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Unveiling biomarkers for
postharvest resilience:

the role of canopy position on
quality and abscisic acid
dynamics of ‘Nadorcott’
clementine mandarins

Angela Navarro-Calderdn, Lembe S. Magwaza, Leon A. Terry
and M. Carmen Alamar*

Plant Science Laboratory, Cranfield University, Cranfield, United Kingdom

Introduction: Clementine mandarins are categorised as non-climacteric fruit
because they do not exhibit an increase in respiration rate and ethylene
production during ripening. Recent studies have suggested that abscisic acid
(ABA), a distinct ripening hormone, plays a pivotal role in the postharvest
behaviour of this fruit. The present study aimed to identify biomarkers for
enhancing the postharvest durability and flavour retention of imported
‘Nadorcott’ clementines (Citrus reticulata Blanco). To achieve this goal, an
experiment was designed to investigate pre- and post-harvest factors
influencing quality of clementine fruit, encompassing both physiological and
biochemical aspects. Furthermore, the study investigated the role of ABA and
ABA catabolites in the fruit senescence process.

Methods: Clementines from four different canopy positions, i.e. upper outside,
upper inside, lower outside, and lower inside, were manually harvested at
different horticultural maturity. The study was conducted over two harvest
times, specifically in March (mid-season) and April (end of season). Harvested
fruit samples were stored for six weeks in a cold room with temperature and
relative humidity set at 8.5+0.5 °C and 85+ 2%, respectively. Various physiological
(i.e. respiration rate), organoleptic (i.e. rind colour, total soluble solids, and
titratable acidity) and biochemical (i.e. individual sugars and organic acids,
abscisic acid and its catabolites) variables were measured bi-weekly. Sensory
evaluation and consumer survey were conducted during the fourth week
of storage.

Results and discussion: At the end of storage, fruit located on the inside of the
canopy had a significantly higher respiration rate and lower concentration of
sugars than outside fruit, resulting in a shorter shelf-life. At the same time, inside
fruit showed a higher concentration of ABA and ABA catabolites than outside fruit,
coinciding with a lower consumer acceptance score for external appearance,
aroma, and flavour. For the first time, the key biomarkers affecting resilience and
flavour retention, notably the higher ABA concentration and lower sugar levels in
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inner canopy fruit, resulting in a shorter shelf-life and reduced consumer
acceptance were unveiled. This research not only provides valuable insights for
the citrus industry but also unveils the intricate relationship between fruit quality,
ABA, and ABA catabolites during senescence and consumer acceptance.
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1 Introduction

Soft citrus, including mandarins such as tangerines,
clementines, and satsumas are preferred by consumers for their
ease of peeling, juiciness, and delightful balance of sweet and tangy
citrus flavours (Bures et al., 2023; Gupta et al., 2023). However,
consumers are not able to evaluate these attributes at the moment of
purchasing, and their decision is based on the external appearance
and perceived freshness of the fruit (Magwaza and Opara, 2015;
Guo et al, 2023). To maintain a consistent supply of fruit
throughout the year, the citrus industry procures fruit from
multiple growing locations spanning different seasons and
climatic regions. As a result, effective management of the fruit
within the canopy position, light interception, irrigation, harvest
maturity, postharvest storage temperature and relative humidity
become crucial in determining the final quality (Mditshwa et al,
2017; Lado et al., 2018). Citrus fruits are harvested using established
commercial standards which are based on the concept of minimum
physiological maturity. However, the horticultural maturity at
which citrus is harvested can vary, depending on intended use
and targeted markets. Hence, fruit harvested at different times
during the season will exhibit varying quality categories (Thakre
et al., 2015; Rokaya et al., 2016; Sun et al.,, 2021).

The position of the fruit within the canopy has been widely
reported to have an effect on citrus rind quality and susceptibility to
postharvest disorders (Cronje et al,, 2011a., Cronje and Barry, 2013;
Magwaza et al,, 2013, 2019). Generally, fruit harvested from the outer,
sun-exposed parts of the canopy have better colour (deep orange),
higher rind sugar and organic acid concentration, higher juice content,
and less susceptibility to postharvest rind disorders (Moon et al., 2011;
Cronje et al,, 2011a; Cronje and Barry, 2013; Ncama et al., 2018a;
Ncama et al., 2018b; Olarewaju et al., 2017). However, opposing results
have also been reported, with the fruit located on the inside position of
the canopy showing the highest rind carbohydrate levels (Magwaza
et al, 2013). These differences between canopy positions have been
explained by the postharvest changes in hormonal content due to
abiotic stresses (Rosa et al.,, 2009; Romero et al., 2013; Sawicki et al.,
2015; Magwaza et al,, 2019; Olarewaju et al.,, 2022) as well as the
different microclimatic conditions within the canopy, mainly light
exposure, temperature, and osmotic pressures (Moon et al, 2011;
Cronje et al.,, 2011b; Cronje and Barry, 2013).
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Although a significant amount of research has reported the
effect of the canopy on citrus fruit quality, most of the studies have
focused on rind quality during postharvest storage, rather than on
internal biochemical properties. The information on how canopy
position affects citrus fruit internal quality and consumer
experience after harvest is limited (Ncama et al., 2018a, Ncama
et al,, 2018b; Olarewaju et al., 2018, 2022). This knowledge gap has
been previously reported by many authors, who have identified the
need for research relating to produce attributes, shelf-life, and
consumer preferences (Poole and Baron, 1996; Gao et al, 2011;
Terry et al,, 2011; Goldenberg et al., 2015);. Therefore, the present
study was designed with the objectives of (i) evaluating the quality
of clementines from different canopy positions at different
horticultural maturity stages during postharvest cold storage, (ii)
determining if these differences can be perceived by consumers
during the eating experience, and (iii) identifying the attributes that
drive purchasing decisions and if these coincide with the
preferences of citrus consumers.

2 Materials and methods
2.1 Plant material

The experiments were conducted on clementine fruits (Citrus
reticulata Blanco) cv. ‘Nadorcott’” on Cleopatra (Citrus reshni hort.)
rootstock from a commercial field in Lora del Rio, Seville (Southern
Spain). The meteorological data for the orchard in the months
preceding the harvest is presented in Supplementary Table 1. Three
trees from three consecutive rows (spaced 6 x 5 m) (9 trees, n = 3) were
selected for their good crop load and distribution of the fruit within the
tree. A total of 2,880 clementine samples were manually harvested from
four distinct canopy positions, namely, upper outside, upper inside,
lower outside, and lower inside (Khan et al., 2009, Cronje et al., 201 1a;
Cronje et al,, 2011b; Cronje and Barry, 2013) (Supplementary Figure 1).
Fruit were harvested at different horticultural maturity according to
commercial standards at two different times during the 2017 season
(March - middle of the season and April - end of the season). The fruit
were then transferred to the Plant Science Laboratory (PSL) at
Cranfield University, UK, by refrigerated lorry (5.5 + 0.5°C and 85 +
2% relative humidity [RH]) within 5 days from harvest.
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2.2 Experimental design

Upon arrival at the Plant Science Laboratory (PSL), samples
with skin damage or decay were removed, and only sound fruit were
placed in crates in cold storage (8.5 + 0.5°C and 85 + 2% RH)
overnight to acclimatise. The experiment consisted of four canopy
positions, two harvest times (March and April), and three replicates
per canopy position, with six fruit per replicate. This led to a total of
18 fruit (n = 3 reps * 6 fruit per rep = 18) per canopy position.
Sampling for physical, physiological, and biochemical parameters
was done upon arrival and every two weeks during the six-week
storage period.

2.3 Physiological analysis

2.3.1 Respiration rate and rind colour

Respiration rate (RR) was measured as described by
Collings et al. (2018). Samples were placed in 3 L airtight glass
jars and dry clean air (300 mL min™") was passed through the jars
into a Sable Respirometry System (model 1.3.8 Pro, Sable Systems
International, Las Vegas, USA). Each sample jar (n = 3 replicates
per treatment, 6 clementine fruit per replicate) was measured for
2 min to achieve a stable reading. An empty jar (continuous air for
1 min) was used as a baseline to avoid crosscontamination between
treatment measurements. The rate of CO, production was
expressed in mL kg h™".

The external colour of the samples was determined using a
hand-held tristimulus colourimeter with a D65 illuminant and
8 mm light aperture (model CR-400 Chroma Meter, Konica
Minolta Inc., Cheshire, UK). The colourimeter was calibrated
with a white plate, and it provided the lightness.

(L*), chroma index (C* = V(a*)*+ (b*)?), and Hue angle
(H® = tan"}(**/,#)) values of the samples, where a* and b* are the
CIELAB colour space coordinates. These colour parameters are
widely used as a measure of ripeness (Conesa et al., 2016).

2.3.2 Total soluble solids, juice content and
titratable acidity

The juice of six clementine fruit per replicate was prepared
using a commercial citrus juicer and filtered through a stainless steel
fine mesh sieve to obtain a clear juice. The total soluble solids (TSS)
content of the clementine juice was measured at room temperature
(21°C) using a digital refractometer with automatic temperature
compensation (model PR-32c, Atago Ltd., Tokyo, Japan) and
expressed as %. The refractometer was calibrated using deionised
water, and the measurements were done in triplicate. The juice
content was determined by weighing both the juice and the fruit,
using the following formula: juice content = (juice mass + fruit
weight) *100.

Titratable acidity (TA) was determined using an automatic
titrator (model Rondolino, Mettler Toledo Ltd., Leicester, UK).
The calibration of the equipment was done using a 3-point
calibration curve with pH buffers ranging from pH 4 to pH 10.
Then, 5 mL of juice was homogenised with 50 mL of deionised
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water, and the mL of NaOH consumed to reach an endpoint of pH
8.2 were recorded. The TA of the clementine fruit juice (%) was
calculated as mL NaOH * 0.1 N NaOH * milliequivalent factor * 100
*mL! juice. The milliequivalent factor for citric acid, which is the
predominant acid in citrus juice, is 0.064.

2.4 Biochemical analysis

Before biochemical analysis, portions of clementine segments
were cut, snap-frozen in liquid nitrogen and placed in a -50°C
CoolSafe freeze-dryer (Scanvac, Labogene, Denmark) for seven to
ten days, until a constant mass was reached. After this, the freeze-
dried samples were ground and kept at -40°C until analysis
(Garcia-Pastor et al., 2021).

2.4.1 Individual sugars

Extraction and analysis of individual sugars (glucose, fructose,
and sucrose) were done following Davis et al. (2007). Briefly, 150
mg of freeze-dried fruit samples were extracted with 3 mL of 62.5%
(v/v) aqueous High Performance Liquid Chromatography (HPLC)-
grade methanol in a water bath at 55°C for 15 min, vortexing every
5 min for 30 s. The extract was then filtered through 0.2 pm PTFE
filters and stored in 2 mL HPLC vials at -40°C until analysis. Before
analysis, the extracts were diluted 1:4 with HPLC-grade water.

Detection was performed using a refractive index detector
(RID) coupled to an Agilent 1200 series HPLC system (Agilent
Technologies, Germany) with a Phenomenex Rezex RCM
monosaccharide Ca** (8%) ion exclusion column (300 mm x
7.8 mm), 8 um particle size, fitted with a Phenomenex Carbo
Ca* mm x 3 mm guard column (Phenomenex, CA). The column
oven temperature was set at 80°C and the refractive index detector
at 50°C. The mobile phase used was HPLC-grade water at a flow
rate of 0.6 mL min™', and the autosampler injection volume was 20
UL. A 7-point calibration curve ranging from 1 to 4 mg mL™" was
used for quantification, and the results were expressed as mg g dry
weight (DW).

2.4.2 Individual organic acids

Analysis of non-volatile organic acids was done as described by
Terry et al. (2007) with slight modifications. Briefly, 150 mg of
freeze-dried samples were dissolved in 6 mL of 3% aqueous
metaphosphoric acid, kept at room temperature for 10 min,
filtered through 0.2 um cellulose filters into HPLC vials, and
analysed immediately after extraction.

The concentration of organic acids was determined using an
Agilent 1200 series HPLC system with an Alltech Prevail Organic
Acid 250 mm x 4.6 mm, 5 pm particle size column fitted with an
Alltech Prevail Organic Acid 7.5 mm x 4.6 mm, 5 um particle size
guard column (Alltech, CA, USA). The column oven temperature
was set at 35°C, and the compounds were detected by a diode array
detector (DAD) set at 210 nm. The mobile phase used was 25 mM
KH,PO, HPLC-grade water at a flow rate of 1.5 mL min’, and the
autosampler injection volume was 20 uL. An 8-point calibration
curve ranging from 5 to 300 pg mL ™" with a mixture of tartaric and
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malic acids was used for quantification, and the results were
expressed as mg g' DW.

2.4.3 Abscisic acid and its catabolites

The concentration of ABA and ABA catabolites was determined
by following a method previously used by Serradilla et al. (2019)
with modifications. Freeze-dried samples (5 mg) were mixed with
500 UL of methanol/formic acid/water (60:5:35, v/v/v) and 10 UL of
the internal standards mix (100 ng mL™") in a 1.5 mL Eppendorf
tube, and shaken in a Star Beater (R&L Slaughter Ltd., Essex, UK) at
30 Hz for 2 min. The internal standard mix was made of the labelled
forms of the compounds: (-)-

5,8°8787-d4-abscisic acid (d4-ABA); (-)-7°,77,7°-d3-phaseic acid
(d3-PA); (-)-77,77,7"-d3dihydrophaseic acid (d3-DPA);
(+)-4,5,8",8",8"d5-abscisic acid glucose ester (d5-ABA-GE); (%)
5,87,87,87-d4-7"-dihydroxy-ABA (d4-7-OH-ABA). The tubes were
then placed in dry ice and kept in darkness for 20 min. Afterwards,
the tubes were centrifuged at 4°C and 14 000 rpm for 10 min, then
transferred to 15 mL falcon tubes and freeze-dried overnight. The
extracts were reconstituted with 500 pL of acetonitrile/formic acid/
water (10:0.1:89.9, v/v/v), vortexed for 1 min, sonicated for 1 min,
and centrifuged at 4°C and 4 500 rpm for 1 min. The samples
(20 pL) were then injected on a Phenomenex Luna C18 100 mm x
2 mm, 3 um with guard column at 40 °C, and analysed by an
Agilent 1200 series HPLC system coupled to a Q-Trap 6500 mass
spectrometer (AB Sciex, MA, USA). The concentration of ABA and
ABA metabolites was quantified based on Morris et al. (2018)
methodology. A 6-point calibration curve ranging from 0.1 to 100
ng mL™! was used for quantification, and the results were expressed
as ng g' DW.

2.5 Consumer study

2.5.1 Sensory evaluation

The consumer tasting session was performed by an external
company, Wirral Sensory Services (Wirral, UK), which
recommended a minimum of 50 panellists to obtain useful
results. The tasters were regular consumers of citrus fruits with a
mixture of gender and socio-economic demographics. The session
took place at week 4 (representing minimum commercial storage
time) of storage for the fruit harvested in March. This was
simulating commercial storage and consumers were presented
with one fruit per canopy position in random order and asked to
score them for appearance, easiness to peel, aroma, flavour,
juiciness, texture, and overall acceptance using a 9-point hedonic
scale, where “1” meant “Extremely dislike” and “9” meant
“Extremely like”, according to Kemp et al. (2009).

2.5.2 Buying decision survey

A survey was carried out with the same 50 panellists to identify
the most important citrus attributes for consumers and which ones
were relevant for them at the moment of buying. The respondents

Frontiers in Horticulture

10.3389/fhort.2024.1353070

ranked different citrus attributes (appearance, easiness to peel,
aroma, flavour, sweetness, tanginess, juiciness, and texture) from
1 to 8, with 1 being the most important attribute and 8 the least
important. The total attribute importance was calculated using
Equation 1 (Kemp et al., 2009).

Total attribute importance
= (1st scorex8) + (2nd scorex7) + (3rd scorex6)
+ (4th scorex5) + (5th scorex4) + (6th scorex3)

+ (7th scorex2) + (8th scorex1) (1)

2.6 Statistical analysis

Data were subjected to normality and homoscedasticity tests; data
transformations were carried out (e.g. sensory evaluation data) and
outliers removed if necessary. An analysis of variance (ANOVA) was
performed to test the experimental hypotheses. When significant
differences were found (p < 0.05), the data were subjected to a Fisher’s
post-hoc test. The least significant differences (LSD) were calculated
for each analysis (p < 0.05) and shown on the graphs when the
interaction was significant. When factors were significant, LSD values
were included in the corresponding caption for comparison. The
interactions (canopy position*harvest time*storage time) were
studied. All statistical analyses were carried out using Statistica for
Windows version 13 (Dell Inc., USA). Figures were plotted in
SigmaPlot 14 (Systat Software Inc., USA).

3 Results
3.1 Respiration rate and rind colour

Fruit positioned on the upper part of the canopy presented a
higher RR than fruit on the lower part, at both harvest dates (March
and April) (Figure 1). For the clementine mandarin harvested in
March, fruit located on the inside of the canopy (shadowed) had
significantly higher (~48% more) RR at the end of storage than
outside (sun-exposed) fruit. At the same time, a significant increase
(31.5-90%) in RR was observed from week 4 to week 6 of storage for
both outside and inside fruit. Interestingly, this increase was
observed in fruit harvested in April two weeks earlier, from weeks
2 to 4. However, as seen in March, all the positions reached similar
RR values at the end of storage.

Regarding rind colour, fruit positioned on the lower outside
part of the canopy and harvested in March presented lower
lightness, chroma index, and hue angle values than the rest of the
samples (Figure 2). While all the positions showed similar colour
values during March, a higher variability within positions was seen
for the fruit harvested in April, when inside fruit showed
significantly higher lightness and higher hue angle values than
outside fruit during the first two weeks of storage.
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Respiration rate (RR) expressed as CO, production (mL kg™ h™) of ‘Nadorcott’ clementines harvested in March (A) and April (B) 2017. The fruit were
harvested from different canopy positions (upper outside, upper inside, lower outside and lower inside) and stored for six weeks at 8.5 + 0.5°C and
85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error of the means. The LSDq o5 for canopy position*harvest

time*storage time interaction is shown.
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CIELab colour parameters {Lightness (L*) (A, B), Chroma index (C*) (C, D), and Hue angle (H®) (E, F) of ‘Nadorcott’' clementines harvested in March
(left) and April (right) 2017. The fruit were harvested from different canopy positions (upper outside, upper inside, lower outside and lower inside) and
stored for six weeks at 8.5 + 0.5°C and 85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error of the mean. For L*
and C*, the LSDg g5 for canopy position*harvest time*storage time interaction was 1.23 and 1.17, respectively. For H®, the canopy position*harvest

time*storage time interaction was not significant, hence, LSDg o5 not shown.
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3.2 Juice content, total soluble solids, and
titratable acidity

The interaction of canopy position, harvest time, and storage
week significantly affected juice content, TSS, and TA (Figure 3).
Fruit harvested in March maintained similar TSS and TA values
throughout cold storage, while the April harvest showed higher
variability within positions in TSS and TA values. Nevertheless,
clear trends were observed during this month, when outside fruit
had higher TSS and TA levels than inside fruit. Moreover,
significant differences in TSS were observed between weeks 2 and
4 of storage for fruit harvested in April, with TSS increasing more
than 1% for all positions studied. By the end of storage, fruit located
on the upper part of the canopy respectively showed 10 and 17%
higher TSS and TA values than on the lower part, and the highest
values (14.3% and 0.7% TA) were observed for the upper outside
fruit. However, this position had 5% lower juice content at the end
of storage independently of the harvest month.

10.3389/fhort.2024.1353070

3.3 Individual sugars

Sucrose was the primary sugar found in ‘Nadorcott’
clementines, followed by fructose and glucose (Figure 4). As
observed for TSS, the concentration of sugars on the fruit
harvested in March was similar between the different canopy
positions throughout storage, except for week 2, when upper
outside and lower inside fruit had the highest and the lowest
sucrose levels, respectively. However, lower inside fruit showed a
significant increase in the sucrose content from week 2 to week 4 of
storage. Besides that, the fructose and glucose levels significantly
increased from week 0 until the end of storage. Significant
differences in the fructose and glucose content were observed
between canopy positions. On the other hand, the fructose and
glucose content of fruit harvested in April was higher for upper
outside fruit and lower for lower inside fruit independently of the
storage week. However, at the end of storage, there was a significant
decrease in all sugars (8, 9 and 12% for fructose, glucose, and

70
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FIGURE 3

Storage week

Juice content (A, B), Total soluble solids (TSS) (C, D) and titratable acidity (TA) (E, F) expressed in percentage (%) of ‘Nadorcott' clementines
harvested in March (left) and April (right) 2017. The fruit were harvested from different canopy positions (upper outside, upper inside, lower outside
and lower inside) and stored for six weeks at 8.5 + 0.5°C and 85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error
of the mean. For juice content, TSS and TA, the LSDg o5 for canopy position*harvest time*storage time interaction was 7.7, 0.74, and

0.09, respectively.
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Individual sugars (sucrose (A, B), fructose (C, D), and glucose (E, F)) expressed as mg g™ dry weight (DW) of ‘Nadorcott' clementines harvested in
March (left) and April (right) 2017. The fruit were harvested from different canopy positions (upper outside, upper inside, lower outside and lower
inside) and stored for six weeks at 8.5 + 0.5°C and 85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error of the
mean. The canopy position*harvest time*storage time interaction was not significant, hence, LSDg o5 was not shown

sucrose, respectively) in fruit located on the lower inside position of
the tree.

3.4 Individual organic acids

The primary organic acids found in clementines were citric and
ascorbic acid. No significant differences within canopy positions
were observed in fruit harvested in March (Figure 5). In contrast,
fruit harvested in April and located on the upper part of the canopy
showed significantly higher (17%) citric acid content throughout
storage than on the lower part. Similarly, fruit located on the inside
part of the canopy had higher ascorbic acid levels than fruit on
the outside.

3.5 Abscisic acid and its catabolites

ABA-GE was the main ABA catabolite found in clementines
during storage, with ten times higher content than ABA ranging

Frontiers in Horticulture

from 6 to 12 ug g (Figure 6). Compared to April, there was greater
variability in hormonal concentration between the different canopy
positions for fruit harvested in March. At the same time, fruit
located on the inside of the canopy exhibited two-fold higher
concentration of ABA and its catabolites than fruit on the outside
at the beginning of storage. In contrast, fruit harvested in April and
located on the outside had more than 30% higher ABA and ABA-
GE concentration than fruit on the inside part of the canopy. At the
end of storage and independent of the harvest month, upper outside
fruit showed the highest level of ABA-GE (11.1 pg g™), while lower
inside fruit had the lowest values (5.5 pg g).

3.6 Sensory evaluation

The consumer tasting session showed that the canopy position
significantly affected the overall acceptance of the fruit (Figure 7).
Clementines located on the lower part of the canopy were preferred
over the upper fruit among the consumers. Accordingly, the upper
fruit obtained the lowest scores for flavour, juiciness, texture, and
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Storage week

Organic acids (citric acid (A, B) and ascorbic acid (C, D)) expressed as mg g* dry weight (DW) of ‘Nadorcott’ clementines harvested in March (left)
and April (right) 2017. The fruit were harvested from different canopy positions (upper outside, upper inside, lower outside and lower inside) and
stored for six weeks at 8.5 + 0.5°C and 85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error of the mean. The
canopy position*harvest time*storage time interaction was not significant, hence, LSDg o5 not shown.

overall acceptance. Specifically, the upper inside fruit scored
significantly lower (6-11%) for appearance than the rest of the
samples and obtained the lowest scores for peelability, flavour, and
overall acceptance.

3.7 Buying decision survey

The results of the buying decision survey can be found in
Table 1. The most important attribute for the panellists was flavour,
followed by juiciness and sweetness. In contrast, the least important
attributes were aroma and texture. Interestingly, appearance
obtained the 5™ position in importance. However, when
consumers were asked to identify the attributes, they consider
when buying citrus fruits, skin colour, appearance, and size had
the highest number of responses (Supplementary Table 2).

4 Discussion

4.1 The effect of harvest time and canopy
position on the postharvest quality and
consumer experience of

‘Nadorcott’ clementines

The quality profile of citrus fruit is highly dependent on the
horticultural maturity at harvest (Lado et al., 2018; Liu et al., 2021;
Sun et al,, 2021), and factors like fruit canopy position have been
shown to affect the postharvest quality of citrus. Previous research
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has demonstrated the effect of these factors on the pre- and post-
harvest quality of different citrus cultivars like ‘Kinnow’ mandarins
(Thakre et al, 2015), ‘Nules’ clementines (Cronje et al., 2011a,
2011b; Magwaza et al., 2013; Ncama et al., 2018a, b), and ‘Twasaki’,
‘Okitsu’, ‘Goku Wase’ satsumas (Sun et al., 2021) as well as ‘Navel’
and ‘Valencia’ oranges (Zacarias-Garcla et al., 2022). However, to
the best of our knowledge, this is the first time that the effect of fruit
canopy position on consumer acceptance of ‘Nadorcott’
clementines has been studied.

‘Nadorcott’ is a seedless, mid to late-maturing clementine that is
harvested from January to June in the Northern Hemisphere. This
variety does not need degreening (postharvest treatment with
ethylene to develop peel colour), since carotenoids, which give the
orange colour to the citrus peel and juice, are developed naturally as
the fruit ripens. Peel colour is therefore a determinant factor of both
fruit maturity for the citrus growers and eating quality for the final
consumer. Nawaz et al. (2020) recently studied the effect of colour
break on the internal quality of ‘Kinnow’ mandarins at early
ripening stages and demonstrated that green fruit had higher TA,
ascorbic acid and lower TSS and sugars than yellow-coloured fruits.
In this study, fruit harvested in March was brighter in colour, and
had significantly lower juice content, TSS : TA ratio, individual
sugars, and higher ascorbic acid than fruit harvested in April.
However, the results showed that the rind of fruit harvested in
March was redder and there was less variability in colour hue within
canopy positions. This confirms previous studies where ‘Kinnow’
mandarins harvested in India during the last week of December had
higher ascorbic acid and total carotenoid content in the peel and
juice than fruit harvested two weeks later (Thakre et al, 2015).
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FIGURE 6

Storage week

ABA (A, B) and ABA catabolites {ABA-GE (C, D), DPA (E, F) and 7-OHABA (G, H) expressed as ug g™* DW of ‘Nadorcott’ clementines harvested in
March (left) and April (right) 2017. The fruit were harvested from different canopy positions (upper outside, upper inside, lower outside and lower
inside) and stored for six weeks at 8.5 + 0.5°C and 85 + 2% RH. Data represents means (n = 3 reps * 6 fruit per rep = 18) + standard error of the
means. For ABA, the LSDg o5 for canopy position*harvest time*storage time interaction was 0.66. For all other ABA metabolites, the canopy
position*harvest time*storage time interaction was not significant, hence, LSDg o5 was not shown.

Similarly, early maturing cultivars of satsumas (‘Twasaki’, ‘Okitsu’,
and ‘Goku Wase’) had higher absorption of carotenoids in the juice
vesicles and advanced colour changes in the flavedo than late-
maturing (Sun et al., 2021).

Regarding canopy position, this study showed that outside
(sun-exposed) fruit had higher TSS but lower juice content and
colour lightness than inside (shadowed) fruit. This is in agreement
with the results reported by Thakre et al. (2015) and
Olarewaju et al. (2018), who found that fruit from the external
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canopy had higher TSS and total carotenoids than fruit from the
internal canopy. From all the positions studied, fruit on the lower
inside canopy showed the highest juice content and ascorbic acid,
and the lowest TSS, TA, and fructose and glucose content, while the
upper outside fruit had the opposite results. This means that, if
harvested at the same time, upper outside fruit would be more ripe
than lower inside fruit due to a more advanced degradation of
ascorbic acid and sucrose, which may result in a shorter shelf-life
(Khalid et al., 2017; Olarewaju et al., 2018).

frontiersin.org


https://doi.org/10.3389/fhort.2024.1353070
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

Navarro-Calderén et al.

I Upper Outside
[ Upper Inside
[ Lower Outside
[ Lower Inside

T

RO
e\a"‘\d
?G

[ee]

Score

~

2l

S
R
Q

> S\
SR
po 3

FIGURE 7

Results of the tasting session of ‘Nadorcott’ clementines carried out
in March 2017. Consumers tasted one fruit per position and scored
the individual eating quality attributes from 1 "Extremely dislike” to 9
"Extremely like". Bars represent the standard error of the mean
scores. The canopy position was not significant as main factor,
hence, LSDg o5 has not been shown.

This work has, for the first time, investigated the effect of
harvest time and canopy position on the CO2 production of
‘Nadorcott’ clementines throughout the postharvest cold storage.
The respiration rate and the potential postharvest life of fresh
produce can depend on the content of respiratory substrates at
the time of harvest (Khalid et al., 2017), as once detached from the
mother plant the photosynthetic substrates no longer accumulate.
Citrus fruits are generally considered non-climacteric since there is
no peak in ethylene production and respiration at the beginning of
fruit ripening (Alferez et al.,, 2021). However, some authors have
reported a rise in ethylene production after harvest. For instance,
Khalid et al. (2017) observed two ethylene peaks during the shelf-
life of ‘Kinnow’ mandarins stored for seven days at ambient
temperature, which were attributed to varietal effect, variation in

10.3389/fhort.2024.1353070

fruit maturity, or even tree age. The same authors reported that CO,
production decreased throughout ambient storage, which contrasts
with our results. Herein, although harvest time did not affect fruit
RR during the first two weeks of storage, there was a significant
increase in RR from week 4 to 6 in March. Interestingly, this change
was observed two weeks earlier in fruit harvested in April, from
week 2 to 4, and could be explained by differences in the climactic
conditions before the two harvests. Meteorologic data for Lora del
Rio, Seville (Supplementary Table 1), showed that the month
preceding the second harvest (11" March — 7 April) had higher
maximum temperature, solar radiation, and reference
evapotranspiration values compared to the month before the first
harvest (10" February - 10" March).

Cronje et al. (2011b) found that sunlight availability decreases
within the first 10 cm into the canopy resulting in outside fruit
having greater exposure to higher temperatures, and lower RH
compared to the inside position. However, the authors stated that
this would result in the outer fruit having a higher transpiration rate
than the inside fruit due to higher atmospheric evaporative demand,
which is contrary to our observations at the end of storage. Here,
fruit located on the upper part of the canopy had significantly
higher CO, production on average than fruit located on the lower
part. Moreover, inside (shadowed) fruit showed the highest RR at
the end of storage. It could be thought that these fruits should be
less stressed than those on the outside part of the canopy as they are
not exposed to direct sunlight. Furthermore, the upper inside fruit
showed the highest RR at the end of storage, probably caused by a
higher osmotic pressure on the top of the canopy compared to the
lower part and poor ventilation inside the canopy (Cronje et al,
2011a; Cronje and Barry, 2013).

The results of the tasting session carried out during the fourth
week of the March harvest showed that consumers preferred the
fruit located on the lower part of the canopy, which had higher juice
content and TSS and lower TA than the upper fruit. This agrees
with the survey results, which showed that consumers value flavour,
juiciness, and sweetness more than other citrus attributes. When
asked to rank the attributes they take into account at the moment of
purchase, consumers positioned skin colour and appearance as the

TABLE 1 Ranking of citrus attributes. ‘Nadorcot’ clementines were evaluated by a testing panel in March 2017. A total of 50 consumer panellists
scored eight different mandarin attributes by order of importance. A final score per attribute was obtained (‘Total attribute importance’) which has
been depicted in this table by a colour code from green to orange to red; where dark green represents the most important attribute and red the less
important attribute.

Attribute 8th Total attribute importance

Appearance 5 2 11 6 1 7 11 7 204
Easiness to peel 8 6 5 8 7 7 6 3 240

Aroma 1 0 3 4 4 11 7 20

Flavour 18 12 3 8 3 2 3 1
Sweetness 10 10 7 3 5 7 5 3 261
Tanginess 0 6 8 7 12 3 5 9 201
Juiciness 8 9 12 8 5 3 3 2 276
Texture 0 5 1 6 13 10 10 5 178
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most important factors, demonstrating the mismatch between
the attributes that citrus consumers consider for buying decisions
and those for eating quality. This finding confirms the results
reported by Poole and Baron (1996), where the most important
characteristics for citrus consumers were juiciness, skin quality,
sweetness, and texture, of which only skin quality can be perceived
at the moment of purchase.

Overall, ‘Nadorcott’ clementines harvested in the middle of the
season (March) had less physiological and biochemical variability
between the different canopy positions throughout storage than
fruit harvested in April. This suggests that, if there is no
differentiation in canopy positions at the moment of harvest, fruit
picked in March would have more consistent quality than in April.
In contrast, when harvesting at the end of the season, the variability
in fruit quality for the different canopy positions will be higher,
making it challenging for the citrus industry to supply a product
with the consistency of quality and flavour throughout the season.
To mitigate these variations between the different canopy positions,
the implementation of shading nets could be an effective solution.
As reported by Lee et al. (2015) and later confirmed by Cronjeé et al.
(2020), the use of white shade nets in ‘Ponkan’ mandarin farms
produced a significant reduction in fruit surface temperature and
sunburn, higher juice percentage, and lower weight loss and decay
than in non-shaded fruit while postharvest peel colour, TSS and TA
were unaffected. Therefore, the use of shading nets could decrease
the variability in temperature, sunlight exposure, and transpiration
of the different canopy positions and, as a result, improve the
consistency in fruit quality at harvest.

4.2 The role of ABA and ABA catabolites on
clementine senescence

ABA is a phytohormone that is synthesised in higher plants
from C40 epoxycarotenoids, natural pigments that give the red-
orange colour to plants, through several oxidation steps regulated
by the enzyme 9-cis-Epoxycarotenoid Dioxygenase (NCED)
(Endo et al., 2014; Zacarias-Garcia et al., 2022; Alvarez et al.,
2023). Alongside ethylene, ABA regulates physiological processes
such as fruit maturation, ripening, and stress adaptation in both
climacteric and non-climacteric produce. However, previous
studies have demonstrated that ABA has a greater role in
regulating ripening and abscission than ethylene in non-
climacteric fruit (Jia et al, 2016; Wang et al,, 2016; Magwaza
et al.,, 2019; Alferez et al.,, 2021; Garcia-Pastor et al., 2021;
Navarro-Calderon et al., 2023). At the same time, several authors
have confirmed the implication of ABA in citrus rind quality
(Lafuente and Sala, 2002; Magwaza et al, 2019), response to
water stress and dehydration (Romero et al., 2013), and mould
infection (Lafuente et al., 2021). However, very few studies have
focused their attention on the changes in endogenous ABA and
ABA catabolites during the postharvest life of citrus fruit and their
role in citrus pulp quality. In addition, and to the best of our
knowledge, there are no published studies relating the endogenous
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ABA and catabolites concentration in the citrus pulp with fruit
canopy position and consumer acceptance.

Wang et al. (2016) reported that preharvest application of
exogenous ABA to ‘Ponkan’ mandarins significantly affected the
ripening of citrus fruit by accelerating fruit colouring and
decreasing the organic acid content. Moreover, ABA regulated the
expression of most sugar-related genes, confirming the coordinated
role of ABA and sugars in regulating citrus fruit ripening. The
results presented herein supported these findings, since both the
organic acid and the ABA content in the pulp declined throughout
storage and season, while sugars demonstrated the opposite
behaviour. Interestingly, the levels of the catabolite ABA-GE were
ten times higher than those of ABA and increased over time. This
coincides with the results reported by Magwaza et al. (2019), who
observed that the ABA-GE content in citrus rind increased
throughout postharvest storage. Moreover, the ABA-GE content
in the pulp reported here was four times higher than those in the
citrus rind observed by Magwaza et al. (2019). These observations
could be explained by the fact that the maturation processes of the
citrus rind and pulp are considered autonomous and not
coordinated (Lado et al., 2018; Sadka et al., 2019; Zacarias-Garcia
etal., 2022), and higher ABA catabolites in the pulp than in the rind
could indicate that the pulp is overmature and that senescence
processes in the pulp could have started much earlier than in
the rind.

The citrus rind has previously been regarded as a modified leaf
(Cronje et al., 2011a). As such, photoassimilates, mainly sucrose, are
synthesised in the chloroplasts during the early stages of
development when the fruit is still green. Then, chloroplasts in
the citrus fruit epicarp are converted to chromoplasts in order to
develop external colour through the synthesis of carotenoids, which
are the precursors of ABA. This chloroplast to chromoplast
conversion is stimulated by sucrose accumulation (Iglesias et al.,
2007; Tadeo et al., 2020), which is in turn exported from the leaves
to the vacuoles of the juice sacs in the citrus pulp through the
transport phloem (Lado et al., 2018). However, the juice sacs are
disconnected from the fruit vascular system ending in the albedo
(Sadka et al., 2019), therefore a translocation of sucrose and other
solutes back to the citrus rind would be unlikely. At the same time, it
has been reported that ABA can induce its biosynthesis in the juice
sacs (Lado et al,, 2018). These facts may explain the higher nutrient
and hormonal content in the citrus pulp compared to the rind.

Previously, a higher level of ABA catabolites has been related to
a higher moisture loss and rind breakdown disorder (RBD)
development in the citrus rind (Magwaza et al, 2019), which
could explain the low score in the external appearance of the
upper inside fruit. When analysing the hormonal content in the
pulp of fruit from different canopy positions, the upper inside
samples showed significantly higher levels of ABA catabolites
than the rest, and this position, interestingly, scored significantly
lower than the others for external appearance during the
consumers’ tasting session. Apart from this, no significant
differences were observed for any of the quality attributes
evaluated by the consumers between the different canopy positions.

frontiersin.org


https://doi.org/10.3389/fhort.2024.1353070
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

Navarro-Calderén et al.

5 Conclusions

This study has demonstrated that canopy position has an effect
on the postharvest quality of ‘Nadorcott’ clementines, specifically
on external appearance, which is one of the main citrus attributes
that consumers take into account at the moment of purchasing.
Fruit located on the upper inside part of the canopy obtained the
lowest consumer score for external appearance and had the highest
levels of ABA catabolites.

ABA-GE has been shown to have a greater role in the citrus
senescence processes and the external quality of ‘Nadorcott’
clementine mandarin fruit than ABA, demonstrating that ABA
catabolites could be used as potential biomarkers for assessing
postharvest resilience and consumer acceptance. Establishing
whether changes in endogenous ABA catabolites and sugar
concentration are triggers of the different senescence mechanisms
would require additional experimental evidence. Therefore, it is
recommended for subsequent studies to concentrate on elucidating
the changes in ABA-GE levels during the ripening and senescence
of citrus fruit to establish the hormonal content mechanism at
different stages of citrus shelf-life and its correlation with
consumer acceptance.

At the same time, canopy position should be considered a
determining factor of quality at harvest and be included in
agricultural practices for two reasons. Firstly, to improve the
consistency of citrus flavour and quality throughout the season; and
secondly, to meet retail specifications and consumer needs. For this, the
implementation of shading nets in the field needs further testing.
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