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Rind disorders in early cultivars of lemon fruits cause serious economic losses at market since these lemons are
very sensitive to develop rind pitting during postharvest. Therefore, the aim of this study was to determine the
involvement of ethylene and polyamines (PAs) in rind pitting of ‘Fino’ lemons grown with an intensive ferti-
gation (IF) and standard fertigation (SF). Results after degreening treatment showed that lemons harvested from

Put i
S;e:;ic;?se the IF system had ca. 48 %, 3.5-fold, 2.5-fold and 28 % more respiration rate, ethylene production, free and total
Spermine 1-aminocyclopropane-1-carboxylic acid (ACC), respectively, than SF lemons. Furthermore, the concentrations of

spermidine and spermine were ca. 30 % lower in IF lemons compared to SF ones, without differences in pu-
trescine levels. After 7 days of storage at 8 °C, the highest values of rind pitting incidence and severity of damage
were found in IF lemons. It was observed that lemons with rind pitting harvested from the IF system had the
highest concentration of free-ACC and total-ACC, whereas the spermine content was ca. 3-fold higher in fruits
without rind pitting independently of the fertigation system. Thus, the results showed that ethylene can be
considered as a marker for the lemon fruit susceptibility to suffer rind pitting, while PAs have a protective role.

1. Introduction collapse of the albedo and the release of oil from the flavedo that

damages adjacent tissues (Zacarias et al., 2020). The causal mechanisms

Lemon (Citrus limon L. Burm) is one of the most appreciated fruits
worldwide due to its flavour, taste and antioxidant capacity. Lemons
must reach a specific size in order to be commercialized in the fresh
market. Therefore, growers apply intensive fertigation (IF) strategies to
accelerate fruit growth. In addition, lemons harvested from these early
cultivars are harvested at green mature stage and undergo a degreening
process to achieve the desirable yellow colour. Both strategies can be
quite aggressive and may have a negative impact on the external quality
of the fruit (Serna-Escolano et al., 2023).

An intact blemish-free rind fruit is an important factor for the fresh
markets. However, the external peel quality of lemon fruits is seriously
affected by physiological disorders that appear during postharvest
storage, such as rind pitting. It is characterized by the appearance of
deep depressions and darkening in the epidermis, resulting from the

and factors influencing fruit susceptibility to this physiological disorder
are unknown. However, previous results in oranges (Alferez et al., 2005)
and grapefruits (Alferez et al., 2010) have associated its susceptibility to
low relative humidity. Additionally, controlling fruit respiration using
cooling systems or wax coatings with an adequate oxygen diffusion has
been effective in reducing its incidence (Alquézar et al., 2010). Cronje
et al. (2017) proposed that albedo thickness and its ability to control
water relations is probably an important factor involved in the devel-
opment of this disorder. Furthermore, Alferez and Zacarias (2014)
showed that maturity stage directly affected the control of water po-
tential, which increased rind disorders in more mature citrus fruits.
Ethylene is a plant hormone synthesized from S-adenosylmethionine
(SAM) through 1-aminocyclopropane-1-carboxylic acid (ACC), which
plays an important role in regulating stress response (Tosetti et al.,
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2020). Lemon fruits are non-climacteric and produce very low levels of
ethylene during ripening. This hormone does not promote relevant in-
ternal changes in citrus fruits, but it is widely used to improve the skin
colour changes from green to yellow (degreening) in early lemon season
cultivars (Rodrigo and Zacarias, 2007). Therefore, ethylene can have an
effect on the expression of multiple genes in tissues peel. In this sense,
the application of exogenous ethylene has been used to prevent
non-chilling (Establés-Ortiz et al., 2016) and chilling induced peel
pitting (Lafuente et al., 2004). This molecule induces numerous and
diverse stress-related mechanisms in citrus fruit. A study on the network
analysis of postharvest senescence in orange peel revealed that abiotic
stress induced endogenous production of ethylene and the expression of
transcription factors associated with fruit senescence, which also
impacted the overall energy-related metabolism (Ding et al., 2015).

Polyamines (PAs) are linear or aliphatic molecules occasionally
branched with polycationic nitrogen compounds. Putrescine (Put),
spermidine (Spd) and spermine (Spm) are the most common PAs in
plants, while thermospermine and cadaverine are only found in some
higher plant species (Jangra et al., 2023). Arginine is the precursor of
ornithine and agmatine, which can be transformed into Put. Putrescine
is the first point to obtain Spd through the transfer of decarboxylated
S-adenosyl methionine (dcSAM) to Put, and Spm is formed by the
addition to Spd of another aminopropyl group (Bldzquez, 2024).
Ethylene and PAs have an interconnected pathway due to their common
precursor SAM. Therefore, if this substrate is limited, it could determine
the preference for the production of ethylene or Spd and Spm
(Puente-Moreno et al., 2025). Although previous results in mutants of
tomatoes proved that the presence of SAM could not be a limiting factor,
and both pathways could function at the same time (Mehta et al., 2002).
In this sense, a parallel biosynthesis of ethylene and PAs has been widely
studied by Lokesh et al. (2019) in bananas, concluding that ethylene and
PAs do not compete for SAM, since PAs were synthetized through
arginine-mediate pathway. It has been proposed that PA accumulation
has an adaptive response to protect plants against abiotic stresses
(Alcazar et al., 2020). In comparison to the many reports that describe
the roles of PAs in climacteric fruits, in non-climacteric fruits the in-
formation that highlight how PAs participate in fruit ripening, senes-
cence and quality is limited. In lemons, it has been previously reported
the accumulation of Put in flavedo when fruits were stored at chilling
injury temperatures (McDonald, 1989; Martinez-Romero et al., 1999).
In grapes, endogenous Put and Spd levels usually decline during fruit
ripening and senescence, while Spm remains constant (Agudelo-Romero
et al., 2013). Results in strawberries showed that Spm levels increased
after the fruit turning red, being predominant in ripe fruits (Guo et al.,
2018). Furthermore, in strawberries it has been recently described the
importance of polyamine oxydase 5 (PAO5) regulating fruit ripening,
allowing the accumulation of Spd and Spm (Mo et al., 2020). Exogenous
application of Put to ‘Verna’ lemons at postharvest increased endoge-
nous levels of Put, leading to increased fruit firmness maintenance and
reduced weight loss during storage as compared to control fruits (Valero
et al., 1998). Also in lemons, the exogenous application of individual Put
and Spd and their combination reduced electrolyte leakage, indicating
maintenance of the cell membrane structure that protects the fruit from
chilling injury (Kawaleguet et al., 2022). Accordingly, in climacteric
fruits such as peach fruits, the exogenous application of PA lead to the
inhibition of ethylene emission, delaying fruit softening and increasing
fungal resistance during postharvest storage (Torrigiani et al., 2012).
Therefore, the increase in PA levels could be considered an important
adaptive mechanism to delay fruit ripening and senescence (Shi et al.,
2010).

The molecular basis that explains the differences in the susceptibility
of lemon fruits to rind pitting is still unclear. Therefore, the aim of this
research was to study the impact of intensive fertigation on ethylene
production and PAs accumulation compared to standard fertigation in
order to identify their possible roles in the rind pitting incidence and
severity of ‘Fino’ lemons.
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2. Material and methods
2.1. Experimental design and quality assessment

The experiment was designed to follow the normal agronomical
practices used in the field and postharvest handling for lemon fruits
under organic production system (Fig. 1). Thus, the experiment was
carried out in a commercial field located in Orihuela (Alicante, Spain),
under an average temperature of 18 °C and 280 mm/year of rainfall
during 2023-2024 season. Two plots with 75 ‘Fino’ lemon trees grafted
on Citrus macrophylla rootstock of 10 years old with two independent
drip fertigation systems (intensive fertigation (IF) and standard ferti-
gation (SF)) were selected for this experiment, according to previous
conditions described by Serna-Escolano et al. (2023) summarised in
Table 1. The fertilisers used for this experiment were organic liquid
nitrogen and potassium oxide (K20).

Both fertigation systems are used by the lemon fruit growers at the
beginning of the season with different purposes; IF is normally applied to
promote lemon fruit growth, whereas SF is used to reduce fruit matu-
ration process on tree.

Two thousand lemon fruits with green colour and commercial
diameter (higher than 55 mm) were harvested on the 18th of September
2023 from both SF and IF systems. These fruits were transferred to the
laboratory in 2 h and were subjected to a degreening treatment (Fig. 1),
consisting of 8 days storage in closed chamber at 25 °C and a relative
humidity (RH) of 90-95 % in order to acquire the yellow skin colour
necessary for its marketing. This degreening treatment is the only
allowed for organic lemon fruit production by the European legislation
(Regulation (EU) 2018/848). After degreening, the first sample of 30
lemons from the SF and IF systems without visual physical damages and
homogeneous in size were selected for the individual measures of
respiration rate and ethylene production as shown Fig. 1. In addition, six
lots of five fruits were made at random and after peeling, peel samples
from each lot were mixed and frozen at —80 °C for ACC and PA
determinations.

Furthermore, 1000 lemons from each fertigation treatment were
selected after degreening and stored at 8 °C and 85 % RH during 7 days.
These storage conditions are used by the lemon fruit industry prior to
marketing (Fig. 1). After that storage period, lemons were visually
assessed according to the severity of rind pitting symptoms as follows: 0:
absence of rind pitting.1: low level (less 25 % of the flavedo affected). 2:
medium level (25-50 % of the flavedo affected). 3: high level (more than
50 % of the flavedo affected) (Fig. 2). Then, the second sample (Fig. 1) of
30 lemons from SF and IF systems without rind pitting (WRP) and with
rind pitting (RP), 0 and 3 scores, respectively, were selected for the in-
dividual measures of respiration rate and ethylene production and the
peel of six lots of five fruits were mixed and frozen at —80 °C to measure
ACC and PAs as indicated above.

2.2. Physiological analysis

The individual respiration rate of 30 lemons was determined at room
temperature by placing each fruit individually in a 0.5 L glass jar for 60
min. Then, a volume of 1 mL of the headspace was injected into a gas
chromatograph (GC- 14B, Shimadzu, Kyoto, Japan) coupled to a thermal
conductivity detector to measure COz concentration and the data was
expressed as mg of CO, Kg~! h™! (Martinez-Espld et al., 2018). For the
individual ethylene production another sample of 1 mL from the jar was
injected into GC (TMGC-2010, Shimadzu, Kyoto, Japan) fitted with a
flame ionization detector and results were expressed in nL Kg~! h™?
(Martinez-Espla et al., 2018).

2.3. ACC extraction assay

Total ACC (free and conjugated) was extracted as previously
described Zapata et al. (2004) with some modifications by
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Fig. 1. Flowchart of the experimental design to determine the involvement of ethylene production and polyamine accumulation in lemon fruit rind pitting promoted
by the most stressful steps of the lemon fruit production in the industry. The first sample was taken after degreening and the second samples after 7 days of

cold storage.

Table 1

Total irrigation (m® ha™') and nitrogen/potassium fertilization (Kg ha~") applied in intensive fertigation (IF) and standard fertigation (SF) plots during the flowering
(March-June), fruit growth (July-August) and fruit ripening (September-December).

Stages IF SF
Irrigation Nitrogen Potassium Irrigation Nitrogen Potassium
Flowering 150 10 20 150 10 20
Fruit growth 600 60 120 300 30 40
Fruit ripening 200 0 10 200 0 10
Total 950 70 150 550 40 70

Fig. 2. Classification of ‘Fino’ lemons according to the flavedo rind pitting
damage from scores 0 to 3.

homogenising 2 g of peel from each sample with 0.2 M trichloroacetic
acid (1: 3 w/v) and the extracts were centrifuged at 10000 g for 10 min.
The supernatants were used to determine its free-ACC through the
chemical conversion of ACC to ethylene in a reaction medium that
contained 100 pL of 10 mM CIHgy, 100 pL of saturated NaOH, 0.5 mL of
5 % NaOCl and 0.5 mL of extracts. In order to determine total-ACC, 5 mL
of the extracts were hydrolysed with 1 mL of 2 N HCI, at 100 °C for 60
min. Then, total-ACC was measured as described above doing the
chemical conversién of ACC to ethylene. A calibration curve of ACC
from Sigma-Aldrich (Poole, Dorset, England) was used as standard. The
results (mean + SE) of three measurements from each of the six repli-
cates for each peel sample were expressed as nmol per gram of fresh
weight (nmol g’1 FW).

2.4. Polyamine analysis

Free PAs were extracted by homogenising 2 g of peel samples in 10
mL of 5 % perchloric acid and those extracts were centriguged 15 min at
10000 g. Benzoylated free PAs were determined as previously reported
Zapata et al. (2003) by an HPLC (Hewlett-Packard Company, Wil-
mington, DE) equipped with a phase reverse column (LiChroCart
250-4.5 pm). The elution system MeOH/H20 (64: 36) running iso-
cratically with a flow rate of 0.8 mL min~!. Calibration was made with
hexanediamine (100 nmol g’1 FW of tissue) as an internal standard, and

standard curves of Put, Spd, and Spm from Sigma-Aldrich (Poole, Dorset,
England) were used to determine the Pas content in samples. The results
(mean =+ SE) of three measurements from each of the six replicates for
eagh peel sample were expressed as nmol per gram of fresh weight (nmol
g ~ FW).

2.5. Total antioxidant activity

The extraction was carried out by homogenising 2 g of flavedo in 10
mL of potassium phosphate buffer 50 mM pH 7 and ethyl acetate (2:1 v/
v). The extracts obtained were centrifuged at 10,000xg for 12 min at
4 °C. The antioxidant activity was measured in the hydrophobic and
hydrophilic phases using the ABTS-peroxidase system as described by
Serna-Escolano et al. (2023). The total antioxidant activity (TAA) was
the sum of both phases in six replicates for each peel sample, and the
results were expressed as mg of Trolox equivalent per 100 g FW.

2.6. Statistical analysis

Data for each peel sample were the mean + SE and were statistically
analysed by Student’s unpaired t-test and ANOVA with a multiple-range
test (Tukey’s test) to determine significant differences between samples
(p < 0.05). Those statistical analyses were performed using SPSS,
version 22 (IBM Corp., Armonk, NY, USA). In addition, the PCA model
was constructed with normalized data using Unscrambler 11 software
(CAMO AS, Oslo, Norway).

3. Results and discussion

Respiration rate is one of the most important parameters that in-
dicates the metabolic processes of the fruit after harvest. Thus, higher
values of respiration rate lead to faster comsumption of carbohydrates
and organic acids accelerating fruit senescence (Li et al., 2016). Results
indicated differences in fruit metabolism reflected in the respiration
rate, as it was 37.5 % higher in lemons cultivated with the IF compared
to those in the SF system after the degreening process (Fig. 3A). Addi-
tionally, results in Fig. 3B showed that ethylene production was 3-fold
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Fig. 3. Effect of standard fertigation (SF) and intensive fertigation (IF) on A) respiration rate, B) ethylene production, C) free 1-aminocyclopropane-1-carboxylic acid
(Free-ACC), D) total 1-aminocyclopropane-1-carboxylic acid (Total-ACC) and E) total antioxidant activity in lemon peel after degreening. Asterisks show significant
differences at * p < 0.5, **p < 0.01 and ***p < 0.001 according to Student’s unpaired t-test.

higher in the IF lemons compared to the SF ones, 7.15 + 0.32 and 1.99
+0.11 ng kg~ h™}, respectively. Furthermore, free-ACC and total-ACC
content in the peel of lemons harvested from the IF system showed an
increase of ca. 80 % and 37.5 %, respectively, compared to the SF
lemons (Fig. 3C and D). Generally, the degreening process in lemons has
been associated with fruit quality losses due to exposure to high tem-
peratures and relative humidity over a long period (Serna-Escolano
et al., 2022). Temperature plays an important role in modulating
ethylene production. Therefore, ethylene could be acting as a stress
signal during degreening. Thus, in watermelon the increase of storage
temperature from 20 °C to 30 °C enhanced ethylene production through
the expression of genes encoding ACC synthase and ACC oxidase (Zhou
etal., 2016). Also, in longan fruits stored at 25 °C an increase in ethylene
production occurred, which was associated with the transcription of the
ethylene-responsive factor-like gene DIERF1, which promotes post-
harvest decay and fruit senescence (Kuang et al., 2012). Lemon fruit is a
non-climacteric fruit that shows no respiration or ethylene production
peaks associated with ripening. However, previous results in other
non-climacteric fruits, such as strawberry and orange have reported that
ethylene was involved in the senescence process of the fruit interacting
with abscisic acid through the induction of the NCED1 gene (Tosetti
et al., 2020; Feng et al., 2021). Therefore, high ethylene production
could act as a signal of stress and trigger lemon fruit senescence. In this
sense, the higher ethylene production and free and total-ACC content in

peel tissue of lemons from IF system than in those from SF system would
indicate a response to stress due to IF. Regarding the antioxidant status
of the fruit, lemons harvested from the SF system showed ca. 14 %
higher TAA than those harvested from the IF system (Fig. 3E). These
results were similar to those published in lemons and oranges where
fruits harvested from the IF system showed the lowest levels of TAA,
which was associated with an accelerated ripening process during
postharvest (Hou et al., 2021; Serna-Escolano et al., 2023).

Regarding the content of PAs in lemon peel after degreening, lemons
harvested from the SF system had ca. 20 % more free PAs (Put + Spd +
Spm) than IF ones (248.45 + 5.39 and 195.07 + 7.44 nmol g},
respectively), with Spm being the major PA (Fig. 4). Besides, the content
of Spd and Spm was lower in the IF lemons compared to the SF ones,
with a decrease of ca. 30 % in both PAs (Fig. 4B and C), while no sig-
nificant (p < 0.05) differences were found for Put between both ferti-
gation systems (Fig. 4A). Those results could indicate the importance of
SAM as a pivotal factor in the biosynthetic pathways of ethylene and PAs
in lemons. In fact, lower PA content and higher ACC biosynthesis and
ethylene production was found in the IF samples than in SF samples. In
Arabidopsis, it has been reported that levels of free PAs increase under
stress conditions through transcriptional regulation of the genes
encoding PA metabolism (Zarza et al., 2017). However, the present re-
sults show higher levels of Spd and Spm in SF than in IF samples showing
that lemon fruit from SF would be more tolerant to the stressor
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degreening process, due to their higher PA content. In agreement with
the present results, Spm has been evidenced to provide abiotic stress
tolerance in plants through the activation of its regulatory enzymes and
regulating redox signalling (Kusano et al., 2008; Anwar et al., 2015).
After 7 days of storage at 8 °C, the rind pitting damage was evaluated
according to 0-3 scores (Fig. 2). Results showed that the incidence of
rind pitting in lemons harvested from the IF system was approximately
2-fold higher than in SF lemons (Fig. 5A). Besides, the severity of
damage in lemons with rind pitting harvested from SF system was
mainly scored as 1, while in lemons from the IF system, the severity was
accounted for score 3 (Fig. 5B). Fertigation practices could impact
growth and maturation process of fruit on the tree. Furthermore, pre-
vious results in ‘Fino’ lemons showed that the best physicochemical
quality and antioxidant properties were obtained in those samples har-
vested from the SF system (Serna-Escolano et al., 2023). Therefore,
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lemons from SF and IF systems could have different responses to post-
harvest stress. Rind pitting in lemon fruits is associated with the stability
loss of the cell wall structure. The effect of high endogenous ethylene
could be related to the increased activity of cell wall hydrolytic enzymes,
particularly polygalacturonases, pectin methylesterases and cellulases,
which hydrolyse the cell wall components of the peel (Wormit and
Usadel, 2018). In Navelate oranges, ethylene-mediated mechanisms
modified the epicuticular waxes through the modulation of terpenoids
and fatty acids, which could negatively affect the peel structure (Romero
and Lafuente, 2022).

On the other hand, polyamines are present in living organism as free
and conjugated forms. Specifically, non-covalent conjugated PAs are
associated with the stability of the membrane structure
(Agudelo-Romero et al., 2013). Thus, increased levels of endogenous
PAs in Washington Navel and Lane Late sweet orange fruit were
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Fig. 5. Effect of standard fertigation (SF) and intensive fertigation (IF) on rind pitting incidence (A) and severity (scored from 1 to 3) (B) in lemons stored for 7 days
at 8 °C. Asterisks show significant differences at * p < 0.05, **p < 0.01 and ***p < 0.001 according to Student’s unpaired t-test.
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associated with peel resistance to chilling temperatures (Hussain and
Singh, 2015). Thus, the higher ethylene production after degreening in
IF lemons with respect to SF ones could be responsible for their
increased rind pitting incidence and severity, while the higher Spd and
Spm content in SF fruits show a protective role against this physiological
disorder.

Lemons from the SF and IF systems without rind pitting (score 0) and
with severe rind pitting (score 3) after 7 days of cold storage were used
to measure respiration rate, ethylene production and ACC and PAs
levels. Results showed that the lowest was found in SF lemons without
rind pitting, which was in agreement with results previously observed
after the degreening process, and in lemons from IF system showing rind
pitting (Fig. 6A). Thus, the lower respiration of lemons from the SF
system without rind pitting could be due to a better control of the
metabolism associated with maintaining energetic balance during cold
storage (Sati et al., 2024), while the results observed in IF lemons with
rind pitting could be related to programmed cell death produced during

Plant Physiology and Biochemistry 223 (2025) 109851

peel collapse (Ding et al., 2015. Regarding ethylene production, this
parameter decreased during cold storage in all lemon samples, since
values were lower after cold storage (Fig. 6B) than after the degreening
process (Fig. 3B). However, the highest values were observed in the SF
lemons with rind pitting, without significant (p < 0.05) differences be-
tween the other samples (Fig. 6B). In addition, lemons from the IF sys-
tem with rind pitting had approximately 2-fold more free-ACC
concentration than other samples, without significant (p < 0.05) dif-
ferences found between them (Fig. 6C). Total-ACC was higher in the IF
lemons independently of the presence of rind pitting, followed by
lemons from the SF system with rind pitting and the lowest concentra-
tions were found in the SF lemons without rind pitting (Fig. 6D).
Therefore, total-ACC has been synthesized to a greater extent in lemons
cultivated in the IF system either with or without rind pitting damages.
Furthermore, the lack of increased ethylene production in IFRP lemons
could be due to a low activity of ACC oxidase enzyme (ACO), which is
supported by higher free-ACC found in those samples. In this sense, the
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Fig. 6. Effect of standard fertigation (SF) and intensive fertigation (IF) on A) respiration rate and B) ethylene production of lemons stored for 7 days at 8 °C without
rind pitting (WRP) and with rind pitting (RP). Furthermore, C) free 1-aminocyclopropane-1-carboxylic acid (Free-ACC), D) total 1-aminocyclopropane-1-carboxylic
acid (Total-ACC) and E) total antioxidant activity were determined in lemon peel. Different letters show significant differences at p < 0.05 according to Tukey’s

range test.
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modulation of the ACO activity during cold storage has been described
in transgenic oranges, showing that the increase on ACC content coin-
cided with absence of ACO activity which was directly related to the
development of chilling injury symptoms (Wong et al., 2001). These
results could be related to others previously published in ‘Fortune’
mandarins, ‘Navelina’ and ‘Valencia’ oranges where endogenous
ethylene production was stress-induced (Lafuente et al., 2003).
Furthermore, a wound assay induced a rapid increase in ethylene pro-
duction and ACC content in orange tissues, indicating the importance of
ethylene as a damage signalling molecule in citrus (Zacarias and Alferez,
2007). In other non-climacteric fruit, such as zucchini, it has been
published that ethylene production occurs not only during fruit
rewarming but also under cold storage, which could be partly respon-
sible for peel chilling injury (Megias et al., 2016). In addition, it is worth
nothing that the increase of total-ACC observed in lemons from IF sys-
tem before storage (Fig. 3D) was also evident after a week of cold
storage, although it was independent of the rind pitting incidence
(Fig. 6D). Thus, the IF system would increase ACC-synthase activity
leading to high total-ACC content which was evident after degreening
and even after cold storage. The results showed that the TAA was
significantly (p < 0.05) higher in fruits without rind pitting than in fruits
with rind pitting symptoms (Fig. 6E), showing a decrease of ca. 3.5-fold
on average. This effect could be related to the scavenging activity of free
radicals produced during cell collapse, which consume the antioxidant
compounds (Costanzo et al., 2022). Furthermore, an effect of the ferti-
gation system was observed, since the highest TAA levels were found in
fruits harvested from the SF system, independently of the rind damage
(Fig. 6E), maintaining the differences previously observed in Fig. 3E.
Results in Fig. 7 showed that free PAs decreased during cold storage
in all lemon samples as compared with results after degreening (Fig. 4).
After cold storage, Put and Spm showed the highest levels in lemons
without rind pitting compared to those with rind pitting (Fig. 7A and C).
Regarding Spd, lemons from SF system with rind pitting showed the
highest levels, while no significant (p < 0.05) differences were found
between other samples (Fig. 7B). In addition, total PAs content (Put +
Spd + Spm) was higher in lemon without rind pitting than in those
showing high rind pitting scores, either for SF as for IF systems, with
values of 159.63 + 4.39 and 166.38 + 5.42 nmol g~! for SFWRP and
IFWRP, respectively and 120.11 + 3.87 and 95.01 =+ 4.21 nmol g~! for
SFRP and IFRP, respectively. In addition, the results showed that SFWRP
and IFWRP lemons had similar Spm values (Fig. 7C), which could be
related to the fact that these lemons did not develop rind pitting during
the cold storage. Therefore, this experiment shows that in both fertiga-
tion systems there are lemons with good quality characteristics to
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prevent rind disorders during storage. These results highlight the
importance of the PA accumulation to protect lemon fruit against rind
pitting incidence. Previous studies have providing evidences regarding
the role of Spm inducing stress tolerance (Alcazar et al., 2020). This
effect could be explained by several mechanisms; the first would be the
capacity of PAs to inhibit the oxidation of metals, decreasing the pro-
duction of oxidative species; the second would be indirectly through the
regulation of genes encoding the antioxidant machinery or by increasing
the activity of antioxidant enzymes such as superoxide dismutase and
catalase; and the third would be through the induction of H,O5 by PA
oxidases acting as a signaling to induce antioxidant enzymes (Shi et al.,
2010; Tanou et al., 2014; Moschou et al., 2008). In these results Spm was
the PA that showed the highest differences between fruit with and
without rind pitting symptoms (Fig. 7C), which has been previously
reported by Hasan et al. (2021) in plants under stress conditions. The
elevated concentration of Spm could be induced as a part of the anti-
oxidant systems under stress conditions (Capell et al., 2004). Moreover,
the involvement of Spd in stress resistance has been also supported by
experiments that studied the effects of the mutation of PAO5 gene or by
overexpression of genes encoding SAM decarboxylase or Spm synthase
which caused higher tolerance to different types of abiotic stresses
(Sanchez-Rodriguez et al., 2016). In this sense, the higher level of Spm
found in SFWRP and IFWRP lemons (Fig. 7A) could be explained by the
Spm synthase activity, since in these samples the lower levels of
free-ACC and ethylene production (Fig. 6B and C).

A principal component analysis (PCA) was applied to the whole re-
sults showing that PC-1 and PC-2 accounted for 63 % and 21 % of the
total variance of the X and Y variables, respectively (Fig. 8). The cu-
mulative variance contribution of PC-1 and PC-2 was 84 %. PC-1 was
clearly identified with respiration rate (0.42), ethylene production
(0.44), free-ACC (0.39), Put (0.39) and Spd (0.33), while PC-2 was
related to TAA (0.70), total-ACC (—0.71), and Spm (0.62). All parame-
ters were found on the positive side of the PC-1. The most important
parameters on the positive side of the PC-2 were respiration rate, TAA,
Spm, and Put, while ethylene production, Spd, free-ACC and total-ACC
were on the negative side. The results showed that PC-1 allowed the
differentiation of three groups: two groups consisting of lemons from the
SF and IF systems after degreening, and another group consisting of
lemons after 7 days of cold storage, regardless of the fertigation system,
without rind pitting symptoms, which also included the SF and IF
lemons with rind pitting. Regarding PC-2, the results showed four
groups: the first group consisted of lemons from the SF system without
rind pitting after 7 days of cold storage, the second group consisted of
lemons from the IF system without rind pitting after 7 days of cold
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Fig. 7. Effect of standard fertigation (SF) and intensive fertigation (IF) on A) putrescine (Put), B) spermidine (Spd) and C) spermine (Spm) concentration of lemon
peel taken from fruit without rind pitting (WRP) and with rind pitting (RP) stored for 7 days at 8 °C. Different letters showed significant differences at p < 0.05

according to Tukey’s range test.
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Fig. 8. Principal component analysis (PCA) biplot showing the relationships among different samples and the measured parameters. Samples are shown in blue (o)
and the parameter vectors are shown in red (e). Lemon samples were abbreviated as follows; standard fertigation (SF), intensive fertigation (IF), standard fertigation
without rind pitting (SFWRP), intensive fertigation without rind pitting (IFWRP), standard fertigation with rind pitting (SFRP) and intensive fertigation with rind
pitting (IFRP). The parameters included in the analysis were respiration rate (RR), ethylene production (EP), free 1-aminocyclopropane-1-carboxylic acid (Free-ACC),
total 1-aminocyclopropane-1-carboxylic acid (Total-ACC), total antioxidant activity (TAA), putrescine (Put), spermidine (Spd) and spermine (Spm). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

storage and those harvested from the SF system after degreening, the
third group contained lemons from the IF system after degreening and
those from the SF system with rind pitting symptoms, and the fourth
group consisted of IF lemons with rind pitting. Therefore, the fertigation
system in lemons after degreening, and, the cold storage time were
closely related to the respiration rate, ethylene production, Spd, Put and
free-ACC while the rind pitting symptoms were more dependent on Spm,
TAA and total-ACC.

4. Conclusion

The present study revealed that ethylene production through the
biosynthesis of its precursor (ACC) was drastically increased in lemons
grown under the IF system after degreening, which significantly reduced
the accumulation of free PAs in these peel samples compared to lemons
from the SF system. In addition, when rind pitting appeared on the
lemon fruit surface after 7 days of cold storage, only a basal ethylene
production was detected, although total-ACC was high in fruits from the
IF system and/or rind pitting. Furthermore, it was observed that free PAs
were lower in samples with a high incidence and severity of rind pitting,
regardless of the fertigation system. The results also showed the
importance of Spm in controlling the severity of the rind pitting.
Therefore, the overall data showed that ACC synthesis is induced under
stress conditions, while increased PAs levels have a role as an adaptative
response to protect against IF, degreening process and cold storage
conditions, although further research is needed to understand the mo-
lecular mechanism involved in these responses.
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