3 mm or bigger, with
a defined edge in the peel that does not affect the mesocarp of the fruit. Symptoms are
manifested after prolonged storage (>20 d in cold), mainly in regular atmosphere conditions
and, to a lesser extent, in controlled atmosphere conditions [11]. This physiological disorder
of the oxidative stress type [10] is usually confused with pathogen attack (Colletotrichum
gloeosporioides) or lenticel damage generated at harvest [10,12,13]. Lenticel damage, on the
other hand, corresponds to the rupture of the lenticels; they have a diameter of 1-5 mm
with brown shades, and lenticel damage is expressed after a few hours after harvest. Past
research has reported a higher incidence and severity of lenticel damage when the fruit was
harvested after being in contact with water due to a higher susceptibility to cell rupture by
friction [12,14]. This problem is detrimental to the appearance of the fruit at destination
markets and can be an entry point for pathogens [15,16]. Research in New Zealand thus
described black spots generated in the epicarp as medium to dark brown lenticel measles
with regular or irregular borders that develop during cold storage [12].

A recent study on black spots on the skin of avocado cv. Hass after prolonged
storage in regular air evaluated the effect of climatic variables and the enzymatic and
non-enzymatic defense system of the epicarp at harvest and reported a negative correlation
between the content of phenolic compounds in the epicarp of the fruit at harvest and
during storage in regular air at 5 °C for 40 days with the incidence of black spots in Hass
avocados [10]. In addition, variables such as minimum temperatures and lenticel damage
were apparently correlated with the development of black spot in the epicarp of Hass
avocado after prolonged storage. However, to date no studies have demonstrated that
lenticel damage is a direct cause of the physiological “black spot” disorder in Hass avocado.

Due to the lack of clarity and the fact that previous studies have not focused on
studying in depth the potential correlation between the effect of mechanical damage at
harvest and lenticel damage on the development of this “black spot” disorder, the objectives
of this research are: (i) to develop a method that relies on image analysis to quantify and
differentiate lenticel damage and black spot lesions and (ii) to evaluate the influence of
harvest type (conventional vs. appropriate) and harvest time (a.m. or p.m.) on lenticel
damage development and its potential correlation with black spot incidence in three
orchards from three agroclimatic zones (coastal, intermediate and interior) and two harvest
stages (early and middle) of Chile.

2. Materials and Methods
2.1. Orchard Selection, Geographic Location and Agroclimatic Data Collection

Representative orchards were selected from the different agroclimatic zones of Hass
avocado production in central Chile: one orchard in the coastal zone (El Rancho), one
orchard in the intermediate zone (Quilhuica) and two orchards in the interior zone (La
Ensenada—early harvest and Bartolillo—middle harvest). The coastal zone is less than
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10 km from the coast and has an altitude between 100 m above sea level (m.a.s.l.) and
250 m.a.s.l. The intermediate zone is located between 20 km and 45 km from the coast and
has an altitude between 300 m.a.s.l. and 400 m.a.s.l. Finally, the interior zone is located at
more than 45 km from the coast and has an altitude between 300 m.a.s.l. and 900 m.a.s.l.
Agroclimatic data were collected through in situ weather stations using HOBOS (U30—
NRC, Bourne, MA, United States) and the climatic variables collected corresponded to
temperature (minimum and maximum) and relative humidity (Supplementary Table S1).

2.2. Harvesting Systems and Harvesting Time

The appropriate harvesting system considered delicate handling of the fruit, reducing
the risk of mechanical damage and exposure to high temperatures for a prolonged amount
of time. At the time of harvesting, rigid harvesting bins of a smaller capacity (12 kg) were
used, as well as lids on bins (sponge plus plywood), and the air pressure in the wheels
of the bins holders was controlled (~20 psi in each wheel) at the time of transporting the
bins to the shade house. On the other hand, the conventional system did not consider
precautions in the care of the fruit (increasing the risk of mechanical damage to the fruit);
at the time of harvesting, larger capacity (18 kg) canvas bins were used; the bins did not
have a sponge to receive the fruit and were placed in direct exposure to solar radiation. In
addition, at the time of transport to the shade house, the wheels of the bin holder were
inflated > 60 psi (inducing a rebound effect on the fruit).

Each harvesting system was executed at two different times of the day, at 09:00 h
(a.m., higher relative humidity and higher water balance) and at 14:00 h (p.m., maximum
temperature of the day and lower relative humidity). In addition, the environmental and
fruit skin temperature at harvest time were recorded (Supplementary Tables S2 and S3).

2.3. Harvest Stages and Postharvest Storage Conditions

Fruits were sampled at two harvest stages during the 2018/2019 season. These two
harvest stages corresponded to early harvest (23-26% dry matter content) and middle
harvest (>26-30% dry matter) (Supplementary Table S4). For each condition, 125 fruits
were sampled, obtaining 500 fruits for each harvest. Once the sampling was completed, the
individual weight of each fruit per condition was recorded, after that were transferred to the
laboratory where fruits were stored for 12 h in a regular atmosphere cold room at 5 °C. Prior
to storage, the fruits were weighed on a digital balance and evaluated according to external
quality parameters described below. The fruits were separated into 5 batches of 25 fruits
per condition and were stored for 40 days in regular air at 5 °C, and the corresponding
external quality evaluations were carried out. After storage, the batches with the fruits
were left in a room at 20 °C and 65-70% RH until they reached edible ripeness (4-14 N
mesocarp firmness). A total of 3000 fruits were independently evaluated.

2.4. Evaluations of Internal and External Quality Parameters
2.4.1. Incidence of Lenticel Damage and Black Spot

To evaluate the incidence and severity of lenticel damage and black spot, a hedonic
scale from 0 to 3 was used, where 0 = absence, 1 = less than 25% of the peel with damage,
2 = more than 25% and less than 50% of the damaged surface and 3 = more than 50%
of the peel with damage (Figures 1 and 2). The incidence of black spot was evaluated
with the same hedonic scale explained above. The severity index (SI) for both external
quality problems (lenticel damage and black spot) was calculated from the formula used in
previous studies [10,17]:

_hatfctfatfaca
Nt

SI(%)
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Figure 1. Hedonic scale for evaluating lenticel damage: 0 = fruit with no damage, 1 = fruit with

damage less than 25%, 2 = fruit with damage greater than 25% but less than 50% and 3 = fruit with
50% or more of the surface damaged. Own elaboration.

] 1

Figure 2. Hedonic scale for black spot severity: 0 = fruit without damage, 1 = fruit with damage
less than 25%, 2 = fruit with damage greater than 25% but less than 50% and 3 = fruit with damage
greater than 50% damage. Own elaboration.

The SI of a given disorder (lenticel damage or black spot); c1, ¢z, ¢3 ... ¢, correspond
to a specific level or class of the disorder, while f1, f5, f3 ... fu represent the number of
fruits at each level of disorder; N is number of classes of a specific disorder; and ¢ is the
total fruits evaluated.

2.4.2. Stem End Rot and Anthracnose Incidence

After 40 days of cold storage, the fruits were left in a room at 20 °C and 65% RH
to evaluate the number of days it took to reach the ready-to-eat stage (RTE). At the RTE,
the incidence (presence/absence) of stem end rot and anthracnose were quantified as
a percentage (number of fruits affected by treatment/number of total fruits) using the same
protocol reported in recent avocado research [18].

2.4.3. Weight Loss

The weight of each fruit was recorded at different times: harvest, once in cold storage
(pulp at 5 °C), after cold storage (40 days) and at RTE. The total weight loss was calculated
for each condition.

2.4.4. Determination of Dry Matter and Firmness

The dry matter of 10 independent fruits was measured; the epicarp and seed coat
attached to the mesocarp were removed; and then a sample of mesocarp was cut into
small pieces, which were placed in an oven at 100 °C for 24 h until a constant weight
was reached [18]. The dry matter was expressed as the average of 10 independently
measured fruits.

A penetrometer (model FT327) was used to measure firmness destructively.
Two measurements per fruit were taken at two equidistant points in the equatorial re-
gion of each whole fruit. At harvest, the plunger used had a diameter of 4 mm, while at
edible ripeness (RTE), an 8§ mm plunger was used. Correction factors were applied accord-
ing to plunger diameter, and the results were expressed in Newtons (N). Firmness values
at harvest and after postharvest storage are provided as Supplementary Tables S5 and S6.
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2.5. Image Analysis
2.5.1. Description of the Photographic System

The photographic set had a dimension of 50 cm (height) x 50 cm (width) x 50 cm
(depth) and was composed of a white mesh to avoid light reflection on the fruits. Two LED
lights (17 W) were placed at 20 cm equidistant from the set at an angle of 45° with respect
to the horizontal. A semi-professional Canon EOS REBEL T31 camera was used, placed
on a photography tripod with a height of 1.30 m in a vertical position over the samples
at a 40 cm distance. The camera settings were manual mode, ISO speed—100, exposure
time 1/3 s, F-stop /16, no flash and a focal length of 44 mm (Figure 3). The images had a
resolution of 5184 x 3456 pixels in CR2 format (high resolution) and were taken according
to the evaluation date, establishing the same position and orientation of the avocados.

E

AC;‘: \
AT
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Figure 3. Diagram of the photographic set used to monitor fruit in storage. (A) LED spotlight (17 W);
(B) avocado cv. Hass; (C) photographic set; (D) camera, (E) support table.

2.5.2. Photographic Follow-Up on Fruits

In each condition, 20 fruits were randomly selected for photographic monitoring from
day O (entry into storage) up to day 40 (exit from storage). In this case, 11 image capture
dates were considered every 4 days, obtaining a sequence of 11 photos per fruit during
storage. For each fruit, three faces were captured (faces A, B and C, respectively), obtaining
33 images per fruit corresponding to 660 images per treatment: 2640 images for orchard,
7920 images for season, and 15,840 images for both harvest stages (early and middle).

2.5.3. Implementation of Image Analysis Method in Matlab

The method implemented in Matlab consisted of the following four steps (Figure 4):
Segmentation: the original image (of 3456 x 5184 pixels) was reduced in size to 25% per di-
mension (i.e., to 864 x 1296 pixels). Then, the avocado was separated from the background
using the segmentation method presented in a research related to image analysis [19]. This
method performed a transformation of the color image into a high-contrast gray tone im-
age, which can be easily segmented using thresholding and morphological operations [20].
Once the avocado was segmented, its center of mass in the image was calculated, and a
200 x 200-pixel square centered on the center of the mass was extracted. In this way, an
approximately flat area was obtained where the geometric distortion due to the projection
of the avocado curvature was slight. (ii) Hue: the selected square was converted to the HSV
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color space [21], and the H channel was chosen, corresponding to the Hue value, which has
values between 0 and 1, where each value corresponds to a specific color. (iii) Thresholding:
it was determined experimentally that the spots corresponded to low Hue values. For this
reason, the spots were segmented using a threshold of 0.1. Thus, pixels that had a Hue
value lower than 0.1 corresponded to pixels that belong to a spot. (iv) Spot Counting: from
the last image, each of the regions was isolated and the number of pixels were counted.
In our experiments, those regions having less than 25 pixels were considered as noise,
those having between 25 and 100 pixels were considered as “small spots” corresponding to
“lenticel damage”, and those having more than 100 pixels were considered as “large spots”
or “black spot”. Additionally, the number of spots in each category and the portion of area
that these spots occupied in the image were counted.

Segmentation

Thresholding

large spots small spots

Figure 4. Segmentation and spot counting (“large spots” corresponding to “black spot” and “small
spots” corresponding to “lenticel damage”) in each avocado using image analysis. First image
corresponds to the input.

2.6. Statistical Analysis

All data from the experiment were summarized and subjected to normality (Shapiro-
Wilk test, p < 0.05) and homogeneity of variances (Levene Test) to verify the Gaussian
distribution. Such conditions were not met due to the presence of missing values and
differences in factor levels during harvest stages (Supplementary Figure S1). Additionally,
the non-parametric two-way ANOVA also failed the mean comparison test (i.e., Dunn’s test
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was not applicable for two-way ANOVA). Thus, the data were analyzed by means of an
aligned ranks transformation ANOVA. This is a non-parametric approach that allows for
multiple independent variables, interactions and repeated measures. Post hoc comparisons
can be performed for main effects and for two-way models. When differences were
observed, Sidak’s correction was used to counteract the problem of multiple comparisons.
It is a simple method to control for the familywise error rate. The data were also subjected to
Spearman’s correlation (p < 0.05) to check for association between the measured variables.

Finally, a zero/one inflated beta (ZOIB) regression model was applied to understand
the relation of weight loss and black spot as a function of lenticel damage across harvest
dates. The ZOIB model responses bounded within (0.1), and an underlying Bayesian
framework via the Markov Chain Monte Carlo (MCMC) approach was implemented using
JAGS to obtain the posterior inferences of model parameters [22,23]. In this analysis, we
fitted the ZOIB model with a random component (i.e., lenticel damage) in the link function
of the mean of the beta distribution. A posterior mean of predicted weight loss and black
spot was plotted against the observed values to check the goodness-of-fit of the model.

Multivariate techniques such as linear discriminant analysis (LDA) was also applied
to capture similarities or dissimilarities among orchards in terms of black spot and lenticel
damage and most relevant factors involved. Analyses were performed in R software
version 3.5.1 (R Core Team, 2018) with scripts produced by our laboratory group.

3. Results
3.1. Development of the Quantification Method for Lenticel Damage and Black Spot

The results of the Spearman correlations (Figure 5) show a positive association between
lenticel damage evaluation by image analysis and the hedonic scale evaluation (rtho = 0.19)

(Figure 5A). The correlation between black spot assessment by image analysis in Matlab,
and the hedonic scale presented a higher positive association (tho = 0.83) (Figure 5B).

. R=0.19, p= 3.7 x 10°8 70 R=0.83, p < 2.2 x 1018
S 60 __60
7] X
50 =~ 50
% B
g 40 §_ 40
3 30 . ™ 30
f— 4
8 20 S 20 *
€ e
o 10 Y =22.874 + 0.802X, R?>= 3.7 x 10° 10 °
- ’ X Y = 13.427 + 0.855X, R?= 0.204
01—T1 T T T T 1 oOr—T—T"T"TTT"T"T"T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Lenticel damage (%) - Image analysis Black spot (%) - Image analysis

Figure 5. (A) Spearman’s correlation (rho = 0.19, p = 3.7 x 10~5) and linear regression (Y = 22.874 + 0.802X, R2 = 0.025)
between lenticel damage evaluation by image analysis (small spots) and the evaluation using hedonic scale expressed as
SI. (B) Corresponds to the Spearman correlation (rho = 0.83, p < 2.2 x 1071%) and linear regression (Y = 13.427 + 0.855X,
R? = 0.204) between black spot evaluated by image analysis (large spots) and the evaluation using hedonic scale expressed
as SI. A total of 480 observations were used, obtained from both harvest stages and three evaluated orchards. Each point
represents a condition (20 fruits per condition were evaluated).

A linear regression between the evaluation of lenticel damage with the hedonic scale
and by image analysis resulted in an R? = 0.025, (Y = 22.874 + 0.802X), with the variance
being explained as quite low 0.025 (Figure 5A), while the regression between the evaluation

of black spot by hedonic scale and image analysis presented an explanation of variance of
0.204 (Y = 13.427 + 0.855X) (Figure 5B).
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3.2. Effect of Type and Time of Harvest on Weight Loss and Incidence of Rots

Fruit appropriately harvested at 5 °C showed less weight loss than the conventional
harvesting system. For the early harvest and for fruit from the Rancho orchard, a difference
of 50% more weight loss was observed when fruit were harvested conventionally at both
times of the day. Similar results were observed for La Ensenada fruit. However, for middle
harvest fruit, a difference between conditions was only observed in the a.m. harvest
for Bartolillo fruit, where conventionally harvested fruit presented 50% more weight
loss (Table 1).

At the exit of storage (40 d at 5 °C), early harvest fruit from all appropriately har-
vested orchards presented lower weight loss or dehydration. Likewise, for middle harvest
fruit, it was observed that Bartolillo presented significant differences (p < 0.05) between
appropriately harvested and conventionally harvested fruit at 09:00 h (a.m..).

At both harvest times (a.m. and p.m.), once the fruit reached edible ripeness (ready to
eat, 4-14 N), it was not possible to observe a clear effect of the conditions on weight loss,
which could be explained by the incidence of lenticel damage and/or black spot, which
could contribute to increasing the transpiration rate of the fruits.

The incidence of anthracnose and stem end rot was low for both harvest times and
the three evaluated orchards. Thus, it was not possible to observe an effect of conditions
on the incidence of either problem (Supplementary Table S2).

3.3. Evaluation of the Type and Time of Harvest on Lenticel Damage and Black Spot Incidence

Early harvest fruit exclusively presented the problem of black spot in El Rancho
orchard, where the fruit subjected to conventional harvesting showed a lower incidence
of black spot compared to the appropriately harvested fruit (Table 1). Instead, for middle
harvest fruit, the incidence of black spot occurred in El Rancho and Bartolillo orchards
(Table 2). However, it was not possible to associate an effect of the conditions with the
presence of this problem, since for El Rancho orchard, the condition corresponding to an
appropriate harvest at 09:00 h (a.m.) presented a lower incidence compared to the other
conditions, while for Bartolillo, the condition with a lower incidence corresponded to the
fruit harvested in a conventional manner at 09:00 h (a.m.).

It was possible to observe a clear effect of the conditions on the incidence and severity
of the lenticel damage affecting Hass avocado fruit. For early harvest fruit, all appropriately
harvested orchards presented a lower SI (%); in the case of Quilhuica, it was possible to
observe a significant difference with 8% more affected fruits at 09:00 h (am), while in the
afternoon this difference was accentuated by about 20%. For middle harvest fruit, the
tendency was similar; the appropriately harvested conditions showed less damage due to
less rupture of their lenticels (Table 2).
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Table 1. Means followed by standard errors of the mean of weight loss (WL) at 5 °C, at exit of the storage, at the ready-to-eat (RTE) stage, severity index (SI%) of black spot and lenticel
damage from each orchard evaluated in an independent form at early harvest. Tukey HSD (p < 0.05) test was used as a mean comparison test. Lowercase letters compare differences

between the harvest systems (i.e., appropriate and conventional) in rows, and uppercase letters compare the differences between the harvest time (i.e., harvest at 9 h and 14 h) in columns

for each variable evaluated in an independent manner.

WL at 5 °C (%) WL at Exit Storage (%) WL at RTE (%) Black Spot (SI1%) Lenticel Damage (SI%)
Orchard System
9:00 14:00 9:00 14:00 9:00 14:00 9:00 14:00 9:00 14:00
Appropriate 0.75£0.11aA 0.54 + 0.07 aA 570 £0.13 aA 570 £ 0.13 aA 14.3 £ 0.27 aB 13.07 £ 0.63 bA 222 + 0.0 bA 36.8 £ 0.0 bB 20.8 £ 0.0 aB 16.6 £ 0.0 aA
Rancho Conventional 1.08 £+ 0.07 bA 1.01 £+ 0.09 bA 6.55 + 0.14 bB 558 +0.13 aA 13.7 £ 0.47 aB 112 £0.23 aA 199 £ 0.0aA 26.8 £ 0.0 aB 244 + 0.0 bB 23 + 0.0 bA
Quilhuica Appropriate 0.99 £0.12 aA 1.50 + 0.27 aB 5.87 £ 0.16 aA 6.60 £ 0.39 aA 10.26 & 0.35 aA 13.85 4+ 0.59 aB 0+0.0aA 0+ 0.0aA 11.4 + 0.0 aB 9.25 + 0.0 aA
Conventional ~ 0.88 £ 0.12 aA 1.32 £ 0.10 aB 595+ 0.38 aA 6.95 +0.30 aB 12.36 + 0.83 bA 13.29 £ 0.60 aA 0+0.0aA 04 0.0aA 19.2 + 0.0 bA 30 +£0.0bB
La Appropiate 0.39 + 0.03 aA 0.30 £ 0.009 aA 458 £0.23 aA 453 £0.38 aA 10.25 £ 0.29 aB 8.63 +0.26 aA 0+0.0aA 0+ 0.0aA 125+ 0.0aA 30+ 0.0aB
Ensenada Conventional  0.88 & 0.05 bA 0.65 £ 0.16 bA 492 +0.31aA 4.59 £0.22 aA 9.51 £ 0.34 aA 8.88 £0.29 aA 0+0.0aA 04 0.0aA 23 + 0.0 bA 30 +0.0aB

Table 2. Means followed by standard errors of the mean of weight loss (WL) at 5 °C, at exit of the storage, at the ready-to-eat (RTE) stage, severity index (SI%) of black spot and lenticel
damage from each orchard evaluated in an independent form at middle harvest. Tukey HSD (p < 0.05) test was used as a mean comparison test. Lowercase letters compare differences

between the harvest systems (i.e., appropriate and conventional) in rows, and uppercase letters compare the differences between the harvest time (i.e., harvest at 9 h and 14 h) in columns

for each variable evaluated in an independent manner.

WL at 5 °C (%) WL at Exit Storage (%) WL at RTE (%) Black Spot (S1%) Lenticel Damage (SI%)
Orchard System

9:00 14:00 9:00 14:00 9:00 14:00 9:00 14:00 9:00 14:00
Ranch appropriate 0.56 £0.10 aA 0.49 £ 0.04 aA 573 £0.33 aA 5.43 £ 0.09 aA 10.09 & 0.38 aA 11.55 4 0.31 bB 4.6+ 0.0aA 11.88 + 0.0 bB 282 +£0.0aA 28.75 + 0.0 aB
ancho  Conventional ~ 0.38 & 0.03 aA 0.53 £0.1aA 6.6 = 0.35 bB 573 £0.33 aA 10.03 £ 0.28 aA 10.10 £ 0.38 aA 11.5 £ 0.0bB 6.58 £ 0.0 aA 35+ 0.0bB 30.26 £ 0.0bA
Quilhuica appropriate 0.66 £0.13 aA 0.71 £ 0.009 aA 3.31 £0.07 aA 342 £0.11aA 8.50 £ 0.19 aA 9.69 £ 0.35bB 0+0.0aA 0+0.0aA 27.6 £0.0aB 17.8 £ 0.0 aA
Conventional ~ 0.73 & 0.03 aA 0.48 £ 0.05aA 4.13 £0.42bB 2.89 £0.08 aA 9.57 £ 0.47 bB 7.87 £0.29 aA 0+0.0aA 0+0.0aA 3744+ 0.0bB 19 £ 0.0bA
Bartolill appropriate 0.22 £0.03 aA 0.37 £0.04 aB 482 +0.14aA 4.57 £ 0.08 aA 8.34 £0.19 aA 7.98 £0.18 aA 31.75+ 0.0bB 2875 £ 0.0aA 36.6 = 0.0 aB 26.6 += 0.0 bA
artolillo conventional  0.61 + 0.04 bB 0.36 & 0.06 aA 6.77 + 0.41 bB 5214+ 0.14 aA 11.62 £ 0.44 bB 8.88 + 0.21 bA 1675 £ 0.0aA 31.52 + 0.0bB 53.86 £ 0.0 bB 23.8+£ 0.0 aA
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3.4. Lenticel Damage Correlates to Water Loss during Storage but Not to Black Spot Development

Results from the ZOIB modelling approach showed that posterior means of weight
loss obtained from the MCMC approach were well correlated with the observed values of
weight loss, yet the posterior mean of black spot development displayed a poor fit with
the observed values of black spot (Figure 6). These results highlight that lenticel damage
predicts well water loss during storage but not black spot development.
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Figure 6. Predicted and observed values of (A) weight loss and (B) black spot as a function of lenticel damage. Predicted

values were obtained as a posterior mean after an MCMC procedure using a Bayesian framework.

3.5. Data Integration and Multivariate Analysis

Linear discriminant analysis (LDA) is a machine learning technique used as a tool for
classification, dimension reduction and data visualization. When all variables evaluated
in this study were submitted to LDA analysis, a better classification of the orchards was
found, as can be observed in Figure 7A. Orchards with a high incidence of black spot
physiological disorder (Bartolillo and El Rancho) were distinguished from those without
black spot (La Ensenada and Quilhuica). In total, 99% model accuracy was found, with the
main variance due to latent variable 1 (92%). Orchard classification was mainly affected by
the harvest stage, followed by the black spot incidence, fruit firmness at harvest, dry matter
and harvest time. Sample classification in latent variable 2 was positively contributed to by
anthracnose incidence and negatively affected by black spot disorder, firmness at harvest
and fruit weight loss at RTE. Finally, aiming to select specific variables related to black spot
and those of lenticel damage, a feature selection analysis via the information gain algorithm
was applied to the dataset, and the results found four similar variables related to both
dependent variables (black spot and lenticel damage), which were the peel temperature,
firmness at harvest and cold chamber outlet and fruit dry matter (Figure 7B). Interestingly,
for black spot disorder, a specific predictor variable was found to be the orchard, which
prompts us to conclude that specific factors related to the orchard may cause the black spot
disorder in stored Hass avocado fruits.
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Figure 7. (A) Multivariate analysis, linear discriminant analysis (LDA). Red spot represents Bartolillo;
green spot represents El Rancho; calypso spot represents La Ensenada; and purple spot represents
Quilhuica. (B) Feature selection technique via information gain algorithm carried out for black spot
and lenticel damage.

4. Discussion

Based on the R? obtained between the hedonic and image analysis methods to evaluate
both disorders (lenticel damage and black spot), it is not possible to use the model to predict
a response variable. This is because the evaluation (lenticel damage and black spot) using
a hedonic scale is subjective according to the criteria of the evaluator. Even though the
same methodology is always used, the observations can vary according to the criteria of
the evaluator; thus, the dataset presented a semi-Gaussian distribution (Supplementary
Figure S1). The evaluation by image analysis follows a series of automated steps where it
is possible to reduce the error; thus, it is possible to observe that the observations obtained
through this tool have a positive symmetrical distribution (Supplementary Figure S1). A
previous study to capture and quantify spots on mango peel without discrimination of the
type (e.g., pathogen attack or other) by image analysis reported an effective classification
of 90.7%. However, the criteria for classifying the fruit according to severity was quite
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vague [24]. The scientific community is aware of the disadvantages of the sorting and
grading carried out by humans including trained raters since inconsistent and subjective
measurements can be introduced and distort the reality [25-27]. The main disadvantages of
raters include tiredness and loss of accuracy as the process continues, substantial inter and
intra rater variability, promptness to various illusions, among others [27]. In addition, the
developed method based on image analysis to discriminate and quantify lenticel damage
and black spot disorders in this study included three image captures of the fruit as opposed
to most of the studies that only considered one direction [25].

Black spot occurred during the early harvest exclusively in the coastal field (El Rancho),
while for middle harvest fruit, the incidence was higher, manifesting this disorder both
El Rancho and Bartolillo fruit. Similar results were obtained in recent research [10]; these
authors reported a higher incidence of black spot when mesocarp dry matter was higher
than 26%, and these same orchards presented incidence of black spot in different harvests
including early and middle [10]. However, there is no correlation between dry matter
content and black spot incidence. Recent research [11] reported for avocado cv. Hass from
the 2018/2019 season that fruit from both El Rancho and Bartolillo orchards had black spot
incidence in both early and middle harvests. Unpublished studies from our group that
include four full seasons of evaluations have consistently observed that certain orchards
independent of production zone (coastal, intermediate or interior) present a record of black
spot incidence. Black spot has been confused with chilling injury. Contrary to chilling
injury disorder that involves external (e.g., skin pitting and blackening) and internal (e.g.,
flesh browning, grey pulp, pulp spot and vascular browning) symptoms [28,29], black
spot disorder in Hass avocado skin only compromises the skin and not the mesocarp.
Previous works have reported methyl jasmonate (MJ]) application as effective treatment
to control chilling injury in avocados including Hass [30], but unpublished results of our
group to control black spot development after prolonged storage using early applications
of MeJA did not result in a reduction of this black spot disorder in avocado, confirming
black spot is not a chilling injury disorder. Previous studies have reported the use for
instance of computer vision systems to assess chilling injury defects in cucumber [31] and
to quantify defects and diseases in different species [25] but not to assess this disorder in
Hass avocado skin.

The results obtained in this research show association with higher lenticel severity
index (SI %) when the fruit was harvested in a conventional way; similar results were
reported in research in New Zealand [12]. Our results displayed a higher SI% for the fruit
from the three orchards (early and middle harvests) from the conventional harvesting sys-
tem. Early harvest fruit from Quilhuica revealed a statistical difference between treatments
(p < 0.05); fruits harvested appropriately at 09.00 h (a.m.) presented an 11.4 SI %, while
fruits harvested conventionally at the same time presented an increase of 7.8%. In the
14:00 h (p.m.) conditions, the conventionally harvested fruit showed a 20 SI % increase
compared to the appropriate harvesting system (Table 1). Similar results were obtained for
middle harvest fruit; thus, appropriately harvested fruit from El Rancho (a.m. and p.m.)
presented significantly lower SI (%) compared to the other conditions corresponding to
the conventional harvesting. A similar situation was observed for Quilhuica and Bartolillo
(Table 2). Our results coincide with those reported in past research; these authors reported
that fruits harvested and subjected to mechanical rubbing presented an increase of up to
35% of fruits with severe lenticel damage [13]. In addition, our results also coincide with
research reported in New Zealand where those results showed an increase in the number
of lenticel lesions when fruit was subjected to mechanical damage [12]. Lenticel damage
whose etiology has not been clear established yet, has been reported to be significant in
avocado, increasing during prolonged storage and affecting external quality [16,32].

In both harvests and in the three orchards, it was possible to observe a trend whereby
the fruits of the 09:00 h conditions (appropriate and conventional harvesting systems)
presented a higher degree of lenticel damage. This is probably due to higher relative
humidity values (Supplementary Table S1), increasing the water balance in the fruit epicarp
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and resulting in cells with greater turgor and at the same time being prone to suffering
some degree of cell rupture [12,14,33]. Our results suggest that Hass avocado fruit harvests
should be carried out under an appropriately harvesting system to control the development
of lenticel damage in the fruit after harvest and during prolonged storage. Previous works
have reported improper handling of the fruit not only at harvest, but during handling and
storage that incurred in fruit subjected to friction may exacerbate lenticel damage [16,32].

Regarding weight loss monitoring, it was possible to observe that it was higher
when fruits were harvested under a conventional system. Early harvest fruit from the
coastal orchard presented a statistical difference (p < 0.05) between the appropriate and
conventional harvesting systems at both harvest times. A similar situation was observed for
the middle harvest interior orchard; appropriately harvested fruit (a.m.) presented a 0.29%
weight loss compared to 0.60% for conventionally harvested fruit (Table 1). In addition,
at cold exit (day 40) in both harvests and three orchards, fruit harvested conventionally
(a.m. and p.m.) presented a greater weight loss (%), a situation similar to that reported
where fruit from treatments where mechanical damage was induced presented a greater
weight loss [12]. At the ready-to-eat stage, it was not possible to associate a clear effect of
the conditions with fresh fruit weight loss. Early fruit from El Rancho showed a greater
weight loss in fruits that were appropriately harvested (a.m. and p.m.); however, they also
presented a higher severity index of black spot, and these spots may influence the rate
of transpiration as the fruits reach edible ripeness [34]. Previous studies have reported
water loss in avocado to be mediated by multiple factors such as maturity stage of the fruit,
management of storage conditions (temperature and relative humidity) among others [16],
however, up to our knowledge, the direct effect of lenticel damage on water loss in avocado
has not been reported.

The results obtained from the ZOIB model with the data quantified through image
analysis by Matlab for black spot and lenticel damage percentages allow confirmation that
lenticel damage does not result in black spot and that lenticel damage is correlated with a
higher weight loss after prolonged storage. From a commercial point of view, the results
obtained in this study are relevant since an appropriately harvesting system of avocado cv.
Hass in Chilean geographical conditions would not only control the incidence of lenticel
damage, which is an advantage in terms of external quality [15,16] but would also control
weight loss during transport to distant markets with a positive economic impact.

The results of the linear discriminant analysis provide more support in relation to
orchard-specific factors being involved in black spot development in Hass avocado peel [11].

5. Conclusions

The results presented show that there is no direct relationship between the harvesting
system used and the incidence of black spot disorder on “Hass” avocado fruit. However,
it was possible to attribute greater lenticel damage to fruit harvested conventionally. By
means of image analysis (Matlab), it was possible to corroborate that lenticel damage
does not lead to the appearance of black spot; however, lenticel damage leads to greater
dehydration or weight loss of the fruit during prolonged cold storage. On the other hand,
an image-based method was developed to differentiate and quantify the incidence of black
spot and lenticel damage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091699/s1, Figure S1: Normality results (Q- Q normality plots and histograms
with normality curve). A total of 456 (76 fruits per orchard x 3 orchards and at both harvest times)
observations were used. Table S1: Climatic conditions during both harvests of season 2018/2019.
Table S2: Incidence of anthracnose and stem end rot according to the conditions carried out for both
harvests. Table S3: Temperature (°C) of the peel during both harvests of season 2018/2019. Table S4:
Dry matter evaluation (%) for both harvests of season 2018/2019 and the three orchards evaluated.
Table S5: Evaluation of flesh firmness (N) of 15 fruits per treatment at the time of fruit reception for
both harvest stages, three orchards and respective conditions. Table S6: Evaluation of flesh firmness
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(N) at exit from storage (40 days at 5 °C) of fruit from both harvest stages, orchards and conditions.
Average of 15 fruits per condition were evaluated.
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