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ABSTRACT
Huanglongbing (HLB), the most devastating citrus disease, severely impacts the physicochemical
quality and postharvest life of Mexican lime fruit [Citrus aurantifolia (Christm.) Swingle]. It
increases susceptibility to cold-induced damage, accelerates weight loss and senescence, and
reduces the content of key components, such as ascorbic acid, ultimately limiting storage time.
This study aimed to evaluate the physicochemical quality and postharvest life of Mexican lime
fruits, obtained from HLB asymptomatic and symptomatic trees, under ambient and refrigerated
storage conditions. Lime fruits were harvested and classified based on the disease status of the
source trees (symptomatic and asymptomatic). Two storage conditions were evaluated: room
temperature (22 + 2 °C) for 0, 4, and 8 d and refrigeration (9 + 1 °C) for two weeks. During the
storage period, titratable acidity, ascorbic acid content, weight loss, total soluble solids, and
color index were analyzed. Results showed rapid weight loss in the fruits with HLB symptoms,
suggesting sensitivity to cold-induced damage. Titratable acidity increased by 40 % in the fruits
obtained from symptomatic trees. The color index was also affected in fruits from symptomatic
trees after 4 and 8 d of storage at room and refrigeration temperatures, showing signs of
senescence compared to asymptomatic fruits. A decrease in ascorbic acid content was also
observed, affecting the fruit’s nutritional quality and limiting its storage time. In conclusion,
HLB significantly affects various quality parameters of the Mexican lime fruit, which increases

its susceptibility to cold-induced damage and, consequently, limits its shelf life during storage.

Keywords: color index, weight loss, ascorbic acid, refrigeration, Candidatus Liberibacter,
physiological disorders.
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INTRODUCTION
Mexican lime [Citrus aurantifolia (Christm.) Swingle] belongs to the Rutaceae family,
which comprises 150 genera and 900 species (Mohammed and Ayoub, 2016). This
species is widely used as a raw material in food flavorings, beverage flavor enhancers,
and as an ingredient in traditional medicine and cosmetics (Swandiny et al., 2021;
Indriyani et al., 2023). Additionally, it is attributed with various biological activities,
such as insecticidal, larvicidal, and repellent properties (Galovicova et al., 2022), as well
as antioxidant, antineoplastic, and antimicrobial properties (Asmabh et al., 2020; Julaeha
et al., 2022). This species also exhibits antiseptic, antiviral, antifungal, astringent, anti-
cholesterol, diuretic, appetite-stimulating, and laxative properties (Jeffrey et al., 2020).
It is also notable for its anti-inflammatory and analgesic properties (Shchérazade et al.,
2021). These properties are attributed to the content of secondary metabolites (Kazeem
et al., 2020), making lime a phytogenetic resource with high commercial value.
Lime production faces several yield-impacting challenges, with huanglongbing (HLB)
being one of the most devastating citrus diseases worldwide. This disease is associated
with bacteria from the Candidatus Liberibacter genus, including Ca. L. asiaticus (CLas),
present in Asia, Africa, and America; Ca. L. africanus (CLaf) in Africa (Jagoueix et
al., 1994); Ca. L. americanus (CLam), reported in Brazil and Asia (Teixeira et al., 2005;
Antunes ef al., 2010); and Ca. L. caribbeanus (CLca) in Colombia (Folimonova and
Achor, 2010; Vitor ef al., 2013). These bacteria are mainly transmitted by insect vectors.
The Asian citrus psyllid (Diaphorina citri Kuwayama) is responsible for transmitting
CLas, CLam, and CLca (da Graca and Kornsten, 2004; Antunes et al., 2010), while
the African citrus triozid (Trioza erytreae Del Guercio) transmits CLaf (da Graga and
Kornsten, 2004). These insects inoculate the bacteria while feeding on the sap of the
leaves (Halbert and Manjunath, 2004; Belasque et al., 2010).
Candidatus Liberibacter spp. are Gram-negative bacteria (a-proteobacteria) that are
restricted to the phloem of plants, interfering with the translocation of photosynthates
and disrupting the movement of nutrients and sugars within the plant’s internal
tissues (Bendix and Lewis, 2018). This causes the yellowing of new shoots and leaf loss
and alters fruit characteristics, such as deformities, changes in size, delayed ripening,
modifications in flavor and texture, reduced yield, and decreased commercial quality.
Finally, they cause premature fruit drop and tree death (Magomere ef al., 2009;
Bojorquez-Orozco et al., 2023). HLB symptoms can be confused with nutrient deficiency
or the damage caused by pests and other diseases (Gottwald et al., 2007). Therefore,
evaluating the physicochemical quality of fruits is fundamental to prevent changes
in their properties during postharvest. Nutritional quality has become an essential
component of overall quality, serving as a key factor in consumer preference. This
study aimed to evaluate the physicochemical quality and postharvest life of Mexican
lime fruits obtained from HLB asymptomatic and symptomatic trees under ambient
and refrigerated storage conditions.
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MATERIALS AND METHODS

Plant material

Mexican lime fruits (Citrus aurantifolia) were harvested in a plot located at km 35 of the
Colima-Manzanillo highway in Tecoman, Colima, Mexico. A total of 300 asymptomatic
fruits were collected from the greenhouse, and 300 HLB-symptomatic fruits were
collected from an open field. The fruits were selected based on their uniform size,
homogeneous green color, and absence of visible damage. Then, the fruits were washed
with running water and commercial soap. Of the total collected, 150 asymptomatic
and 150 symptomatic fruits were selected for storage at room temperature (20 + 2 °C,
55 £ 5 % relative humidity (RH)) for 0, 4, and 8 d. The remaining were stored under
refrigeration (9 + 1 °C, 85 + 5 % RH) for two weeks. Subsequently, the refrigerated
fruits were transferred to room temperature conditions for 4 and 8 additional days to
simulate the commercialization process.

Physical and chemical analyses

Changes in physical and chemical quality were evaluated by measuring total soluble
solids (TSS) in degrees Brix (°Brix) using a digital refractometer (ATAGO PR-100,
Bellevue, USA). Titratable acidity was expressed as grams of citric acid per 100 mL of
juice (g 100 mL™). The ascorbic acid content (vitamin C) was quantified in milligrams of
ascorbic acid per 100 ml of juice (mg 100 mL™) through extraction with oxalic acid and
titration with 2,6-dichlorophenol-indophenol, following the AOAC (2023) method.
The external color was determined in the equatorial zone of all fruits using a reflection
color meter (Hunter Lab D-25, Reston, VA, USA) based on the CIELab scale. The L*,
a*, and b* parameters were used to calculate the color index (CI) using the equation
proposed by Jiménez-Cuesta et al. (1981):

1000 x a*
IC = 7
where a* defines the direction and degree of chromaticity on the red/green axis,
b* defines the direction and degree of chromaticity on the yellow/blue axis, and L
represents luminosity or lightness of a color, from 0 (black) to 100 (white).
The fruit’s weight loss (WL) was calculated with the following equation:

Initial weight — Final weight
% WL = — , x 100
Initial weight

Statistical analysis
This study followed a completely randomized design. Each fruit was considered
an experimental unit, and 50 fruits were used per treatment. All experiments were
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carried out in triplicate. The experimental data were subjected to analysis of variance
(ANOVA), followed by mean comparison by Tukey test (p < 0.05), using the SPSS 23
statistical software (IBM Corporation, Armonk, NY, USA). Normality and homogeneity
of variance assumptions were verified using the Shapiro-Wilk and Bartlett tests,
respectively. The percentage data were transformed using the following equation:

y = X
= arcsen 100

where X is the percentage value.

RESULTS AND DISCUSSION

Storage at room temperature
Significant differences in organoleptic quality and postharvest life of the fruits were
observed between the evaluated treatments (Table 1). The greatest weight loss was
recorded in HLB-symptomatic fruits after 8 d of storage, reaching 17.25 %. On the
contrary, the lowest weight loss was observed in asymptomatic fruits after 4 d of
storage, with 7.29 %. Regarding internal quality, an increase in titratable acidity was
observed, with 9.24 % citric acid in HLB-symptomatic fruits at harvest. The lowest
citricacid content (3.53 %) was observed in HLB-symptomatic fruits after 8 d of storage.
As for total soluble solids, there were no significant differences between treatments.
For the color index, the highest value (-22.06) was observed in asymptomatic fruits
at harvest, showing a homogeneous green hue. The lowest color index (-8.46) was
observed in HLB-symptomatic fruits after 8 d of storage. These fruits were characterized

Table 1. Organoleptic quality and postharvest life of huanglongbing (HLB) symptomatic
and asymptomatic Mexican lime fruits [Citrus aurantifolia (Christm.) Swingle] stored under
commercialization conditions (20 + 2 °C, 55 + 5 % relative humidity).

Storage Weight Citric Total Color Ascqrblc
. . soluble index acid
Treatment time loss acid .
(days) (%) (%) solids (1000 (mg 100
4 0 0 (%) a*/b*L) mL™)
Fruits with HLB 0 0.0d 9.24 a 7.83 a -18.19b 41.24b
symptoms 4 10.77 be 6.40b 746 a -14.04 ¢ 30.84 c
8 17.25a 3.53d 6.83 a -8.46 d 21.10d
. 0 0.0d 8.36 ab 7.60 a -22.06 a 50.37 a
afr;“io}giic 4 7.29 c 7.44b 7.40 a -16.18 be 44.85b
ymp 8 13.71b 547 ¢ 713 a -12.75d 33.15¢

Means with different letters within columns are statistically different (Tukey, p <0.05).
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by a yellowish hue that deteriorated their appearance, as their postharvest life was
reduced due to the senescence process.

Regarding nutritional quality, the highest concentration of ascorbic acid was observed
in asymptomatic fruits, with 50.37 mg 100 mL™ of juice at harvest. The lowest
concentration of ascorbic acid was recorded in HLB-symptomatic fruits, with 21.1 mg
100 mL™" of juice after 8 d of storage, showing a more pronounced loss of ascorbic acid
in the HLB-symptomatic fruits.

The effects of HLB on fruit weight loss were significant, which reduced shelf life.
Robles-Gonzalez et al. (2013) reported that Mexican lime fruits from trees with 50-80
% of their canopy damaged by HLB showed reduced size and weight. Mufioz-Lazcano
et al. (2011) mentioned that Mexican lime fruits have a thinner peel and smaller size,
making them more prone to water loss via transpiration, which leads to dehydration
and weight loss. In this study, lime fruits started dehydrating over the course of the
days, leading to weight loss.

The decrease in citric acid content in the fruits stored at room temperature was
more pronounced in those with HLB symptoms. This is similar to that reported by
Bassanezi et al. (2009) in sweet oranges, where the fruits harvested from trees with HLB
symptoms had a greater acidity. As for total soluble solids, no significant differences
were observed between groups, which coincides with Robles-Gonzalez et al. (2013),
who reported that HLB had no significant effect on the °Brix values of the Mexican
lime. On the contrary, Bassanezi et al. (2009) observed an increase in °Brix in HLB-
symptomatic oranges.

On the other hand, fruits with HLB symptoms showed a greater decrease in green
color compared to asymptomatic fruits. Sagaram et al. (2009) and Hernandez-Rivera
et al. (2018) reported that HLB-symptomatic Mexican lime fruits had a significantly
lower color index as storage time increased. Goldschmidt (1997) observed that the
yellowish color in citrus fruits, including Mexican limes, is an adverse effect that leads
to quality loss. This is due to the biosynthesis of ethylene (C,H,) during postharvest,
which accelerates the senescence process, increases respiratory activity, and causes
chlorophyll degradation.

Storage under refrigeration conditions

Significant differences were observed in the quality of the fruits stored under
refrigeration temperatures (9 + 1 °C, 85 + 5 % RH) (Table 2). The greatest weight loss
was observed in fruits with HLB symptoms, with a 19.3 % loss after 8 d of storage.
Asymptomatic fruits showed a lower weight loss, with 9.6 % after 4 d of storage.

As for internal quality, no significant differences were observed in citric acid content
between HLB-asymptomatic and symptomatic fruits, with values of 8.13 and 7.26 %,
respectively, after refrigerated storage. The lowest citric acid content was observed in
fruits with HLB symptoms, with 2.9 % of citric acid. As for total soluble solids, there
were also no significant differences between groups. The color index was higher in
asymptomatic fruits (-14.14), with a light green-yellow color, while a lower index was
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Table 2. Organoleptic quality and postharvest life of huanglongbing (HLB) symptomatic and asymptomatic

Mexican lime fruits [Citrus aurantifolia (Christm.) Swingle] stored under refrigeration (9 = 1 °C, 85 + 5 % relative

humidity) for two weeks, followed by storage at room temperature (20 + 2 °C, 55 + 5 % relative humidity).

Storage time ~ Weightloss  Citricacid Total soluble ~ Colorindex  Ascorbic acid

Treatment (days) (%) (%) solids (%) (1000 a*/b*L)  (mg 100 mL™)
Eruits with 0 00d 7.26 a 753 a -12.85 ab 40.48 b
HLS‘; jn W‘toms 4 11.8 be 597 b 730 a 870 ¢ 31.17 ¢
ymp 8 193 a 2.90 ¢ 6.80 a -450d 23.67d
HLB- 0 00d 8.13a 773 a 1414 a 4734 a
asymptomatic 4 9.6 ¢ 6.86 ab 7.66 a -10.96 b 41.26 b
fruits 8 149b 4.60b 7.03a 779 ¢ 31.82 ¢

Means with different letters within columns are statistically different (Tukey, p <0.05).

observed in symptomatic fruits, with a value of -4.5 after 8 d of storage, showing a
yellow hue.

Regarding ascorbic acid, the highest concentration was detected in fruits with HLB
symptoms, with 40.48 mg 100 mL™ of juice at harvest. This concentration decreased
to 31.17 mg 100 mL™ after 4 d of storage and to 37.67 mg 100 mL™" after 8 d of storage,
indicating a continuous loss of this compound. In asymptomatic fruits, the loss of
ascorbic acid was lower, with a concentration of 47.34 mg 100 mL™" at harvest, 46.26
mg 100 mL™" at 4 d, and 24 mg 100 mL™" after 8 d of storage, highlighting a greater loss
in fruits with HLB symptoms. It is likely that storage at low temperatures reduces
the incidence of diseases by inhibiting microbial growth, restricting enzymatic and
respiratory activities, inhibiting water loss, delaying quality loss, and reducing
ethylene production (da Silva et al., 2013).

Fruits with HLB symptoms exhibited faster softening and dehydration during
refrigeration storage, along with increased senescence. As described by Cohen
et al. (1994), Gaytan et al. (2012), and Hernandez-Rivera et al. (2018), weight loss is
an indicator of cold-induced damage, which reduces shelf life. Additionally, HLB-
symptomatic fruits showed loss of green color and the appearance of brown spots,
with some fruits showing signs of decay, further shortening their shelf life. According
to Alferez et al. (2006), the loss of green color in citrus fruits is related to chlorophyll
degradation and the progression of senescence, which explains the decrease in the
color index observed during the storage periods. Mufioz-Lazcano et al. (2011) also
reported a significant loss of green color in Mexican lime fruits without HLB and
stored under refrigerated conditions for 2 or 4 weeks.

In this study, both groups of fruits showed a trend of acid content loss as storage days
increased, which is consistent with the findings reported by Gaytan et al. (2012) in
Mexican lime cultures. This group identified that the attack of microorganisms causing
rot contributes to the loss of nutraceutical value due to the decrease in ascorbic acid and
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the shortened shelf life. This decrease results from the oxidation of ascorbic acid due to
senescence progression and hydric stress (Lee and Kader, 2000). According to Corzo-
Martinez et al. (2012), ascorbic acid oxidation produces monodehydroascorbic acid,
which reduces the biologic activity of vitamin C. The principal factors in this process
are oxygen concentration, pH, and temperature. Despite the observed alterations,
Mexican lime fruits with HLB symptoms could be used in agroindustry as they retain
some organoleptic and nutraceutical characteristics.

CONCLUSION
The postharvest behavior of Mexican lime fruits was affected by the presence of
huanglongbing symptoms in the source trees, altering their nutraceutical quality
(ascorbic acid content), external quality (color index, weight loss), and internal quality
(citric acid percentage), both under ambient and refrigerated storage conditions.
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