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Abstract

Aims At the same location, variability among
orchards may be high, which is reflected in fruit qual-
ity, and it may be associated mainly with growers’
practices. This study aimed to identify physicochemi-
cal variability within pears (Pyrus communis L. cv
’Rocha’) from three orchards from the same location
and under the same climate conditions and correlate it
with mineral composition.

Methods Fruits from three orchards harvested at the
optimal harvest time were characterized during rip-
ening under shelf-life conditions of 7 d at 20+2 °C.
The analyses performed included ethylene produc-
tion, respiration rate, fruit quality (firmness, skin
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colour, soluble solids, and titratable acidity), macro
and micronutrients, ethylene biosynthesis enzymes,
esters, sugars, and organic acids. Principal component
analysis was used to show the variability among fruits
from the three orchards and to correlate the differ-
ences with the fruit mineral composition.

Results Phosphorus (P) and potassium (K) were
significantly correlated with esters and soluble solids
content (r ~0.4 for both minerals). Fruits with higher
P and K concentrations were associated with a poten-
tial over-ripeness pattern considering their higher
acetate production and lower sugar concentration.
Esters, soluble sugars, and sorbitol were the dominant
fruit quality factors responsible for the differences
among the orchards.

Conclusion With this study it is expected that a bet-
ter understanding of the relationship between specific
minerals and quality parameters can help growers
manage their orchards more efficiently and achieve
consumers’ quality demands.

Keywords ’Rocha’ pear - Mineral composition -
Fruit quality - Ripening - Orchard’s variability
Introduction

A good balance between high productivity, sustain-
able orchard practices, good fruit quality, and proper

fruit storage is a challenge for growers when man-
aging orchards and production. Growers constantly
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optimize their orchard management strategies to
obtain high quality fruits that satisfy market goals and
consumer needs and expectations. However, within
the same cultivar, an orchard’s organoleptic vari-
ability, such as flavor, aroma, and texture, is high and
often not controlled. This variability is mostly and
significantly affected by two preharvest factors: agro-
nomic grower practices and environmental conditions
(Musacchi et al. 2021). Grower practices include
soil management (irrigation and soil physicochemi-
cal properties), tree characteristics (rootstock and
tree age), fertilization, fertigation, and foliar sprays.
Environmental factors include temperature, wind, soil
mineral quality and texture, soil pH, sunlight expo-
sure, and soil water availability (Bramlage 1993; Link
2000). Like other crops, 'Rocha’ pear productivity
also depends on a combination of various factors like
edaphoclimatic, pruning, among other cultural agro-
nomic practices (Mendes 2017).

In the case of 'Rocha’ pear, a native cultivar
from Portugal with Protected Designation of Origin
(PDO), there are several producer organizations from
different municipalities in “West Region”, with Bom-
barral, Cadaval and Caldas da Rainha the most rep-
resentative. Each grower organization is responsible
for managing orchards to obtain pears according to
market demand, mainly related to taste and firmness
(Salta et al. 2010). However, even the same geograph-
ical region, there are dissimilarities among orchards.
Since the variation in environmental conditions at
the same location is not very high, it is not apparent
whether differences among orchards are exclusively
due to the grower’s practices, making orchard man-
agement difficult (Sansavini and Musacchi 2002).
Growers’ practices variables significantly affected
the unpredictability of orchards and fruit quality after
harvest. Although this appears to be a complex of
variables, Bramlage (1993) suggested that the mineral
composition of fruit at harvest accounts for most fruit
quality variability among orchards.

One of the primary effects on postharvest behav-
ior and fruit quality is fruit mineral content, which
depends, in part, on the orchard from which they are
harvested (Sharples 1980; Viera and Winefield 2019).
For example, storage-related disorders, particularly
in pome fruits, have been correlated with plant nutri-
tion and fruit mineral composition (Deuchande et al.
2017; Saquet et al. 2019; Xuan et al. 2005). Min-
eral nutrients are provided by the soil (Bonora et al.
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2021), but they can also be supplied by fertigation
and foliar applications (Mendes 2017). Fruit mineral
characterization at harvest along with fruit physico-
chemical characterization can provide information
about orchards and trees ecosystems, mainly how
orchard factors interact with macro and micronutri-
ents, and consequently explain some physicochemi-
cal and ripening differences in different orchards (Ali
et al. 2014, Casero et al. 2004). The nutrients with the
most notable effect on fruits are nitrogen (N), calcium
(Ca), phosphorus (P), and potassium (K) (Marcelle
1995; Chiriboga et al. 2013; Janssens et al. 2015).
For example, fruit acidity is positively influenced by
K and P, and fruit firmness and flavor are positively
correlated with Ca content (Bramlage 1993; Casero
et al. 2004; Kalcsits 2016). In pome fruits, Ca and
K are fundamental for quality and storage (Brunetto
et al. 2015). According to Tagliavini et al. (2000) and
Casero et al. (2004), fruit quality preservation during
storage is favorably influenced by low N and high Ca
levels. To the best of our knowledge, little informa-
tion is available on the relationship between esters
production, aroma and mineral composition.

In this research, data collected from the three
orchards were subjected to PCA to understand which
fruit physiological parameters differentiate orchards
within the same geographical region and under simi-
lar climatic conditions. To this end, PCA was also
used to understand whether there were interactions
between physicochemical parameters/ripening and
mineral composition at harvest.

Materials and methods
Plant material

’Rocha’ pears (Pyrus communis L.) were harvested
on August 2020 from three commercial orchards
(O1 (orchard 1), O2 (orchard 2), and O3 (orchard 3))
located in the Portuguese “West Region” of Cadaval
(N 39° 25°; W 8° 54°; 120 m) within a radius of 10
km from each other. The three orchards followed the
same cultivation procedure as reported in the PDO
protocol as described bellow. The region has a mod-
erately rainy climate with a moderate annual average
temperature between 15 and 16 °C. The orchards were
installed on sandy-loam soils and chosen among those
that were well managed. ’Rocha’ pear rootstocks were
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the same in the three orchards and soil fertigation was
tailored to a standard soil composition of: 100 kg/ha
N, 50 kg/ha P, 200 kg/ha K, 100 kg/ha Ca and 50 kg/
ha Mg. O1 and O2 are in flat areas and are around 20
years old, O3 is the oldest one with around 35 years
and is in half hill-flat area. In Ol and O2 plants are
distributed 1,5 m apart in the row and in orchard 3
they are placed 2 m apart. Distance between rows is
4 m, in all orchards. No cultivation is done between
rows. To standardize the fruit maturity stage, pears
from the three orchards were harvested at the opti-
mal harvest period (firmness between 54 and 64 N,
soluble solids content (SSC) between 11 and 13%,
titratable acidity (TA) between 2 and 3 g L™! malic
acid and starch index between 5 and 7) according
to the European regulation PDO-PT-0160 for PDO
“Pera Rocha do Oeste” (National Association of
“Rocha” pear Grower, 2003). After harvest, the fruit
was stored at 4 °C, for no more than 4 days (d), until
further analysis. Fruit was removed from storage and
transferred to shelf-life conditions during 7 d at 20 +2
°C. Ten fruits per time-point and per orchard were
analysed across 0 and 7 d of shelf-life.

Quality parameters

Firmness, skin colour, SSC, and TA were measured
to infer about fruit quality. Firmness (expressed as
Newtons (N) was determined by penetration text on
a texturometer (T.A. XT plus Texture Analyser, Sta-
ble Micro Systems, Cardiff, UK) fitted with an 8 mm
diameter probe. On two opposite equatorial sides of
each fruit, firmness was measured in ten fruits per
time-point and orchard. The skin colour of pears
was measured on opposite sides of the widest part of
pears using a CR-400 colourimeter (Konica Minolta,
Osaka, Japan) with the D65 illuminant and the CIE
(Commission Internationale de 1’Eclairage) param-
eters (L*, a*, b*). Results were obtained as hue angle
(h °= arctan(b*/a*), a coordinate that monitor colour
changes from green hue of unripe fruit to yellow hue
of ripe fruit (McGuire 1992).

SSC was evaluated by digital refractometry
(PR1IATAGO CoLTD (Japan)) in juice from three
fruits (three replicates of three fruits each). TA was
measured by titration with 0.1 M NaOH until pH 8.1
after homogenization of 10 g of pear with 90 mL
of distilled water (blend of three fruits per replicate
and three replicates per time-point and per orchard).

Results are expressed as g of malic acid equivalents
per kg of pear on a fresh weight basis (g kg = ).

Ethylene and respiration rate measurements

Ethylene and respiration rates were measured accord-
ing to Saquet and Almeida (2017), with some modifi-
cations. At each time-point, ethylene (ug kg™' h™!) was
measured in three replicates of two fruits each. Fruits
were closed inside 1.5 L glass jars at 23 °C for 2 h.
After that, a headspace of 1 mL was removed with
an air-tight syringe via a rubber septum and injected
into a Varian CP-3380 gas chromatograph (Walnut
Creek, CA, USA) fitted with a capillary column TG
bond alumina (Na,SO4) 50 m length and 0.53 mm
i.d. (Thermo Fisher Scientific Inc., Marietta, USA).
Hydrogen was used as carrier gas at a flow rate of 15
mL min™'. The temperature of the injector was set at
160 °C, a flame ionization detector (FID) at 180 °C,
and the following oven temperature program: hold
time of 1 min at 40 °C, followed by 20 °C min™ to
reach 100 °C, and a holding time of 2 min at 100 °C.

Respiration rate (mg CO, kg™! h'!) was assessed
in the same fruit samples used for ethylene, with an
infrared sensor (Dansensor CheckMate 3, METEK,
USA) in a close circulation circuit.

Macro and micronutrients analysis

Samples of pear pulp tissue (three replicates of three
fruits each) from the three orchards were dried in an
oven at 70°C until dryness and ground into powder. For
total N determination, samples were subjected to dry
combustion using a ThermoQuest NA 1500 elemen-
tal analyzer (Carlo Erba, Milano, Italy). A calibration
curve with atropine was performed, and results were
expressed as % of the sample weight. For mineral anal-
ysis (Na, Mg, K, Ca, Mn, Fe, Cu, Zn and P), ground
pulp samples, 300 mg, were digested by a microwave
digestor system (Anton Paar MULTIWAVE-ECO)
in Teflon tubes filled with 10 mL of 65% HNO; by
applying a one-step temperature ramp (the tempera-
ture increased to 180°C in 20 min and maintained for
10 min.). After 20 min of cooling time, the mineralized
samples were transferred to polypropylene test tubes.
The final extraction volume was registered. Then sam-
ples were properly diluted (1:40) in MILLI-Q water.
The concentration of minerals was measured by ICP-
MS (BRUKER Aurora-M90 ICP-MS). To check the
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nebulization performance, an aliquot of a 2 mg L™ of
an internal standard solution (72Ge, 89Y, 159Tb) was
added to samples and calibration curve to give a final
concentration of 20 ug L™!. Potential polyatomic analy-
sis interferences were removed using CRI (Collision-
Reaction-Interface) with a H, flow of 80 mL min™' flow
through the skimmer cone. Results were presented as
ug per g of pear on a dry weight basis (ug g).

Determination of 1-aminocyclopropane-1-carboxylic
acid (ACC) and ACC oxidase activity (ACO)

Fruit flesh tissue (three replicates of three fruits
each) was frozen in liquid nitrogen at each time-point
and stored at —80°C until further measurements.
1-aminocyclopropane-1-carboxylic acid (ACC) was
extracted following Bulens et al. (2011) protocol with
some alterations. Frozen tissue, 6 g, was homoge-
nized with 8 mL of 80% ethanol, gently shaken for 30
min in melted ice and centrifuged for 10 min at 12000
g and 4°C. The extract was then mixed with 10 mmol
L! of HgCl, and NaOCI (5% v/v)-NaOH (6 mol L)
(2:1) in a vial with an air-tight septum containing cap
and incubated in melted ice for 4 min. 1 mL head-
space gas sample was extracted from the vial and
injected into a GC fitted with an FID detector. ACC
concentration (nmol ACC kg™ of fresh weight) was
determined indirectly by ethylene production.

ACC oxidase activity (ACO) was measured by
homogenizing 5 g of frozen flesh tissue with 10 mL
of a buffer containing 400 mmol L' at pH 7.2, 10%
glycerol, 30 mmol L™ ascorbic acid sodium salt and
2% PVPP. The homogenate was gently shaken for
10 min in melted ice flowed by centrifugation for 30
min at 28000 g and 4°C. The supernatant was stored
at — 80°C until analysis. The mixture was incubated
for 60 min at 30°C, after which 1 mL of headspace
gas sample was injected into a gas chromatograph.
Enzyme activity was determined according to Bulens
et al. (2011). ACO activity was calculated by ethylene
production (nmol C,H, per kg”! L! on a fresh weight
basis).

Esters determination by SPME-GC-MS
Extraction and concentration of volatile compounds

Extraction and concentration of the volatile com-
pounds were performed by HS-SPME technique
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using an SPME fibre with a 50/30 um thickness
of divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS; Supelco Co., Bellefonte, PA,
USA). Fibres were pre-activated following manufac-
turer’s instruction. Esters’s concentration was deter-
mined in three replicates of one fruit each at each
time-point and per orchard. Pear was randomly sealed
in a 1.5 L air-tight glass jar fitted with a rubber sep-
tum in the lid. Jars were closed and kept overnight at
room temperature to reach equilibrium. Previously,
20 uL of 500 mg L~! 3-octanol was added as inter-
nal standard. After stability, jars were immersed in a
water bath (25.0+0.1 °C), and the DVB/CAR/PDMS
SPME fibre was inserted in the headspace through
the septum for 1 h. During this time, the volatiles are
absorbed on SPME fibre coating. After the extraction/
concentration step, SPME fibre was manually intro-
duced into the port at 220 °C for 5 min for analytes
desorption in a splitless mode.

GC-MS conditions

Volatiles were identified and measured using a Var-
ian 240-IT-MS mass selective detector coupled
with a Varian 450-GC gas chromatograph (Walnut
Creek, CA, USA) equipped with a 50 m x 0.32 mm x
0.25 pm BP-21 column. Helium at a flow of 1.0 mL
min~! was used as carrier gas. The oven temperature
program: 40 °C for 1 min, increased at 2 °C min~'
to 220 °C, 220 °C for 30 min. Mass spectra were
recorded at 70 eV in electron impact (EI) ionization
mode. The ion source temperature was 210 °C, and
the transfer line temperature was 160 °C. Mass spec-
tra was scanned in the m/z range of 33-350. Tentative
identification of the esters compounds was made with
the data system library (NIST 98). Quantification was
done by the internal standard method, where the con-
centration of each volatile was normalized to that of
3-octanol. The results were presented in nmol of ester
per kg of pear on a fresh weight basis (nmol kg™ ).

Extraction and quantification of malic acid and sugars

Free sugars and malic acid composition were obtained
by extracting three replicates of three fruits, follow-
ing the methodology described by Lindo-Garcia et al.
(2019) and Giné-Bordonaba et al. (2017). First, 2 mL
of 62.5% (v/v) aqueous methanol solvent was added
to 300 mg freeze-dried pulp tissue and heated in a
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thermostatic bath to 55 °C for 15 min, mixing the
solution every 5 min to prevent layering. Samples
were centrifuged at 20,000 g for 7 min at 20 °C, and
the supernatant was recovered, followed by solvent
evaporation using a speed vacuum and subsequent
dissolution in water. The HPLC analysis was per-
formed using a Beckman Coulter System Gold HPLC
(Knauer, Berlin, Germany) coupled to RI and UV
detector. The malic acid quantification was obtained
using an Aminex 37-H column (Bio-Rad, Berkeley,
USA) at 40 °C and 5 mM H,SO, as mobile phase
(flow rate: 0.6 mL min~'). The free sugar profile was
determined using an Aminex HPX-87P column (Bio-
rad, Berkeley, USA) at 85 °C and ultra-pure water as
mobile phase at a 0.6 mL min~!. The quantification of
malic acid and free sugars was achieved using stand-
ard calibration curves (0.1-40 g L™ 1. The results are
represented as grams of the sugar or organic acid per
kg of pear on a fresh weight basis (g kg™ ).

Statistical analysis

A principal component analysis (PCA) using SPSS
24 for Windows® (SPSS Inc., Chicago,USA) was
carried out to evaluate the parameters more related to
orchards differentiation and their association to min-
eral composition. The Varimax method was used to
produce orthogonal transformations to the reduced
factors to identify the high and low correlations
among variables. Problematic variables with an anti-
image correlation value below 0.5 were identified and
removed based on Kaiser and Rice’s (1974) criteria
(data not shown). Loadings represent the importance
of the variable in explaining the data variability in
the respective component. Therefore, variables with a
loading threshold of 0.7 (absolute value) were domi-
nant in the respective component (Nunnally 1978).
The scores represent the distribution of the data in
the rotated system composed by the principal compo-
nents (Nunnally 1978).

Data were analysed using analysis of variance
(one-way ANOVA) to assess the statistical signifi-
cance of differences among orchards in each study.
Significant differences were determined by calculat-
ing Tukey’s post-test significant difference at p <0.05.
Additionally, correlations between minerals and phys-
icochemical parameters were assessed using the Pear-
son correlation coefficient using as significance level,
p=0.05.

Results

A fundamental decision to decrease fruit orchards’
variability is harvest time. According to Vanoli and
Buccheri (2012), both early and late harvest can
have a negative impact on fruit quality. In this way,
to exclude harvest maturity influence from orchards
variability evaluation, pears from the three orchards
were harvested at the optimal harvest time according
to the specifications of PDO "Rocha’ pear (National
Association of “Rocha” pear Grower, 2003).

To exclude the influence of shelf-life on the dis-
tribution of the variables and samples within the
PCA, we analysed time O and 7 d of shelf-life sepa-
rately. Figure 1 shows the PCA at 0 d which explains
78.8% of the total variation in the data with two
principal components (PC1=43.3%; PC2=35.5%).
Figure 2 shows the PCA at 7 d, with the two com-
ponents explaining 60.7% of the variance observed
(PC1=41.1%; PC2=19.6%).

In both figures (Figs. 1 and 2), a clear differentia-
tion among the three orchards was observed, particu-
larly pears from O3 which revealed a clear separation,
specially, along PC1 from the other two orchards. It
is evident from both PCA’s, that physicochemical
parameters, such as ester emission, SSC, sucrose,
malic acid, and the minerals P, Cu, K, and Ca, mainly
distinguish O3 from O1 and O2. About Ol and O2
could not be distinguished in PC1, but along PC2,
they were separated mainly due to respiration rate,
sorbitol, fructose, glucose, ethylene, and the minerals
Na, Fe, and Zn.

To validate the differentiation among the orchards,
each parameter was statistically analysed. As shown
in Figs. 3, 4, and 5, pears from O3 clearly revealed,
across ripening, higher ester production, lower solu-
ble solids content, lower sugars (particularly sucrose),
and lower acidity concentration, which were in gen-
eral significantly different from Ol and O2 across
ripening. O2 had the highest soluble solids content
and acidity. The malic acid concentration was signifi-
cantly different among three orchards. Moreover, O2
and O3 showed higher sorbitol concentrations.

In Table 1 it is represented the mineral concen-
tration of the three orchards at harvest. The O3
revealed a significant higher concentration of P, K,
and Cu minerals. Additionally, O2 had significant
lower concentration of Ca and Fe. Manganese (Mn)
and N concentration did not also differ in the three
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orchards (Table 1). Higher esters production is related
to higher mineral concentration in P and K (Table 1),
which was confirmed by the significant correlation (r
~ 0.4, for each mineral). Besides, SSC was also cor-
related with P, Ca, and Fe ( -0.4 >r< -0.5, for each
mineral) and malic acid was significantly correlated
to P and Ca (r = -0.470, for P and Ca).

Additionally, Ca was significantly negatively cor-
related with the SSC, malic acid, and fructose (r=
-0.509; r= -0.467; and r = -0.398, respectively). Zn
did not correlate with any of the parameters analysed
in this study though in both PCA’s it appears associ-
ated with respiration rate (Figs. 1 and 2). In relation
to Fe, it was negatively correlated with SSC (r =
-0.531).

Regarding ethylene production (Fig. 6), O2 had the
lowest ethylene production and at the same time the
lowest respiration rate, while O1 has the higher res-
piration rate (Fig. 6) after 7 days at 20 °C. Also, no
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statistical differences were found for ACC and ACO
concentration among the three orchards (Fig. 6).

Although firmness and colour represent two
important quality attributes (Calouro et al. 2008), no
relevant changes among orchards were detected (data
not shown).

Discussion

High esters, low sugar content, and low organic
acids content are often concomitant with the senes-
cence of fruits and, thus, low quality (Zlati¢ et al.
2016). Esters are responsible for the fruity aroma
of pear and reflect their ripening stage (Plotto
et al. 1999). According to Zlati¢ et al. (2016) and
Hendges et al. (2018), elevated levels of ethyl are
correlated with alcoholic fermentation and over-
ripeness. Alcoholic fermentation is associated with



Plant Soil

Fig. 2 Principal component
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Fig. 3 Principal esters of 'Rocha’ pear during shelf-life at 20°C. Values are means + standard deviation. Different letters indicate sig-
nificant differences (at p <0.05) between orchards at each time-point as determined by Tuckey test

the fermentation of sugars, resulting in their con-
sumption and ethanol accumulation (Flikweert et al.
1999). Ethanol is then used in the biosynthesis of
ethyl esters (Lara et al. 2003), to promote off-flavor

and senescence. Additionally, fermentation is a bio-
logical process strongly influenced by the concen-
tration of minerals, particularly Mg, P, K, Fe, and
Mn ions (Comelli et al. 2016; Kounbesiou et al.
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Table 1 Mineral concentration (ug g‘1 for Na, Mg, K, Ca, Mn, Fe, Cu, Zn and P; % for N) of 'Rocha’ pear at harvest. Means fol-
lowed by different letters indicate significant differences (p <0.05) as determined by Tukey test

Na Mg K Ca Mn Fe Cu Zn P N
Orchard 1 4162 424% 8530° 455% 2.0° 19.3% 4.9 7.8 898 0.35%
Orchard 2 346% 419* 8588° 345° 1.6° 9.2 5.6 5.8 895° 0.30°
Orchard 3 221° 413% 98252 498? 1.7 16.2? 7.2 5.3 10772 0.29?

2010). Additionally, over-ripeness is complemented
by the degradation of organic acids, as these metab-
olites play an essential role in energy generation
and are necessary to respond to nutritional defi-
ciency and metal ion stress (Chen et al. 2013). Con-
sidering that O3 demonstrated a higher production
of esters (Fig. 3), lower TA and malic acid (Fig. 4),
and lower sugar content (Fig. 5), which may help in
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predicting the fastest ripening and quality loss com-
pared to other orchards.

As stated before, the PCA results indicated the
connection between ester production and P and K,
which was confirmed by the significant correlation
between these two parameters. Besides, the nega-
tive correlations of SSC and malic acid with P, Ca,
and Fe were also demonstrated by Marcelle (1995) in
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‘Jonagold’ apples and strengthen the importance of
these minerals in fruit quality. P and K are two of the
most critical minerals in pears (Casero et al. 2004),
because an imbalance of these minerals is generally
associated with fruit quality problems. P is involved
in several energy metabolic processes responsible
for the biosynthesis of several key cellular metabo-
lites that store cellular energy, such as ATP and ADP,
which are associated with the appearance of physi-
ological problems and senescence (Mendes 2017,
Veltman et al. 2003). It is essential for enzymatic
activation, such as carbohydrate catabolism (Walker
2004). It has been shown that a high K concentra-
tion in proportion to the Ca concentration increases
the susceptibility of fruit to pathogens and senescence
(Bramlage 1993; Casero et al. 2004). In fact, fruits
from O3 had a K concentration 20 times higher than
the Ca concentration.

Thus, the higher concentrations of P, K, and Ca
in O3 compared to Ol and O2 may indicate faster
senescence and fruit quality loss of O3 associated
with the fastest alcoholic fermentation, promoting a

higher decrease in sugars and organic acids, a higher
increase in ester production since harvest, and persis-
tence throughout ripening.

Cu is a co-factor involved in several redox pro-
cesses as an activator of several enzymes responsi-
ble for metabolic changes during ripening (Broadley
et al. 2012). Cu is an important component of ethyl-
ene receptors, and plays an important role in ethylene
sensitivity at a cellular level (Binder et al. 2010; Hop-
pen et al. 2019). Thus, the higher Cu concentration
in O3 may be associated with higher fruit ethylene
sensitivity and faster senescence. It is well established
that Ca is involved in retarding ripening and senes-
cence, by decreasing the ACC content, respiration,
and ethylene production (Kalcsits 2016; Marcelle
1995). However, this is not clear in this study because
Ol and O3 have the highest Ca content but not the
lowest ethylene production (Fig. 6), and Ol has a
higher respiration rate (Fig. 6).

Furthermore, one of the many roles of Fe is as an
intermediate in the formation of reactive oxygen spe-
cies, causing oxidative damage, and is also involved
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in alcoholic fermentation. Thus, combining the obser-
vation that O3 was the second orchard with the high-
est Fe concentration with other observations, this
orchard may be associated with faster quality deterio-
ration and senescence (Broadley et al. 2012).

Since the three orchards had the same standard soil
composition, the combination of this evidence may
suggest a different nutrient uptake by fruits from O3,
mainly caused by higher tree age. Although all the
orchards are in full production, O3 has ten more years
than the other two orchards. O3 age can be one of the
reasons for the lower quality of fruits. According to
other studies, older trees do not show the same nutri-
ent uptake as younger trees (Khalid et al. 2012;Web-
ster 2002). This deficiency influences flowering
and fruit quality (Tahir et al. 2007). In addition, the
impact of different grower practices, such as irrigation
frequency and water availability, can affect the results
observed. According to the PDO protocol of *Rocha’
pear, fertigation should be applied to all orchards dur-
ing fruit development until two weeks before har-
vest. However, other irrigation periods depend on the
water availability. Nevertheless, the postharvest sec-
ondary metabolism of pears from O3 seems to have
been affected, and consequently, the quality of the
pears, mainly in terms of higher acetates release and
lower sugars content and acidity. These results sug-
gest that K and P are essential components of fruit,
but any excess should be prevented because it nega-
tively affects the postharvest quality of pear fruit.

Fe is an intermediate mineral in several oxidation
processes (Broadley et al. 2012), and since it was
negatively correlated with SSC, the lower Fe concen-
tration in O2 (Table 1) may be associated with bet-
ter fruit quality. The higher sugar content and acid-
ity (Fig. 4), and the lower ethylene production and
respiration rate observed (Fig. 6) in fruits belonging
to O2 may strengthen this association. According to
literature, a high K/Ca ratio is associated with good
eating quality (Marcelle 1995). In fact, O2 showed
the highest K/Ca ratio, which is in agreement with the
significant higher acidity and soluble sugars observed
(Figs. 4 and 5). However, as previously stated, a high
K/Ca ratio is also associated with poor storage qual-
ity, mainly the incidence of physiological disorders.
Indeed, in a study by Saquet et al. (2019), the ratio
value calculated in this study is within the range of
disordered 'Rocha’ pear after 22 weeks of storage.
Sorbitol is a strong chelator of Cu, and the increased
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levels of sorbitol in O2 and O3 may limit the role of
Cu in several redox-systems, such as respiration and
protection against oxidative stress (Fields et al. 1989).
In this way, O2 and O3’s higher sorbitol levels may
be associated with the observed lower respiration
(Fig. 6).

In fact, as the orchards belong to the same geo-
graphical region and are installed in soil with simi-
lar characteristics, there are some external factors,
such as light exposure and field inclination, that can
influence the behaviour of the orchards and conse-
quently the quality of the fruits. In a study performed
on peaches, it was shown that light influenced flavour
and fruit quality at harvest within fruits of the same
orchard (Génard and Bruchou 1992). Despite being
in the same geographical region and under the same
climate, the ability of light to penetrate tree canopies
can be different and is influenced by pruning, tree
spacing, and row orientation canopy architecture,
which producers should also be aware of (Bonora
et al. 2021) because it can influence fruit maturity and
mineral uptake (Musacchi et al. 2021).

However, in the present study, regarding the infor-
mation obtained from the soil and climate, which
were not different among the studied orchard, it is
believed that the orchards variability may be mostly
related to the tree age differences and to different
growers’ practices. The time of application of nutri-
ents and their accumulation in different tree parts
can also influence fruit quality, since nutrients can
be transported only in subsequent years. Thus, plants
respond to both direct and residual fertilization (Zia
et al. 2006).

Conclusion

In the current work, general relationships among
mineral nutrition and fruit quality were demonstrated
with particular emphasis on ’Rocha’ pear fruits.

Extreme variability in terms of quality and ripen-
ing differences among pears from different orchards
in the same geographical region. Different ripening
characteristics among pears from the three orchards
were related to mineral composition and potentially
to slower or faster senescence and quality loss. The
impact of minerals on harvest persists throughout rip-
ening, affecting fruit quality.
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Because orchards were very similar in terms of soil
properties and environmental conditions, agronomic
management, including tree age, may explain most of
the ripening differences observed among pears. Using
PCA, our work highlighted the correlation between
fruit quality, senescence, and mineral composition.
In general, the factors that contributed the most to the
variation among orchards were ester production, sugar
concentration, and acidity. These, in turn, were corre-
lated with K and P, which may be used to predict fruit
quality and senescence mainly in terms of aroma and
sugars concentration.

In our opinion, this study provides helpful informa-
tion to discriminate fruit quality variations that can be
found in orchards from the same location. It was evi-
dent that fruit quality was related to mineral nutrition,
especially by connecting esters production with mineral
concentration. To the best of our knowledge, there is no
information regarding the association between aroma
and minerals. Thus, it may be useful for fruit growers to
understand these associations to contribute for a greater
agronomic management and standardization of fruit
quality.

Further sensorial analysis will be conducted to link
the high production of acetates and lower sugar concen-
trations with off flavours production and lower quality
perceived by consumers.
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