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A B S T R A C T   

Avocados are prone to chilling injury disorders when stored at low temperatures. Although most studies have 
been performed in the worldwide distributed ‘Hass’ variety, other less exploited commercial varieties such as 
‘Bacon’ might be more cold-tolerant. Aiming at evaluating how cold storage influences chilling injury, the extent 
of lipid peroxidation and the contents of lipophilic antioxidants were measured in ‘Bacon’ avocados. Harvested 
fruit were divided into two groups: one stored for 6 weeks at 4 ◦C and sampled at various time intervals for 42 
days, and the other maintained at low temperatures for 3 and 6 weeks and then exposed to room temperature for 
5 days until ripened. Long-term cold storage negatively influenced tocochromanols and carotenoids composition 
in unripen fruit, decreasing progressively both vitamin E and plastochromanol-8 contents, and most particularly 
carotenoids; yet chilling injury was prevented during cold storage for 6 weeks. When these fruits were ripened at 
room temperature, chilling injury increased 20% in the peel but only 5% in the mesocarp (edible part). Enhanced 
chilling injury in the mesocarp was associated with a 2.3-fold increase in lipid hydroperoxides (a primary lipid 
peroxidation product) and a 2.5-fold increase in plastochromanol-8 content, while contents of other tocochro
manols, carotenoids and malondialdehyde (a secondary product of lipid peroxidation) kept unaltered. Inter
estingly, medium-term cold storage (3 weeks at 4 ◦C) did not lead to chilling injury in ripe fruit, therefore cold 
storage for 3 weeks is considered optimal to prevent large antioxidant vitamin degradation and maintain fruit 
quality in ripen avocados. In conclusion, despite the high cold tolerance shown by ‘Bacon’ avocados, fruit 
showed a strong depletion (60%) in carotenoids content after 6 weeks of storage at 4 ◦C, negatively affecting 
their commercial acceptability. Aside from evaluating visual chilling injury symptoms, evaluation of lipid per
oxidation markers and contents of lipid-soluble antioxidants are deemed to be essential to establish commercial 
acceptability in cold-stored fruit.   

1. Introduction 

Avocados (Persea americana Mill.) are fruit with an increasing global 
economic relevance which are gaining attention of many consumers due 
to their nutritional and beneficial properties to human health (Araújo 
et al., 2018). Avocado market has exponentially grown over the last 
decade corresponding to 600,000 ha and more than 6,000,000 t in 
cultivation and production, respectively. Avocados are climacteric fruit 
that ripen very quickly once harvested from the tree (Bower & Cutting, 
1988), so that full ripeness is attained in no longer than 5–13 days, 
depending on the variety (Kassim et al., 2013; Pérez et al., 2004). 
Thereafter, overripening occurs rapidly and commercial acceptability 

can be lost due to fruit softening, occurrence of various fungal diseases 
and a loss of their overall quality (Zhang et al., 2013). However, the 
antioxidant composition of avocados is rarely considered as an essential 
component of commercial acceptability in postharvest processing of this 
climacteric fruit. Postharvest avocado handling overseas can last over 
one month (Kassim et al., 2013) since several food control strategies 
have been successfully implemented along the supply chain to guarantee 
prevention of excessive fruit softening and/or occurrence of various 
fungal diseases. But again, how long-term cold storage influences overall 
quality in terms of the antioxidant composition of fruit has been little 
explored, although antioxidant contents play an essential role in human 
nutrition and must therefore be considered of high relevance in fruit 
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quality assessments for consumers (Shahidi, 2015). 
Although many strategies have been already developed aiming to 

inhibit fruit ripening in avocados, low temperature storage (between 
4 ◦C and 13 ◦C, depending on the cultivar) is a very common process 
implemented for extending avocado shelf life and postharvest quality. 
Cold storage diminishes metabolic processes, consequently delaying the 
characteristic respiratory and ethylene peaks occurring during ripening, 
therefore prolonging fruit shelf life (Bill et al., 2014). Several commer
cial varieties, like ‘Hass’ or ‘Fuerte’, can be stored for 2–4 weeks at 
5–7 ◦C (Yahia & Woolf, 2011). Nonetheless, exposure of avocados at 
those temperatures over longer periods of time or exposure at temper
atures below the critical threshold can affect avocado quality by causing 
chilling injury (Kassim et al., 2013), which is attributed to great 
economical postharvest losses, together with mechanical damage, fruit 
degradation and insect attack (Yahia & Woolf, 2011). Previous studies in 
‘Hass’ avocados have shown that low temperature storage affects fruit 
firmness and mesocarp discolouration (Zauberman & Jobin-Decor, 
1995). Despite cold tolerance has been extensively studied in ‘Hass’ 
(Table S1), other commercial varieties have been little explored, and no 
studies have considered the ‘Bacon’ variety thus far, despite this is a 
commercial variety presenting a high tolerance to low temperatures. 
Hence, ‘Bacon’ avocado trees, which are highly cultivated mostly in 
Mediterranean climates, are characteristic of tolerating very low tem
peratures for longer periods of time than other commercial varieties like 
‘Hass’ or ‘Fuerte’. Nonetheless, little attention has been given to cold 
tolerance in ‘Bacon’ fruit, what is limiting the improvements of post
harvest management of this commercial variety. Although global ‘Hass’ 
production nowadays reaches up to 88%, ‘Bacon’ still represents a 
relevant percentage of avocado production and its appreciation is 
increasing for consumers due to the properties that differentiates it from 
‘Hass’ (Table S2, Vincent et al., 2020a). 

Tropical and subtropical fruit are prone to cold stress and develop 
chilling injury when exposed to low temperatures (Jackman et al., 
1988). Chilling injury symptoms can appear both in mesocarp (edible 
part, the pulp) and skin (peel) of the fruit being reflected as pitting and 
mesocarp decolouration, resulting from oxidative processes 
(Gómez-López, 2002; Kassim et al., 2013). However, to what extent this 
chilling injury is associated to lipid peroxidation events in avocados is 
still poorly understood. Stress conditions like low-temperature storage 
generally cause a rise in reactive oxygen species (ROS) that induce 
oxidative stress and may eventually trigger lipid peroxidation processes 
in plant cells (Gill & Tuteja, 2010). As a result, cell disruption and loss of 
fruit integrity is expected to occur if the stress is sustained, probably 
attributed to enhanced lipid peroxidation events and/or a drop in 
antioxidant contents (Shewfelt & del Rosario, 2000; Prabath Pathirana 
et al., 2013). In this respect, lipophilic antioxidants like tocopherols, 
tocotrienols, plastochromanol-8 and carotenoids play essential roles in 
preventing lipid peroxidation, most particularly α-tocopherol, which is 
described to be the most active form of tocochromanols and the only 
lipid-soluble antioxidant universally occurring in plants with a 
chain-breaking antioxidant capacity (Falk & Munné-Bosch, 2010). 

Here, we aimed at better understanding how low temperatures in the 
cold-tolerant variety ‘Bacon’ avocado affects antioxidant and physio
logical quality when stored for long periods of time. Since chilling injury 
in this fruit is reported to have a high economic impact in European 
agriculture and exportation (Bill et al., 2014), the present study is of 
great interest to establish the most adequate postharvest management 
strategies in this still poorly studied cold-tolerant variety of avocados. 

2. Material and methods 

2.1. Plant material and sampling 

Mature but still unripe avocados (Persea americana Mill. cv. Bacon) 
with a dry matter value of 21% were harvested from a commercial or
chard in Málaga (south Spain) and immediately brought to the 

laboratory at the University of Barcelona (Barcelona, NE Spain) after 12 
h of transportation at 8–10 ◦C. Upon arrival, fruit were selected for 
homogeneity according to their size, maturation stage and lack of 
pathogen symptoms. Then, avocados were divided into two groups. The 
first group was stored at 4 ◦C in a cold chamber up to 42 days (6 weeks, 
relative humidity of 58 ± 2%) in order to study long term cold- 
tolerance, and samplings were performed at 0, 7, 10, 14, 20, 21, 28, 
30, 34, 40 and 42 days of cold storage. A second group was stored at 4 ◦C 
in a cold chamber but just upon arrival (time 0 weeks) and after 3 and 6 
weeks of cold storage, fruit was ripened at room temperature (20 ± 3 ◦C) 
and relative humidity (60 ± 2%) for 5 days to evaluate the effects of 
ripening on fruit quality, as well as its dependence on previous time of 
cold storage. For all experiments, fruit were always kept in darkness 
throughout the study periods. For each sampling time, avocados were 
weighed and cut in halves to subsequently attribute a value of mesocarp 
discoloration to each half according to the percentage of area affected in 
relation to chilling injury. To follow, the peel and stone were removed 
from the other half of the fruit and mesocarp tissue was cut into pieces 
and immediately frozen in liquid nitrogen and kept at − 80 ◦C until 
analyses. 

2.2. Fruit firmness 

The stage of ripening of fruit was assessed by manually measuring 
firmness with a penetrometer (model FT 327, QA Supplies, Norfolk, VA, 
USA) with a 6 × 10− 3 m cone following manufacturer instructions. The 
measurement consisted in pushing the cone of the penetrometer from a 
distance of 3 × 10− 2 m into the fruit, avoiding the contact with the stone. 

2.3. Lipid peroxidation analyses 

Lipid peroxidation levels were determined by analysing primary 
(lipid hydroperoxide) and secondary (malondialdehyde) lipid peroxi
dation products. First, for evaluating lipid hydroperoxides content, 
frozen samples were extracted with methanol containing 0.01% butyl
hydroxytoluene (BHT; w/v) at 4 ◦C using 30 min of ultrasonication at a 
potency of 110 W (Bransonic ultrasonic bath 2800, Emerson Industrial, 
Danbury, CT, USA) and centrifugation at 1419 £ g for 10 min at 4 ◦C. 
Then, two re-extractions were performed. Supernatants were pooled and 
used for analyses using the Fox-2 reagent (consisting in a solution of 
90% methanol [v/v] containing 25 mM sulfuric acid, 4 mM BHT, 0.25 
mM iron sulphate ammonium (II) and 0.1 mM xylenol orange) as 
described in Bou et al. (2008). Absorbances were measured at 560 and 
800 nm. A calibration curve using hydrogen peroxide at various con
centrations was used for quantification. 

For determining the malondialdehyde content, the thiobarbituric 
acid-reactive substances assay, was used as in Hodges et al. (1999). In 
brief, samples were extracted with 80% (v/v) ethanol containing 0.01% 
(w/v) BHT, then vortexed for 20 s and exposed to ultrasonication for 45 
min at a potency of 110 W (Bransonic ultrasonic bath 2800). After a 
centrifugation process at room temperature for 13 min at 1091 £ g, the 
supernatant was recovered, and the pellet re-extracted twice using the 
same procedure. Then, two aliquots for sample were used: (a) -TBA, with 
1 mL extract + 1 mL 20% trichloroacetic acid (w/v) with 0.01% BHT 
(w/v) and (b) +TBA, with 1 mL extract + 1 mL 20% trichloroacetic acid 
(w/v), 0.01% BHT (w/v) and 0.65% thiobarbutiric acid (w/v). Tubes 
were incubated at 95 ◦C for 25 min. Subsequently, the reaction was 
stopped by maintaining them at 4 ◦C for 10 min. After centrifugation at 
1091 £ g at room temperature for 5 min, malondialdehyde content in 
samples were analysed by spectrophotometry and quantified using the 
equations developed by Hodges et al. (1999). 

2.4. Tocochromanols analyses 

The quantification of the different forms of tocochromanols, 
including tocopherols, tocotrienols and plastochromanol-8 was 
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performed as follows. Samples were extracted with methanol containing 
0,01% BHT (w/v) using vortex for 20 s followed by 30 min of ultra
sonication at a potency of 110W (Bransonic ultrasonic bath 2800). 
Pellets were then re-extracted twice following the same procedure. 
Then, supernatants were pooled and centrifuged at 1419 £ g during 10 
min at 4 ◦C before passing them onto a hydrophobic 0.22 μm PTFE filter 
(Phenomenex, Torrance, CA, USA) and introducing them into vials. 
Tocochromanols were separated by HPLC using an Inertsil 100A column 
(5 μm, 0.03 × 0.25 m, GL Sciences Inc., Japan). A Jasco fluorescence 
detector (FP-1520, Tokyo, Japan) and a calibration curve established 
with authentic standards (Sigma) for each of the tocochromanols ana
lysed were used for quantification. 

2.5. Chlorophylls and carotenoids 

To determine total chlorophyll and carotenoids content, 100 mg 
mesocarp sample were extracted in 1 mL of methanol +0.01% BHT 
using ultrasonication, vortex and centrifugation, as explained in the 
previous section. Supernatants were collected and centrifuged for 10 
min at 1419 £ g at 4 ◦C (Hettich Universal 32R centrifuge, Thermo 
Fischer Scientific). Chlorophylls and carotenoids were measured spec
trophotometrically by reading absorbances at 470, 653, 666 and 750 nm 
(modified from Wang et al., 2010 and Lichtenthaler & Buschmann, 
2001) as follows:  

Chlorophyll a (Chl a) = [12.21 x (A666 – A750)] – [2.81 x (A653 – A750)]        

Chlorophyll b (Chl b) = [20.13 x (A653 – A750)] – [5.03 x (A666 – A750)]        

Carotenoids = [(1000 x A470) – (1.63 x A653) – (104.96 x A666)] / 221            

2.6. Determination of chilling injury 

In avocado halves, chilling injury was visually estimated as the 
percentage of affection on fruit according to mesocarp discolouration. 
Then, a percentage of affection was attributed to fruits for each sampling 
time. Skin chilling injury was measured similarly considering external 
black patches as the main affection of the disorder in ‘Bacon’ avocado 
peel. 

2.7. Statistical analyses 

Statistical analyses were performed by applying an one-way ANOVA 
for the first experiment (cold storage effects) with 6 replicates in each 
sampling time point, except time 0 which was measured using 12 rep
licates (IBS SPSS Statistics 19; SPSS Inc., Illinois, USA). For the second 
experiment (ripening effects on cold-stored fruit), two-way ANOVA and 
Tukey posthoc tests were applied in a number of 12 replicates, indicating 
with asterisks when ripe fruit differed from unripe fruit for each sam
pling time. Differences between ripe and unripe fruit were considered 
significant when p values were below 0.05 (p < 0.05). All data are 
presented on a dry weight basis. 

Fig. 1. Time-course variations in fruit qual
ity, as indicated by fruit firmness, total 
chlorophyll, biomass, hydration, hydroper
oxides and malondialdehyde content in 
‘Bacon’ avocados stored for 42 days at 4 ◦C. 
Data show the mean of n = 6 fruits for each 
sampling point, except for time 0 days when 
n = 12. A global standard error is indicated 
as a measurement of the variability obtained 
for each parameter in the inlet as the mean of 
standard errors obtained in all time points. 
Data were fitted with a linear regression. 
Results of one-way ANOVAs are shown in the 
inlets. MDA, malondialdehyde.   
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3. Results 

3.1. Cold storage effects on fruit firmness and antioxidant quality 

Long term storage influenced physiological parameters on avocado 
mesocarp causing a 23% and 33% reduction in fruit firmness and 
weight, respectively, which was not related to water losses according to 
hydration values that did not vary over time (Fig. 1). Lipid peroxidation 
events increased significantly with cold storage, as indicated by 
enhanced contents of primary products (hydroperoxides) and secondary 
products (malondialdehyde) of lipid peroxidation. However, these 
oxidative reactions did not negatively affect total chlorophyll contents 
(Fig. 1). Furthermore, chilling injury symptoms did not increase signif
icantly upon 42 days of storage at low temperatures, neither in the skin 
(11.67 ± 8.67% at 42 days vs. 0% at the start of the experiment; p =
0.176) nor in the mesocarp (with undetectable injury symptoms both at 
the beginning and end of the experiment, data not shown). 

Long-term cold storage decreased progressively both tocochroma
nols and carotenoids contents (Fig. 2), fruit mesocarp losing antioxidant 
capacity and reducing its activity against lipid peroxidation. Total 
vitamin E levels decreased mainly due to reductions of 11% in 
α-tocopherol contents, while contents of both γ-tocopherol and 
plastochromanol-8 decreased to a lesser extent. γ-Tocotrienol content 
kept unaltered along the cold storage (Fig. 2). In contrast, carotenoid 
content decreased sharply during 42 days of cold storage, showing a 
60% reduction compared to initial levels, and being therefore the most 

degraded compounds. Correlation studies performed to examine 
possible relationships between antioxidant contents and the extent of 
lipid peroxidation (Table 1) revealed that α-tocopherol was the antiox
idant that most explains primary lipid peroxidation events. By contrast, 
secondary lipid peroxidation events (indicated here by malondialdehyde 
accumulation) did not show any significant correlation with the lipo
philic antioxidants studied (Table 1). 

3.2. Ripening increases chilling injury in long-term stored fruit 

Avocado consumption requires ripening to trigger acceptable fruit 
softening, therefore adapting the fruit to consumer preferences. 
Although storage at low temperatures can cause uneven ripening in 

Fig. 2. Time-course variations in the con
tents of tocopherols, tocotrienols, 
plastochromanol-8 and carotenoids in 
‘Bacon’ avocados stored for 42 days at 4 ◦C. 
Data show the mean of n = 6 fruits for each 
sampling point, except for time 0 days when 
n = 12. A global standard error is indicated 
as a measurement of the variability obtained 
for each parameter in the inlet as the mean of 
standard errors obtained in all time points. 
Data were fitted with a linear regression. 
Results of one-way ANOVAs are shown in the 
inlets.   

Table 1 
Spearman correlations between lipophilic antioxidants and primary and sec
ondary products of lipid peroxidation in avocado mesocarp.   

Hydroperoxides Malondialdehyde 

Carotenoids σ − 0,499** σ = − 0,081 
α-Tocopherol σ = − 0,538** σ = − 0,122 
γ-Tocopherol σ = − 0,328** σ = − 0,214 
γ-Tocotrienol σ = − 0,009 σ = 0,125 
Plastochromanol-8 σ = − 0,174 σ = 0,086 
Total vitamin E σ = − 0,537 σ = − 0,115 

Two asterisks indicate corrected p-value ≤0.006. 
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several avocado varieties, ‘Bacon’ avocados stored at 4 ◦C for 6 weeks 
did not present major alterations in this respect. A similar degree of fruit 
softening was attained in long-term (6 weeks) cold-stored fruit, medium- 
term (3 weeks) cold stored fruit and non-cold stored fruit, 6 weeks of 
cold storage guaranteeing a good texture quality for consumers (Fig. 3). 
Avocado biomass was slightly reduced in ripe fruit, but this weight loss 
seemed not to be related to water losses as reflected on hydration values. 
Lipid peroxidation events were triggered in the mesocarp of ripe fruit, as 
indicated by enhanced lipid hydroperoxides content. Malondialdehyde 
levels tended to increase in ripe vs. unripe fruit, as indicated by results of 

two-way ANOVA, but did not differ significantly at any time point, as 
indicated by posthoc analyses (Fig. 3). However, these primary lipid 
peroxidation events did not negatively influence chlorophylls contents 
(Fig. 3). In contrast, chilling injury incidence occurred in ripen fruit after 
6 weeks of storage at 4 ◦C, despite symptoms attained up to 20% of 
affection in the skin and only 5% in the mesocarp (edible part of the 
fruit, Fig. 3). Ripening only slightly influenced tocochromanols content, 
except for plastochromanol-8, which levels increased 2.5-fold in ripen 
compared to unripen fruit after 6 weeks of cold storage (Fig. 4). Carot
enoid accumulation did not differ between ripe and unripe avocados 

Fig. 3. Fruit firmness, total chlorophyll, fruit biomass, hydration, hydroperoxides and malondialdehyde contents in ripen and unripen avocados stored for 0, 3 and 6 
weeks at 4 ◦C. Ripening was promoted by exposing fruit to 20 ◦C for 5 days. Data show the mean and standard error of n = 12 fruits. Results of two-way ANOVAs are 
shown in the inlets. Asterisks indicate significant differences (p < 0.05) between unripe and ripe fruit per sampling time. MDA, malondialdehyde. 
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during cold storage, except for a 55% reduction in carotenoid contents in 
ripe compared to unripe fruit at the beginning of the experiment (Fig. 4). 
It is interesting to note that ripening had a similarly negative effect on 
carotenoid contents at 0 weeks (Fig. 4) as 42 days of cold storage in 
unripen fruit (Fig. 2). 

4. Discussion 

Fruit quality control during postharvest cold storage is very impor
tant to evaluate avocados shelf life. Nevertheless, the threshold of 
tolerance to low temperatures are highly variable between fruits and 
varieties and both determine the conditions under which fruit are sus
ceptible to lose a significant quality. Therefore, evaluating the impli
cations of cold storage in various avocado varieties, beyond the highly 
studied ‘Hass’ avocado, is of paramount importance, most particularly in 
cold-tolerant varieties such as ‘Bacon’, so that we can get a better un
derstanding of tolerance mechanisms and eventually improve post
harvest management to guarantee fruit quality. 

Stress responses have been associated to oxidative processes in fruit, 
either related to lipid peroxidation events tiggering signalling responses 
or degradative processes, the latter particularly occurring when the 

antioxidant capacity is overwhelmed by pro-oxidant events (He & Ding, 
2020; Muñoz & Munné-Bosch, 2018). The extent of lipid peroxidation is 
often evaluated with the measurement of primary and secondary prod
ucts of lipid peroxidation, including among others, lipid hydroperoxides 
and malondialdehyde contents. Our results showed that lipid peroxi
dation events associated to cold storage were reflected by enhanced 
hydroperoxides rather than increased malondialdehyde contents, 
therefore lipid peroxides could be used as an excellent indicator of cold 
exposure and tolerance in avocados. Interestingly, long-term cold stor
age in ‘Bacon’ avocados did not induce chilling injury in the mesocarp 
for as long as 42 days in unripe fruits. Interestingly, other parameters 
like firmness or fruit weight were slightly reduced over storage in unripe 
fruit, although this reduction in fruit weight seemed not to be related to 
dehydration. Rather, respiratory losses might explain these biomass 
losses, since avocados are characterized for being highly climacteric 
fruit with a quite pronounced respiratory rate even when stored at low 
temperatures (Olivares et al., 2020). Oxidative processes related to lipid 
peroxidation might have occurred in parallel with a severe depletion on 
lipophilic antioxidants, mainly due to carotenoids, α-tocopherol and 
plastochromanol-8 contents in cold-stored fruit. Among these, caroten
oids have been reported to exert an important scavenging function 

Fig. 4. Tocopherols, tocotrienols, plastochromanol-8 and carotenoids contents in ripen and unripen avocados stored for 0, 3 and 6 weeks at 4 ◦C. Ripening was 
promoted by exposing fruit to 20 ◦C for 5 days. Data show the mean and standard error of n = 12 fruits. Results of two-way ANOVAs are shown in the inlets. Asterisks 
indicate significant differences (p < 0.05) between unripe and ripe fruit per sampling time. 
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against singlet oxygen, which could otherwise lead to severe lipid per
oxidation (Ramel et al., 2012). Similarly, α-tocopherol (which is the 
tocochromanol with the highest vitamin E activity) and 
plastochromanol-8 (with a longer hydrophobic-prenyl chain than to
copherols) might equally avoid lipid peroxidation through the elimi
nation of singlet oxygen, but at the same time both could prevent the 
propagation of lipid peroxidation (Kruk et al., 2014), a function that is 
not exerted by carotenoids. Therefore, the combined action of all lipo
philic antioxidants, like carotenoids, tocopherols and 
plastochromanol-8 may play a major role in preventing more severe 
lipid peroxidation events and eventual cell disruption in this highly 
low-temperature tolerant variety. Notably, the major protective effect as 
an antioxidant against lipid peroxidation was observed for α-tocopherol, 
which better correlated with hydroperoxides, but carotenoids and 
plastochromanol-8 activity should not be underestimated since the 
progressive decrease induced by the stress suggests a remarkable 
implication of these compounds. Furthermore, it is worth mentioning 
that cold storage affects antioxidant composition in avocado mesocarp, 
therefore inducing a loss of antioxidant capacity against lipid peroxi
dation and a reduction on fruit quality when stored for 42 days at 4 ◦C, 
being of 11% for α-tocopherol, 47% for plastochromanol-8 and 60% for 
carotenoids, therefore negatively impacting nutritional properties and 
consumer acceptance. According to previous studies on cold storage 
influencing vitamin E contents in the same avocado variety, a decrease 
on α-tocopherol was detected after 10 days of storage at 4 ◦C (Vincent 
et al., 2020a) and possible low temperatures effects on vitamin E in a 
longer term were eclipsed by a positive effect of immersion of pyridoxal 
5′-phosphate (Vincent & Munné-Bosch, 2022). Therefore, the present 
results conclusively show that vitamin E and plastochromanol-8 con
tents are progressively and negatively affected by long term cold storage 
(up to 42 days). 

Ripening is closely associated to oxidative events related to lipid 
peroxidation events acting both as a source of signalling molecules and 
degradative processes (Muñoz & Munné-Bosch, 2018). Ripening of fruit 
stored for 6 weeks at 4 ◦C led to enhanced lipid peroxidation, as indi
cated by increased lipid peroxide contents, as well as increased 
plastochromanol-8 accumulation. Although the positive role of carot
enoids and α-tocopherol is very clear in terms of human health and 
nutrition (Kan et al., 2022; Power et al., 2022; Weber et al., 1997), the 
possible benefits of plastochromanol-8 still remain unclear and, taking 
into account the low values of this antioxidant present in avocados 
compared to those of α-tocopherol, it may be inferred that the observed 
increase of plastochromanol-8 in ripe fruit after long-term cold storage 
may not be of high biological relevance relative to human health. Re
sults obtained in terms of keeping antioxidant contents during ripening 
are not surprising, since ripening and fruit softening are not generally 
related to a loss on antioxidant capacity or to chloroplast dismantling in 
fruit tissues, but rather to cell wall modifications occurring during this 
physiological process triggered by signalling responses mediated by 
phytohormones (Fernández-Cancelo et al., 2022; Vincent et al., 2020b). 

Noteworthy, fruit quality can be attributed not only to biochemical 
properties but also to physiological aspects. In this respect, evaluation of 
chilling injury symptoms is very helpful to examine cold storage effects 
on market acceptability. On the one hand, storage for 6 weeks had no 
effect on the development of chilling injury, except when fruits were 
subsequently left to ripe at room temperature. Even in this case, the 
edible part of the fruit was little affected (5%), although it is also true 
that market acceptability decreased too much when considering the skin 
(20%). As reflected on hydroperoxides contents in fruit manifesting 
chilling injury, lipid peroxidation may be influencing this disorder, as 
indicated by enhanced hydroperoxide contents. Therefore, hydroper
oxides could be a great indicator of cold stress and chilling injury 
(performing better than malondialdehyde). Altogether, ripening did not 
further negatively influence antioxidant quality in cold-stored fruit, but 
negatively affected quality in terms of chilling injury. 

5. Conclusion 

In conclusion, ‘Bacon’ avocados present a high tolerance to low 
temperatures, but long-term storage causes lipid peroxidation and a loss 
of lipophilic antioxidants, mainly of carotenoids, which showed a strong 
depletion (60%), and to a lesser extent of tocochromanols (including 
tocopherols, tocotrienols and plastochromanol-8), therefore negatively 
affecting their commercial acceptability. Furthermore, storage for 6 
weeks at 4 ◦C causes the appearance of chilling injury symptoms in ripe 
fruits, despite negative effects in the mesocarp are low (5%). Introducing 
measurements of lipophilic antioxidants contents and lipid peroxidation 
markers, aside from evaluating chilling injury symptoms, are essential if 
we aim at establishing adequate control management strategies for 
maintaining fruit quality in cold-stored ‘Bacon’ avocados. This has 
important implications in establishing this variety further into the 
market, while optimizing postharvest strategies to keep adequate avo
cado quality in terms of human nutrition. 
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