Effect of phosphine dose and exposure time on postharvest
quality of Hass avocado (Persea americana Mill.)
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ABSTRACT

The Hass avocado in Colombia has great export potential,
although its commercialization faces restrictions due to quaran-
tine pests. Fumigation with magnesium phosphide has become
akey postharvest strategy for pest control in refrigerated fruits.
However, there is limited information regarding its impact on
Hass avocados. This study evaluated the effect of treatments
with phosphine at different concentrations (0, 200, 400, and 800
ppm) and exposure times (36 and 72 h) on postharvest quality
in avocados refrigerated at 7°C. Fruit firmness, color of the
exocarp and mesocarp, weight loss, and ethylene production
were analyzed using a longitudinal multivariate analysis of
variance. No direct damage to fruit quality was detected related
to phosphine concentration or exposure time. Although sig-
nificant differences in firmness and color were observed, these
effects were attributed to variations in gas concentrations, such
as CO,, inside the barrels, and the fruit maturation process.
Ethylene production increased with higher doses and longer
exposure times, reaching a significant peak 72 h after harvest,
coinciding with the climacteric point. These differences were
related to the physiological maturation process of the avoca-
dos. Magnesium phosphide did not directly affect the quality
of Hass avocados under the evaluated conditions. Magnesium
phosphide is considered a viable option for phytosanitary pest
control, although further studies are needed to assess its ef-
fectiveness against specific avocado pests.

Key words: phytosanitary management, postharvest treatment,
magnesium phosphide, longitudinal analysis, avocado export.

El aguacate Hass en Colombia tiene un gran potencial de expor-
tacion, aunque enfrenta restricciones comerciales debido a las
plagas cuarentenarias. La fumigacién con fosfuro de magnesio
se ha considerado como una estrategia clave de poscosecha para
el control de plagas en frutas refrigeradas. Sin embargo, hay
poca informacion respecto a suimpacto en la calidad de frutos
de aguacate Hass. Este estudio evalu6 el efecto de tratamientos
con fosfina a diferentes concentraciones (0, 200,400 y 800 ppm)
y tiempos de exposicion (36 y 72 h) sobre la calidad postcosecha
en aguacates refrigerados a 7°C. Se analizaron la firmeza de
fruto, color del exocarpo y mesocarpo, pérdida de peso y pro-
duccién de etileno mediante un andlisis de varianza multivari-
ado longitudinal. No se detectaron dafos directos en la calidad
de la fruta relacionados con la concentracion de fosfina ni el
tiempo de exposicion al gas. Aunque se observaron diferencias
significativas en la firmeza y el color de los frutos, estos efectos
fueron atribuibles a variaciones en la concentracion de gases,
como el CO,, dentro de los barriles, y al proceso de maduracion
de los frutos. La produccidn de etileno aumentd con dosis mas
altas y tiempos de exposicion mas prolongados, alcanzando
un pico significativo 72 h después de la cosecha, coincidiendo
con el punto climatérico. Estas diferencias se vincularon con el
proceso fisioldgico de maduracién de los aguacates. El fosfuro
de magnesio no afect6 directamente la calidad del aguacate Hass
bajo las condiciones evaluadas. El fosfuro de magnesio es una
opcion viable para el control fitosanitario de plagas, aunque
se requieren mas estudios para evaluar su efectividad frente a
algunas plagas especificas del aguacate.

Palabras clave: manejo fitosanitario, tratamiento poscosecha,
fosfuro de magnesio, andlisis longitudinal, exportaciéon de
aguacate.

Introduction

Avocado (Persea americana Mill.) is a tropical crop that
grows across a wide range of thermal floors, with centers
of origin for different races found both in the highlands
of eastern Mexico and warm areas of southeastern Mexico
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and Guatemala (Guzmadn et al., 2017; Williams, 1977). The
fruits of Hass avocado have high nutritional value, with
monounsaturated fatty acids making up 63.5% of total
fats and containing 463 mg of potassium per 100 g of pulp
(Bernal & Cartagena, 2017; Ferreyra et al., 2016). Therefore,
in tropical countries, avocado has become an important
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crop due to its high international demand. By 2022, the
total production was 9,114,135 t, with Mexico as the leading
producer and exporter with 27.8%, followed by Colombia
with 12% (FAQ, 2022). In Colombia, avocado cultivation
has become an important export product, with a growth in
export volume from 44,570 t in 2019 to 124,930 t in 2024.
This growth continues today with the expansion of avocado
markets in the USA, Japan, and China (DIAN, 2024).

The fruit export market is characterized by high demand
for quality, safety and phytosanitary standards; however,
tropical crops have diverse organisms that generate phy-
tosanitary problems, such as pests and diseases (ICA &
ANDI, 2016). Quarantine pests (QP) are particularly limit-
ing in export crops because QP are potentially dangerous
species that are not present or are under strict control in
the importing country (Heather & Hallman, 2008; IPPC,
2024). Consequently, importing countries enforce stringent
detection policies that can lead to the interception, return,
or destruction of shipments, thereby imposing additional
costs on producers. In Colombia, significant quarantine
pests affecting avocado cultivation include Heilipus lauri
(Coleoptera: Curculionidae) and Stenoma catenifer (Lepi-
doptera: Elachistidae) (Carabali Mufoz et al., 2021).

Various alternatives exist for postharvest pest management.
Fumigants like methyl bromide have been commonly em-
ployed due to their efficacy and versatility; however, their
use has been restricted due to adverse effects on the ozone
layer (UNEP, 2020). As a result, alternative strategies were
studied for postharvest pest management, including ion-
izing radiation, thermal treatments, and the application
of other fumigants such as phosphine (Ma et al., 2024).
Phosphine gas, or hydrogen phosphide (PH,), serves as
the principal alternative to methyl bromide. This gaseous
compound is commercially produced from metal phos-
phides, usually magnesium or aluminum, in conjunction
with substances that control gas release (Kim et al., 2016;
Zou et al., 2025).

Aluminum phosphide has been used for approximately
80 years as a pest control for stored grains (Arora et al.,
2021). In recent years, magnesium phosphide has been
implemented as a phytosanitary treatment for agricultural
products because, unlike aluminum phosphide, it does not
contain ammonium carbamate. This means that the reac-
tion product is phosphine gas without phytotoxic residues
or ethylene stimulants that affect food quality (Agrafioti
et al., 2019; Restrepo Giraldo, 2019). Phosphine has rapid
diffusion in the treated material, so it easily reaches pest
insects, entering through the spiracles and the open
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circulatory system (Alzahrani & Ebert, 2019; Wang et al.,
2006). Phosphine acts at the mitochondrial level, inter-
rupting cellular respiration, acting on Complex I'V of the
electron transport chain of the mitochondria, preventing
normal electron transport, generating energy insufficiency,
and promoting the formation of reactive oxygen species
that destroy the proteins through a redox effect (Nath et
al., 2011).

Treatments involving magnesium phosphide for fresh ag-
ricultural products are conducted in sealed environments,
typically under refrigeration, where the concentration of
phosphine and exposure time play critical roles (Ahmed
et al., 2018). The volatilization rate of magnesium phos-
phide diminishes at lower temperatures, which may affect
treatment efficacy; therefore, increasing the dosage or
extending the exposure time can be necessary (Zhang et
al.,2013). An appropriate exposure duration is essential, as
sufficient time can achieve effective control even at lower
concentrations (Zhang et al., 2015). Wason and Selladurai
(2023) found that phosphine was effective in mitigating
fruit fly eggs in fruits of Syzygium samarangense, and the
color and texture of the fruits were not significantly af-
fected at concentrations up to 0.69 mg L' of PH, for 24 h.
However, prolonged exposure may disrupt export logistics.
Conversely, utilizing high concentrations of phosphine
can negatively impact control efficacy, as it may induce
narcosis in certain insects, thereby limiting respiration
and reducing mortality (Lampiri et al., 2021). Likewise, its
low concentrations or insufficient exposure times increase
the selection pressure on pest insects, inducing the devel-
opment of resistance (Kyung et al., 2018; Liu & Liu, 2014).
On the other hand, high concentrations of fumigants can
cause phytotoxic damage in agricultural products, affecting
quality (Cato et al., 2019). It is important to establish con-
centration ranges and exposure times that can control pests
without affecting the quality of the agricultural products.

The objective of this research was to assess the impact of
different doses and exposure times of phosphine on the
postharvest quality of Hass avocados, thereby supporting
future studies of insect pest management.

Materials and methods

Location and plant material

This experiment was conducted in the first semester 0o£ 2019
at the postharvest laboratory of the Faculty of Agricultural
Sciences at the Universidad Nacional de Colombia, Bogota
campus. The avocados were sourced from an orchard lo-
cated in the municipality of Granada, Cundinamarca
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(Vereda Santa Helena) (4°30°10.9” N, 74°20°45.3” W, altitude
2500 m a.s.l.). Harvest was carried out based on visual
criteria, which were subsequently validated through the
measurement of the fruit dry mass percentage, reported as
optimal at around 23%, serving as an indicator of harvest
maturity (Carvalho et al., 2014; Cerdas Araya et al., 2014).
From the total harvested fruits, those exhibiting uniform
size and free from damage or abnormalities were selected
for the study.

Experiment design and treatments

The experiment was designed as a bifactorial arrangement,
with the first factor representing five levels of phosphine
concentration (D) (0, 200, 400, 600, and 800 ppm) and
the second factor comprising two exposure times (E) (36
and 72 h). Treatments were conducted under refrigerated
conditions in cold rooms maintained at 7£1°C, using ten
200 L metal barrels that were placed and used as treat-
ment chambers. Each treatment contained six avocados
as the experimental unit, with six replicates. Magnesium
phosphide (Fumicel placa®, ANASAC, Chile) was added
to each barrel based on a commercial dosage of 3.4 g m™>,
which approximates a concentration of 200 + 20 ppm.
Additionally, according to the Andean standard for pes-
ticide registration, two control treatments were included:
the first without phosphine (0 ppm), and the second with
a double dose (400 ppm) (ICA & ANDI, 2016; Lizarazo-
Pefa et al., 2024). The barrels were hermetically sealed,
and the presence of phosphine leaks was monitored with
a portable meter (PAC-7000, Drager, Liibeck, Germany).
Treatments were applied starting with 72 h of exposure,
followed by 36 h. Then the fruits were kept refrigerated for
30 d to simulate the export transport process, which served
as the postharvest evaluation period.

Measurement of fruit variables

During the application of treatments in each barrel, the
phosphine concentration was measured using colorimetric
tubes based on silver salts (Detia®, Degesch, Laudenbach,
Germany) with a detection range of 50 to 2000 ppm. The
first measurement was taken two h after the application of
each treatment and, from then on, every 12 h until the end
of the exposure periods. During this period, and with the
same frequency, the CO, concentration was monitored in
the cold room and inside the barrels with treatments 0 ppm
- 36 h (phosphine concentration - exposure time) and 0
ppm - 72 h using an electronic atmosphere meter (Oxybaby,
Witt-Gasetechnik GmbH & Co. KG, Witten, Germany).

Destructive-type variables of fruit firmness and color
(exocarp and mesocarp) were evaluated on days 0, 7, 14,

21, and 28 after the application of the treatments (DAT). In
each of the samples, the following variables were evaluated
in six fruits per experiment unit:

Firmness (F) measurement was made using a Universal Test
Machine penetrometer with a cylindrical Magness-Taylor
probe of 8 mm diameter. Following the methodology of
Castellanos et al. (2016), the firmness was determined
as the force (Newtons) necessary to penetrate the fruit; a
single measurement was taken per fruit at a random point
on its equatorial contour, using a speed of 10 mm s and a
maximum depth of penetration of 12 mm from the surface
of the fruit.

Color was measured on the exocarp and mesocarp of the
fruits with a Minolta CR-400 colorimeter (Minolta Camera
Co., Osaka, Japan) using the L, a*, and b* coordinates of the
CIELAB color space. For each fruit, three points were taken
in the exocarp, then the fruit was immediately cut trans-
versely and three points were taken again in the mesocarp.

For the exocarp, a color index (ICe) was determined with
a principal component analysis (PCA), integrating the
standardized values of L, a and b that explained 88% of
the variation and were defined by:

ICe= 0.546*a - 0.600*b - 0.584*L )

The resulting value was used as a variable to identify dif-
ferences between treatments.

For the mesocarp, the PCA generated a color index that
explained 64% of the variation; therefore, it was not con-
sidered, and the values of L*, a*, and b* were analyzed
independently.

Weight loss and ethylene production were estimated with
non-destructive sampling, for which samples of two fruits
were placed in a plastic mesh with three repetitions and
evaluated on days 0, 3, 6, 10, 14, 19, 23, and 26 after the
application of treatments.

For ethylene production (ET) analysis, ethylene samples
were taken by drawing 1 ml of gas with a syringe through
the rubber seal of the container where the avocados were
stored for 1 h, and the samples were injected into a gas
chromatograph (Agilent 7890A, Agilent Technologies
Inc., Santa Clara, CA, USA) following the methodology
proposed by Castellanos et al. (2017).

Weight loss (WL) was measured with the fresh mass of
the fruit samples described above, using a balance (Scout
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Pro® RS232, OHAUS, Mexico) with a precision of 0.01 g,
calculating the percentage of weight lost between the initial
weight (0 DAT) and the weight of the subsequent samples.

Statistical analysis

The experiment was designed with a bifactorial structure
in complete and generalized blocks, where the blocking
factor (B) represented fruit maturity at harvest. For the
variables with longitudinal structure (evaluated over time)
including F, WL, ET, and color L¥, a* b* of the exocarp and
mesocarp, the days after treatment (DAT) was considered
as a factor in repeated measurements to account for the
correlational structure in temporal measurements. The
effect of the factors and the differences between treatments
in variables with longitudinal structure were estimated
from alongitudinal multivariate analysis of variance with
a permutational (non-parametric) approach as proposed
by Friedrich et al. (2018), using the MANOVA.RM library
(2019) of the R statistical software (Version 1.2.1335), along
with the library’s confidence intervals, to assess differences
between the factor levels. The graphics were created with
the package “ggplot2” (Wickham, 2016). For interpreting
and discussing the interval, we refer to the confidence
interval criteria outlined by Cumming et al. (2007).

Results and discussion

Table 1 summarizes the MANOVA results for the evaluated
postharvest variables. The analysis revealed no significant
effects from the blocking factor or the dose factor on any
variables. However, exposure time significantly influ-
enced all variables, except for the L* color coordinate in
the exocarp, WL, and ET. The duration of the test in days
after treatment (DAT) also showed significant differences
across all parameters. Notable interactions were observed,
including the effect of phosphine dose and exposure time
(D x E) on weight loss and ethylene production, as well as
the impact of exposure time and days after treatment (E x
DAT) on firmness and the b* component of color in both
exocarp and endocarp. Additionally, the triple interaction
involving dose, exposure, and DAT demonstrated differ-
ences in the L* and a* components of mesocarp color. Given
the interactions observed, the highest degree of interaction
was analyzed according to Montgomery (2017), with dif-
ferences interpreted through graphical representations.

The evaluated variables showed no adverse effects from the
application of phosphine at different doses (D) compared
to the control group (Tab. 1), indicating that magnesium
phosphide concentration does not significantly impact
fruit quality (Glincan et al., 2023; Liu et al., 2018). However,
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firmness (F), exocarp color (ICe), and mesocarp color (val-
ues a* and b*) were influenced by the duration of exposure
to phosphine (E), regardless of the concentration used.
Notably, these affected variables may be directly related to
the CO, content inside the barrels at the time of applying
the treatments, which reached values 0f 2.8% in the barrels
with an exposure time of 36 h and 4.4% in barrels with 72
h exposure compared to a value of 0.8% outside the bar-
rels in the cold storage room (Espinosa-Cruz et al., 2014).
Avocado fruits, when interacting in confined spaces (such
as hermetic barrels), experience a sharp reduction in O, and
an increase in CO, (Rojas-Grati et al., 2009). The rate of O,
consumption decreases with increasing CO, levels; thus,
high CO, concentrations may activate both the alternative
respiratory pathway and anaerobic pathways simultane-
ously. Considering that Hass avocado fruits cannot tolerate
environments with O, concentrations lower than 2% with-
out undergoing fermentation (El-Shafei, 2020; Hertog et al.,
2003), the reduction in O, availability induces fermentation,
resulting in the production of ethanol and acetaldehyde,
which can negatively affect fruit quality, reflected in the
increased production of volatile compounds in the fruits
(Perotti et al., 2014).

TABLE 1. Summary of the P-values from the MANOVA.RM analysis for
the main factors and interactions between factors for each of the longi-
tudinal response variables evaluated in Hass avocado fruits treated with
phosphine at different exposure times.

Variation Exocarp color Mesocarp color WL ET
factor L* a* b* L* a* b*

B ns ns ns ns ns ns ns ns ns
D ns ns ns ns ns ns ns ns ns
E Kk kkk kxk k% ns FEe o xx ns ns
DxE ns ns ns ns ns ns ns e
DAT wxk Kk kkk k% kkk KRk KKk kkw *

DxDAT ns ns ns ns ns ns ns ns ns
EXDAT * ns ns * ns ns * ns ns
DxEXDAT ns ns ns ns * * ns ns ns

Abbreviations: ns: not significant, B: blocking factor (point of maturity at harvest), D: dose (effect
of the phosphine used), E: exposure time to phosphine, DAT: days after treatment (effect over
time), D<E: interaction between the dose and the exposure time to phosphine, F: firmness, WL:
weight loss, ET: ethylene production. MANOVA. *, **, *** represents the significant differences
at probability levels 0.05, 0.01, 0.001, respectively.

Fruit firmness was influenced by both exposure duration
and evaluation time, with reductions observed in firm-
ness for all durations. However, the decrease was more
significant in fruits exposed for 72 h. At 21 DAT, similar
reductions in firmness were noted, but by 28 DAT fruits
exposed for 72 h demonstrated a significantly greater loss of
firmness (Fig. 1). The avocado is classified as a climacteric
fruit, and the production of ethylene is intricately linked
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to the ripening process during storage (Pedreschi et al.,
2019). Thus, firmness, color, and weight loss are affected by
chlorophyll degradation and increased enzymatic activity
in pectin degradation and hemicellulose hydrolysis induced
by maturation (Liu et al., 2018). Firmness was affected
mainly at 72 h exposure, possibly because the fruits were
mostly at consumption maturity (Fig. 1), and a few were
at physiological maturity, which led to greater enzymatic
degradation of polysaccharides (Goulao & Oliveira, 2008;
Walse & Jimenez, 2021). Similar to Garcia et al. (2021), a
shelf-life study on avocados was conducted to assess the
effects of biopolymer coatings on post-harvest parameters.
Hass avocados were refrigerated at 4°C and 79% relative
air humidity. Initially, the avocados had a firmness greater
than 70 Newtons. By 24 d, the firmness of fruits in the
control group had decreased to below 10 Newtons, dem-
onstrating a similar trend in firmness reduction.

Firmness (Newtons)
o« ~
o o

B
o

0 7 14 21 28
Days after treatment (DAT)

Exposure time (h)
—3% — 72

FIGURE 1. Effect of phosphine exposure time on the firmness of Hass
avocado fruits. Vertical bars represent confidence intervals for the MA-
NOVA.RM model (P<0.05), n = 180.

The exocarp color was significantly affected by exposure
duration and days post-treatment, as shown in the L*, a*,
and b* components. The L* value darkened over time,
particularly with the 72-h exposure. Meanwhile, the a*
component indicated a reduction in the fruit’s green hue,
with higher values observed from 7 d post-treatment for
the 72 h exposure. Additionally, the b* component showed
a decrease, reflecting a loss of yellow color, especially after
the 72 h exposure (Fig. 2).

The mesocarp color was significantly influenced by the
triple interaction between dose (D), exposure time (E), and
days after treatment (DAT), particularly in the L* and a*
components. The L* component showed a darker tone over
time, which was more noticeable with 72-h exposures. The
changes were subtle, making it difficult to identify clear
trends. The a* component increased over time, indicating
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FIGURE 2. Effect of phosphine exposure time on color components (CIE-
LAB) of the exocarp in Hass avocado fruits. The blue line represents the
exposure time of 72 h, and the red line shows the 36 h. (A) component
L*, (B) component a*, (C) component b*. Vertical bars represent con-
fidence intervals for the MANOVA.RM model (P<0.05), n = 180.

atransition from dark green to light green, with significant
differences at 21 d for 36 h exposures and at 14 d for 72 h
exposures; the treatment with the least effect was 800 ppm.
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The b* component was significantly influenced by the
interaction between exposure time (E) and days after treat-
ment (DAT). It decreased, reflecting a loss of yellow color,
especially in the 72 h exposures. The differences between
exposure times were more pronounced at the start and
diminished as the experiment progressed.
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The previously mentioned changes, such as the alteration
in mesocarp color, are associated with changes in the
exocarp. These alterations may be closely related to water
loss and the subsequent dehydration of the fruit during
the ripening process in storage (Pidakala et al., 2024; Shi-
kwambana et al., 2021). Furthermore, exocarp luminosity

72h
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o s
21 28

0 7 14
Days after treatment (DAT)

Phosphine dose (ppm)

—0 ——200 400 —— 600 800
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12 1 ‘ ‘ ‘ ‘ ‘
0 7 14 21 28
Days after treatment (DAT)
Phosphine dose (ppm)
—0 — 200 400 — 600 800

FIGURE 3. Effect on the color components (CIELAB) of the mesocarp of Hass avocado fruits from the interactions between dose, exposure time, and
test time for (A) component L* and (B) component a* and (C) the interaction between exposure time and test time (DAT) for component b*. Vertical
bars represent confidence intervals for the MANOVA.RM model (P<0.05), n = 180.
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(L*) decreased in the days following treatment, indicating
a reduction in brightness. Meanwhile, the exocarp color
value a*, which describes the shift in color from red (posi-
tive) to green (negative), increased during the same period
(Fig. 2). Since no significant differences were observed
between the treatments applied at different doses (Tab. 1),
color changes in the a* and L* coordinates could be asso-
ciated with the fruit ripening process, which induces the
degradation of chlorophyll through the enzymatic action
of chlorophyllases, red chlorophyll catabolite reductases
(RCCR), and pheophorbide oxygenases (PAOy). This pro-
cess promotes the synthesis of cyanidin-3-O-glucoside
during the ripening of Hass avocados, resulting in lower
L* values and higher a* values in both the exocarp and me-
socarp (Castellanos et al., 2016; Pathare et al., 2013; Wason
& Selladurai, 2023). Regarding the b* coordinate (Fig. 3),
which describes changes between yellow (positive) and
blue (negative), a decrease in the yellow hue of the avocado
pulp (mesocarp) was observed. Although an increase in
b* was expected, indicating a shift towards more yellow
tones due to the synthesis of carotenoids during ripening,
this observed behavior in b* is consistent with findings
reported by Sierra et al. (2019) when modeling the ripening
effect in Hass avocados. Lu et al. (2009) reported variations
in carotenoid levels in the pulp of avocado cv. Hass at its
consumption ripeness stage, with a range from 5 pug g to 40
ug g total carotenoids. Similarly, Rosas Flores et al. (2021)
found carotenoid content in Hass avocado to be 17.60+1.61
ug g, compared to a chlorophyll content of 56.85+19.41
ug g'. This suggests that, when evaluating color, the b*
coordinate could be influenced by the content of these pig-
ments, masking the effect of secondary metabolites such
as carotenoids (Li et al., 2020).
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Ethylene rate (mg C,H, ko' h')

o
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Phosphine dose (ppm)

Exposure time (h)
W36 @72

Ethylene production was affected by the interaction of
phosphine doses and exposure time. Ethylene is a signaling
hormone in the ripening processes, which leads to the deg-
radation of complex sugars that serve as a source of carbon
and energy for enzymatic processes and changes in fruit
color, facilitating the ripening process (Astudillo-Ordoiiez
& Rodriguez, 2018). Figure 4A shows that the interaction
of phosphine doses and exposure times affected ethylene
production; however, the interaction with the highest eth-
ylene production was at 800 ppm at 36 h exposure, and the
lowest production of ethylene occurred at 400 ppm at 36 h
exposure and not at 0 ppm. Fluctuations in ethylene levels
were observed, but they were not associated with the con-
centration of phosphine (Obenland et al., 2021). Instead, it is
suggested that these fluctuations may have been generated
by the fruit’s production of carbon dioxide, a phenomenon
akin to findings reported by Liu (2012), where doses of up
to 2,200 ppm phosphine were evaluated for 3 d and there
was no evidence of damage to fresh products, but there was
damage due to accumulated CO,. Subsequently, Liu and Liu
(2014) evaluated the use of CO, and ethylene absorbents to
reduce damage to lettuce.

For the production of ethylene over time, a decrease was
observed; however, an abrupt increase was observed at
3 DAT as a result of the climacteric peak, reflecting the
overproduction of ethylene in the maturation process (Fig.
4B). This behavior coincides with the report by Gwanpua
et al. (2018) and Rosas Flores et al. (2016), who stated that
Hass avocado fruits are sensitive to ethylene after the first
72 h after harvest, where there is an increase in the rate of
ethylene production that subsequently stabilizes.

50 1

Ethylene rate (mg C,H, kg h)

0 3 6 9 12 15 18 21 24 2
Days after treatment (DAT)

FIGURE 4. Effect of phosphine on the rate of ethylene produced by Hass avocado fruits. (A) Interaction effect of phosphine dose and exposure time,
(B) effect of days after treatment (storage period). Vertical bars represent confidence intervals for the MANOVA.RM model (P<0.05), n = 180.
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FIGURE 5. Effect of phosphine on weight loss in Hass avocado fruits. (A) Interaction effect of doses and exposure length to phosphine, (B) effect of
trial evaluation days. Vertical bars represent confidence intervals for the MANOVA.RM model (P<0.05), n = 180.

Weight loss exhibited a linear trend throughout the trial,
increasing with the number of days post-treatment, ulti-
mately resulting in a 4% loss of initial weight by 27 DAT
(Fig. 5B). The interaction between phosphine dose and
exposure time significantly influenced weight loss. The
highest weight loss was observed at an 800 ppm phosphine
dose with 36 h exposure, which differed significantly from
the combination of 600 ppm and 72 h. However, none of
these interactions showed significant differences compared
to the control (Fig. 5A). The greater weight loss at 800 ppm
and 36 h of exposure was possibly attributed to increased
respiration in the avocados subjected to high concentra-
tions of phosphine (Fig. 5A), which led to a greater vapor
pressure deficit of the avocado compared to the reduced and
saturated environment of phosphine molecules, resulting
in increased water loss (Espinosa-Cruz et al., 2014; Kim et
al., 2022). However, the high concentrations of phosphine
exposed for 72 h did not show marked differences with
respect to the weight loss of the control (0 ppm). Similarly,
the weight loss overtime was less than 5% (Fig. 5B) at-
tributed to the ripening process. This is consistent with
reports by Escobar et al. (2019), who noted a weight loss
due to maturation of 3.84% at 5°C. Likewise, Aguirre-Joya
et al. (2017) reported a weight loss of up to 5.56% at 7°C in
fruits of 190+20 g stored for 28 d.

Conclusions

Considering the postharvest variables evaluated in this
study, the applied treatments indicate that the phosphine
concentrations tested did not produce adverse effects on
the postharvest quality of Hass avocado fruits. This find-
ing suggests that concentrations up to 800 ppm could be
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viable for future studies on the efficacy of pest management,
without compromising fruit quality. Notably, exposure
duration did not show a direct impact on fruit quality, nor
were there significant interactions between exposure time
and phosphine concentration affecting fruit quality. How-
ever, it is important to note that prolonged exposure times,
such as 72 h, may lead to the accumulation of respiratory
by-products, which could inadvertently accelerate fruit
ripening. Therefore, it is crucial to implement strategies
within the treatment containers to mitigate this effect and
ensure optimal fruit preservation.
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