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Abstract

Water scarcity in Mediterranean environments has driven the search for sustainable strate-
gies to improve water-use efficiency while maintaining fruit quality. This study evaluated
the combined effect of sustained deficit irrigation and preharvest chitosan sprays on fruit
quality, bioactive compounds, mineral composition, and postharvest behaviour in two
late-season peach cultivars (“Tiétar” and “Duero”) grown under semi-arid Mediterranean
conditions. Sustained deficit irrigation was applied throughout the season, together with
preharvest chitosan applications during fruit development, to assess individual and inter-
active effects. Deficit irrigation caused only slight reductions in fruit size while increasing
total soluble solids (TSS) concentration and the maturity index (TSS/titratable acidity).
Chitosan application increased fruit firmness and modified titratable acidity depending
on the irrigation regime (full irrigation or deficit irrigation). The combined treatment
(chitosan + deficit irrigation) promoted the accumulation of phenolic compounds and an-
tioxidant activity, particularly in “Tiétar”, increased calcium and iron contents, and showed
a longer shelf life. These results indicate that integrating deficit irrigation with preharvest
chitosan sprays can mitigate the impact of water scarcity while improving functional and
postharvest quality of peaches under Mediterranean conditions.

Keywords: Prunus persica; sustained deficit irrigation; chitosan-based biostimulants;
bioactive compounds; cold storage; fruit quality

1. Introduction

The Mediterranean basin has been identified as one of the most vulnerable regions to
climate change. The IPCC Sixth Assessment Report [1] reported that anthropogenic climate
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change is increasing the frequency and intensity of drought events. More recent analyses
indicate that accelerated warming in Mediterranean climate-type regions is linked to rising
greenhouse gas concentrations, declining aerosol levels, and reduced soil moisture, which
intensify drought risk and plant water stress [2]. This hotspot coincides with areas where
irrigated fruit production is highly concentrated, particularly stone fruit orchards in the
Spanish southeast, which are especially vulnerable to increasing water scarcity. In this
context, deficit irrigation has emerged as a key management option to improve water-use
efficiency in fruit trees and vines under Mediterranean conditions [3].

Peach (Prunus persica L. Batsch) is one of the most important stone fruit crops world-
wide, with global production exceeding 27 million tons in 2023 [4]. Spain is among the
main producers in Europe, although national figures show a decrease in yields in recent
years, largely attributed to recurrent drought and unfavourable climatic conditions [5].

Water scarcity in peach orchards reduces CO; assimilation, particularly during the
hottest hours of the day, because of partial stomatal closure and the imbalance between
atmospheric evaporative demand and soil water availability. Reduced transpiration cooling
increases leaf temperature and enhances photoinhibition, photorespiration, and photodam-
age, contributing to further carbon losses [6,7].

The application of deficit irrigation in peach trees and other deciduous species has
been investigated for decades. Early studies demonstrated that moderate water restriction
during periods of low fruit sensitivity can reduce excessive vegetative growth and optimize
irrigation without major yield penalties [8,9]. More recent work shows that deficit irrigation
not only increases water productivity but also influences fruit biochemical composition,
including antioxidant activity and phenolic content [10-12]. When water availability
is continuous, either through stored resources or collective reservoirs, it is possible to
implement controlled deficit irrigation strategies such as regulated deficit irrigation (RDI),
partial root-zone drying (PRD), or sustained deficit irrigation (SDI) [3]. RDI involves
reducing irrigation during non-critical stages of fruit development, in which water shortage
does not negatively affect yield, while maintaining full irrigation during critical stages,
which, in peaches, includes fruit growth and early postharvest [12]. In contrast, SDI
consists of distributing a moderate water deficit uniformly throughout the entire crop cycle
to avoid severe stress at any phenological stage, whereas PRD alternates the irrigation of
different parts of the root zone to maintain partial hydration while stimulating physiological
responses to moderate stress [3]. All these techniques aim to optimise water use without
compromising production, although their physiological and fruit-quality effects may vary
according to species and environmental conditions.

Nevertheless, under the increasingly frequent drought events expected in Mediter-
ranean areas, additional agronomic tools may be required to maintain both yield and
fruit quality. Among these, natural biostimulants such as chitosan have shown potential
to enhance plant tolerance to abiotic stress and to complement the effects of deficit irri-
gation. Chitosan, a deacetylated derivative of chitin present in crustacean shells, insect
exoskeletons, and fungal cell walls, is attracting interest as a natural bio-stimulant. Its
biodegradability and antimicrobial activity, together with its ability to stimulate plant
metabolism and modulate physiological responses to abiotic stress, make it suitable for
sustainable crop management [13]. In peach trees, preharvest chitosan applications have
been associated with improved firmness, higher soluble solids concentration, and enhanced
antioxidant compounds levels, improving postharvest performance [14,15]. From a physi-
ological perspective, drought stress induces the accumulation of soluble sugars through
polysaccharide breakdown, contributing to the maintenance of cellular turgor and osmotic
adjustment. Chitosan-treated plants have been reported to enhance the accumulation of
sugars such as glucose, fructose, mannose, trehalose, sorbitol, and myo-inositol, which
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support carbon balance and stress signaling under water-limited conditions. In addition,
chitosan application has been associated with antioxidant defense systems by increasing the
activity of key reactive oxygen species (ROS)-scavenging enzymes, including superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD), thereby reducing oxidative dam-
age and improving physiological performance under drought stress [14]. Similar responses
have been reported in pomegranate, where preharvest chitosan sprays not only reduced
peel physiopathies such as cracking, splitting, and sunburn, but also increased antioxidant
activity. Importantly, these positive effects were observed both under full irrigation and wa-
ter stress, suggesting that the combination of deficit irrigation and chitosan can contribute
to maintaining fruit quality in water-limited environments [16]. However, research on the
combined use of deficit irrigation and chitosan in peach orchards under Mediterranean con-
ditions remains limited. Evaluating whether preharvest chitosan treatments can mitigate
the physiological responses to water deficit and contribute to maintaining or improving
fruit quality is necessary to develop sustainable management strategies.

In this context, the present study aimed to evaluate how sustained deficit irrigation and
preharvest chitosan sprays, applied individually or in combination, influence fruit quality
attributes, bioactive compounds, and postharvest performance of peach cultivars “Tiétar”
and “Duero” under Mediterranean conditions. Sustained deficit irrigation was selected as
a widely accepted and commercially convenient strategy, with practical management at
the orchard scale, allowing water savings and being particularly suitable for production
systems where the implementation of more complex deficit irrigation strategies is limited
by the lack of continuous sensing. By addressing these interactions, the study seeks to
provide insights into sustainable water and crop management strategies adapted to the
increasing drought pressure projected for the Mediterranean basin.

2. Materials and Methods
2.1. Plant Material, Growing Conditions and Experimental Design

The experiment was conducted between August and November 2023 in a commercial
orchard located in Jumilla, Region of Murcia, Spain (38°2710.2"” N, 1°17'10.4” W). The or-
chard consisted of Prunus persica L. Batsch cvs. ‘Tiétar®—PRO 798’ and “Duero®—PRO 79¢,
both yellow-fleshed cultivars intended for the fresh market. Trees were 3 years old, with
a spacing of 5 x 3 m (666 trees ha~!), and grafted onto the INRA ‘GF-677" rootstock,
widely used in stone-fruit orchards under Mediterranean conditions for its tolerance to
iron chlorosis, ease of propagation, and productive efficiency [17]. The combination of
deficit irrigation strategies with preharvest chitosan applications may further enhance the
performance of this rootstock under water-limited conditions, reinforcing its suitability for
sustainable peach production in Mediterranean environments.

Irrigation water was supplied by the “Miraflores” irrigation community, with an
electrical conductivity (ECy5 °C) of 1.71 dS m~!. Water distribution was achieved through a
single drip line per row, consisting of a 16 mm low-density polyethylene pipe. Each tree was
equipped with five pressure-compensating emitters delivering 3 L h~!. Fertilisation was
differentiated by cultivar: “Duero” trees received 134 kg ha~! of nitrogen (N), 24 kg ha™!
of phosphorus (P,0s), and 115 kg ha~! of potassium (K,O), while “Tiétar” trees received
147 kg ha~! of nitrogen (N), 27 kg ha~! of phosphorus (P,0s), and 127 kg ha~! of potassium
(K20).

The regional climate is classified as semi-arid, characterized by scarce and irregular
torrential rainfall. Climatic data for the experimental period were obtained from the
meteorological station “MU112”, belonging to the Agricultural Information System of the
Region of Murcia (SIAM) [18]. The reference evapotranspiration (ETj), calculated using
the FAO Penman—-Monteith method, was 1497 mm, while the annual precipitation was
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155 mm, highlighting the constant need for supplementary irrigation to meet crop water
requirements.

Irrigation was scheduled weekly according to crop evapotranspiration (ETc) [19],
which was calculated as the product of reference evapotranspiration (ET), the crop coef-
ficient (Kc) [20], and localisation factor (Kr) [21]. Two irrigation strategies were applied:
fully irrigated plants (FI), corresponding to the conventional orchard schedule, and deficit
irrigation (DI), which received 67% of FI, representing a 33% reduction in applied wa-
ter throughout the experimental period. This adjustment resulted in seasonal irrigation
volumes of 4007 m? ha~! for FI and 2805 m® ha~! for DI

In addition, plants for both irrigation treatments were sprayed with a QuitoMax®, a
commercial formulation developed in INCA (Mayabeque, Cuba), based on chitosan poly-
mers produced through the deacetylation of chitin extracted from crustacean exoskeletons.
Applications were carried out twice during the experimental period: (i) on 1 August 2023,
(day of the year, DOY, 213) at a dose of 16 L ha™!, coinciding with a key phase of fruit
development, and (ii) on 4 September 2023, (DOY 247) at a dose of 6 L ha~!, during fruit
maturation when water stress could have a stronger impact on the final quality of fruit.
Plants treated with QuitoMax® comprised treatment Q, while treatment NQ consisted of
plants that were not sprayed with chitosan.

To evaluate the combined effects of irrigation regime and chitosan application, four
treatments were established for each peach cultivar:

FI-Q (Control-With chitosan): 100% ETc irrigation, sprayed with QuitoMax® solution.
FI-NQ (Control-No chitosan): 100% ETc irrigation, untreated.

DI-Q (Deficit irrigation-With chitosan): 67% ETc, sprayed with QuitoMax® solution.
DI-NQ (Deficit irrigation-No chitosan): 67% ETc irrigation, untreated.

Stem water potential (¥stem) was measured at solar midday every 2 weeks using
a Scholander-type pressure chamber (Model 600-EXP, PMS Instrument Co., Albany, OR,
USA). For each replicate, three shaded, fully expanded leaves were enclosed in aluminized
plastic bags approximately 2 h before measurement. Monitoring extended from the first
chitosan application until the end of harvest (“Duero”: 26 September; “Tiétar”: 16 October),
covering the total productive cycle of both cultivars. The seasonal water stress integral (SY)
was computed from midday ¥stem values following the formulation of Myers [22], which
integrates both the intensity and duration of water deficit during the season. Therefore,
SY values represent cumulative stress over time (MPa day’l) and do not correspond to
instantaneous Y stem measurements.

Average SY values confirmed that both cultivars experienced controlled water lim-
itation. In “Duero”, SY ranged between 93 and 141 MPa day !, showing clear discrim-
ination among treatments: DI-NQ (141 MPa day~!) > DI-Q (126 MPa day~!) > FI-Q
(101 MPa day ') > FI-NQ (93 MPa day !). The lower cumulative stress in DI-Q compared
with DI-NQ indicated that chitosan sprays partially mitigated water deficit effects. In
“Tiétar”, S¥ values were higher overall (157-176 MPa day ') due to the longer fruit growth
period. However, the relative ranking among treatments remained similar, with the lowest
stress recorded in FI-NQ and FI-Q. These patterns demonstrate that the imposed deficit
conditions resulted in moderate water stress. This was sufficient to induce physiological
responses without affecting fruit development. This ensured that the conditions were
representative of those for the subsequent quality assessment.

The fruits from “Duero” and “Tiétar” were harvested at commercial maturity on
22 September 2023, (day of the year, DOY 265) and 4 October 2023, (DOY 277), respectively.
The sample selection was carried out in two stages: field and laboratory. In the field,
300 fruits were collected from 10 trees per treatment, taken from both the southeast and
northwest sides of the trees, and from upper and lower canopy on each side, selecting
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30 fruits from each tree. During harvest, three biological replicates were established per
treatment by collecting fruits from different trees, each replicate consisting of fruits from
a distinct subset of trees. Fruits were manually picked at the same ripening stage and
immediately transported to the laboratory. Of these, 120 were used for physical, chemical,
and freeze-dried analyses, while the remaining 180 were reserved for the postharvest study.

Once in the laboratory, the 120 fruits per treatment assigned to analyses were divided
into two groups of 60 fruits each. One group was used for physical and chemical analyses,
while the other group of 60 fruits was reserved for freeze-dried analyses. In both cases,
fruits corresponded to the three biological replicates previously established in the field.

The first group of 60 fruits was used to determine physical-quality parameters. Entire
“Duero” and “Tiétar” peaches were used to analyse weight, caliber, flesh firmness, and
colour. A total of 20 fruits per biological replicate were considered. External colour was
measured on two opposite sides of all fruits (n = 120 per treatment). Of these, 10 fruits were
used to determine flesh firmness on two opposite sides of each fruit (n = 60 per treatment).
Another 10 fruits were used to obtain juice by squeezing the pulp of peaches for the
measurement total soluble solids (TSS), titratable acidity (TA), and organic acids and sugars.
For each biological replicate, TSS and TA were analysed in triplicate (1 = 9 per treatment),
whereas organic acids and sugars were analysed in duplicate (1 = 6 per treatment).

The second group of 60 fruits was promptly frozen in liquid nitrogen and then freeze-
dried in an Alpha 24 freeze dryer (Christ Alpha 2—4; Braum Biotech, Melsungen, Germany)
for 24 h under reduced pressure (0.220 mbar) for the analysis of antioxidant activity, total
phenolics content (TPC), and mineral profile. The temperature in the drying chamber was
—25 °C, while the heating plate reached 15 °C. Subsequently, the samples were milled
to a fine powder and vacuum-packed. Three batches per treatment were obtained from
freeze-dried samples. For the antioxidant activity, TPC, and mineral profile analyses, the
biological replicates were analysed along with a fourth sample that consisted of a mixture
of these three batches (1 = 4).

2.2. Physicochemical Quality Parameters

Fruit weight was recorded in 60 fruits per treatment (20 per replicate) using a precision
balance (Model BL-600, Sartorius, Madrid, Spain). Fruit dimensions—length, equatorial
diameter, and suture diameter—were measured on the same 60 fruits with a digital caliper
(model CD-15 DC; Mitutoyo (UK) Ltd., Telford, UK). Flesh firmness was determined in
30 fruits per treatment after peel removal, using a handheld fruit penetrometer (Bertuzzi
FT-327, Facchini, Alfonsine, Italy) equipped with an 8 mm cylindrical plunger. Two
measurements were taken manually on opposite sides of the equatorial region of each fruit
cheek (n = 60).

External colour parameters of peach peel were measured in 60 fruits per treatment
with a Minolta colorimeter C-300 Chroma Meter (Minolta Corp., Osaka, Japan) by using
the CIE L*a*b* system. Measurements were taken at two opposite points on the equatorial
zone of each fruit (n = 120). The average of these measurements was used for the analysis.
Results were expressed as L* (lightness), a* (redness), and b* (yellowness), and the objective
colour was calculated as chromaticity or chroma (C* = ((@*)? + (0*)?)1/2) and hue angle
(H°* = arctan(b*/a*)).

The total soluble solids (TSS) were measured with a digital refractometer (Atago
N-20; Atago, Bellevue, WA, USA) at 20 °C, with values being expressed as degrees Brix
(°Brix). Titratable acidity (TA) was determined by acid-base potentiometry (877 Titrino
plus, Metrohm ion analyses CH9101, Herisau, Switzerland), using 0.1 mol L~1 NaOH up
to pH 8.1. Six replicate analyses were performed, and the results were expressed as grams
of malic acid per litre. The maturity index was calculated as the ratio between TSS and TA.
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2.3. Organic Acids, Sugars, and Sweetness Index

Organic acid and sugar profiles were determined following the methodology de-
scribed by Hernandez et al. [23], using the same HPLC operating conditions, elution
buffers, and reference standards. The standards for sugars and organic acids were obtained
from Supelco Analysis (Bellefonte, PA, USA). Each analysis was performed in six replicates,
and the concentrations of both sugars and organic acids were expressed as g 100 mL~!
of juice. The sweetness index (SI), used as an indicator of the perceived sweetness of the
fruits, was calculated considering the relative concentrations and sweetness coefficients
of the main soluble carbohydrates. The contribution of each sugar-to-sweetness percep-
tion was estimated according to Keutgen and Pawelzik [24] as follows: Sweetness index
(SI) = (1.00 x [glucose]) + (2.30 x [fructose]) + (1.35 x [sucrose]).

2.4. Antioxidant Activity (AA) and Total Phenolics Content (TPC)

The extraction of samples for total phenolics content (TPC) and antioxidant activity
(AA) assays was carried out following the protocol of Wojdylo et al. [25]. Antioxidant
activity was assessed using three complementary methods. The radical scavenging ability
was determined with the 2,2-diphenyl-1-picrylhydrazyl assay (DPPHe) as reported by
Brand-Williams et al. [26]. In addition, the 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) cation radical (ABTSe+) and the ferric reducing antioxidant power (FRAP) were
measured according to Benzie and Strain [27] and Re et al. [28], respectively. All three assays
were performed in quadruplicate using a UV-Vis spectrophotometer (Termospectromic
Helios Gamma UVG 1002 E, Cambridge, UK), and results were expressed as mmol Trolox
equivalents per kilogram of dry weight (dw). TPC was determined with the Folin-Ciocalteu
method as described by Singleton et al. [29]. This analysis was also performed in four
replicates using the same spectrophotometer, and results were expressed as grams of gallic
acid equivalents (GAE) per kilogram dw.

2.5. Phenolic Compounds

The extraction, identification, and quantification of phenolic compounds (non-
anthocyanin phenolics and anthocyanins) were carried out according to Caranqui-Aldaz
etal. [30]. Briefly, 50 mg of freeze-dried sample were extracted with 1 mL of methanol/water
(80:20, v/v) containing 1% formic acid for the determination of non-anthocyanin phenolics,
while 0.5 g of freeze-dried sample were mixed with 4 mL of cold methanol/water /formic
acid (80:19.9:0.1, v/v/v) for anthocyanin extraction. In both cases, samples were shaken for
10 min, sonicated for 10 min, centrifuged (non-anthocyanins: 12,000 rpm; anthocyanins:
4000 rpm; 10 min, 4 °C), and the supernatants were filtered (0.45 pm PTFE or nylon mem-
branes). All extractions were performed in triplicate. Phenolic compounds were analysed
using HPLC-DAD-ESI-MS" (Agilent 1100 Ion Trap, Santa Clara, CA, USA) or LC-MS/MS
8050 (Shimadzu, Kyoto, Japan) with C18 columns and water/formic acid—acetonitrile gra-
dients. Identification and quantification were performed using external calibration curves
prepared from authentic phenolic and anthocyanin standards.

2.6. Mineral Content

For mineral determination, 0.2 g of freeze-dried sample were digested in a mi-
crowave system (MARS ONE, 240/50 CEM) (OneTouch Technology, CEM Corporation,
Matthews, NC, USA), reaching 200 °C within 15 min and holding at this temperature for a
further 15 min after the addition of 10 mL of concentrated HNO3 (65%, w/v). The digests
were filtered through quantitative filter paper, transferred to volumetric flasks, and diluted
(1:10, 1:20, and, for potassium, 1:60) with ultrapure deionised water (18 MQ, Milli-Q®
system; Millipore Corporation, Madrid, Spain). The concentrations of macronutrients (Ca,
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Mg, K) and micronutrients (Cu, Fe, Mn, Zn) were measured in the mineralised samples
using an inductively coupled plasma mass spectrometer (ICP-MS, ICPS-2030; Shimadzu
Scientific Instruments, Columbia, MD, USA). Results were expressed as g kg ! dry weight
(dw) for macronutrients and as mg kg ! dw (equivalent to ppm dw) for micronutrients.

2.7. Postharvest Performance

After harvest, 180 fruits per treatment were reserved for the postharvest study and
distributed according to the three biological replicates previously established in the field
into 18 lots of 10 fruits (three lots per sampling date), with one lot per biological replicate at
each sampling date. Fruits were selected at a uniform maturity stage with homogeneous
size and color, and without defects. Three lots were used to evaluate fruit properties at
harvest (day 0). The remaining 15 lots were stored in a cold chamber at 4 & 0.5 °C and
90-95% RH. During storage, fruits from each lot were periodically weighed to determine
weight loss until their corresponding sampling date. At each sampling date (7, 14, 20, 27,
and 33 days after harvest), three lots (one per biological replicate) were removed from
storage and used for destructive analyses, including firmness, total soluble solids (TSS), and
titratable acidity (TA). All other quality and compositional measurements were performed
only at harvest (day 0). The storage conditions were selected to reflect realistic commercial
postharvest handling conditions and to avoid chilling injury.

At each sampling date, weight loss was determined on the same fruits of each lot
reserved for the postharvest study by comparing individual initial weights recorded at
harvest (day 0) with the corresponding weights at each storage time, using a precision
balance (BL-600, Sartorius, Madrid, Spain). Weight loss was expressed as percentage
relative to the initial fruit weight. Flesh firmness was assessed after peel removal using
a handheld fruit penetrometer (Bertuzzi FT-327, Facchini, Alfonsine, Italy) fitted with
an 8 mm cylindrical plunger; two measurements were taken on opposite sides of the
equatorial region of each fruit cheek, and firmness was expressed as kg cm 2. TSS and TA
were determined as described previously.

2.8. Statistical Analysis

A multifactorial analysis of variance (ANOVA) was carried out to evaluate the effects
of irrigation regime, chitosan application, and peach cultivar, as well as their three-way
interaction (cultivar x irrigation x chitosan application), after checking normality and
homogeneity of variances. When significant differences were detected (p < 0.05), Tukey’s
test was employed as the multiple range procedure to discriminate among means at the
95% confidence level. Statistical analyses and figure preparation were performed using
XLSTAT software version 9 [31]. Significant differences among samples were indicated
by different letters to facilitate interpretation of the results. Graphical representation of
treatment effects on fruit physicochemical parameters (TSS, TA, Ml), antioxidant activity
(ABTSe+, DPPHe, FRAP, TPC), and post-storage parameters (weight loss, firmness, TSS,
TA) was performed using SigmaPlot version 12.5 [32].

3. Results

Overall data variability was low, with standard deviation values remaining below 20%
of the mean across all variables.

3.1. Physicochemical Quality Parameters

Fruit weight and size were strongly influenced by both cultivar and irrigation regime
(Table 1), with full irrigation (FI) resulting in higher average fruit weight than deficit
irrigation (DI) across cultivars (203 vs. 194). Cultivar also affected fruit size, with “Tiétar”
producing heavier fruits than “Duero”. The highest value was observed in FI-NQ cv.
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“Tiétar” (231 g), while the lowest was recorded in DI-NQ cv. “Duero” (178 g). Chitosan
application did not affect fruit weight within cultivar or irrigation groups.

Table 1. Fruit weight, size parameters, and firmness of peach cultivars “Tiétar” and “Duero” as
affected by irrigation and chitosan treatments.

Irrigation Chitosan Equatorial Suture Firmness
Cultivar 8 Weight (g) Length (mm) Diameter Diameter s
Treatment Treatment (kg cm—2)
(mm) (mm)
Full Chitosan 217 b1 71.5bc 754b 73.5Db 41cd
» irrigation Control 231a 76.1a 773 a 75.5a 44bc
Tiétar
Deficit Chitosan 203 ¢ 72.1b 74.1 bc 72.6b 48a
irrigation Control 204 c 720b 734 c 72.8b 3.9de
Full Chitosan 183 de 714 bc 70.2 de 69.2 ¢ 4.7 ab
irrigation Control 181 de 721b 70.0 de 68.9 ¢ 43c
Duero
Deficit Chitosan 191d 72.3Db 71.1d 69.8 ¢ 39de
irrigation Control 178 e 69.7 ¢ 69.5¢e 68.7 ¢ 38e
ANOVA % 2 *3%% bt %% bt
Tiétar 214 72.9 75.0 73.6 4.3
Cultivar Duero 183 71.3 70.2 69.2 4.1
ANOVA Hkk k% *kk k% *
Full Irrigation 203 72.8 73.2 71.8 44
Irrigation treatment Deficit irrigation 194 71.5 72.0 71.0 4.1
ANOVA e XX EEE) R EEE)
Chitosan 199 71.8 72.7 71.3 4.4
Chitosan application Control 198 72.5 72.6 71.5 41
ANOVA NS * NS NS o

1 Values (means) followed by the same letter, within the same column, were not statistically different according
to Tukey’s multiple range test (n = 60). 2 NS = not significant at p < 0.05; *, ***, significant at p < 0.05 and 0.001,
respectively.

Fruit dimensions (length, equatorial, and suture diameters) followed a similar pat-
tern, with larger values in “Tiétar” and under FI. The maximum equatorial diameter was
measured in FI-NQ “Tiétar” (77.3 mm), and the minimum in DI-NQ “Duero” (69.5 mm).
Chitosan showed a slight but significant effect only on fruit length, with cultivar-dependent
responses that varied with the irrigation regime. On average, fruits with chitosan were
shorter than the untreated ones (71.8 vs. 72.5 mm), mainly due to a marked reduction
in “Tiétar” under FI (71.5 vs. 76.1 mm). By contrast, an opposite trend was observed in
“Duero” under DI, where chitosan increased fruit length (72.3 vs. 69.7 mm). No significant
effects of chitosan were detected for equatorial or suture diameters. These contrasting
responses reflect differences among cultivar X irrigation combinations.

Firmness was significantly affected by all three factors (Table 1). On average, FI fruits
were firmer than DI fruits in both cultivars, and “Tiétar” fruits showed higher values
than “Duero”. The highest firmness was recorded in DI-Q “Tiétar” (4.8 kg cm~2), while
the minimum was recorded in DI-Control “Duero” (3.8 kg cm~2). Chitosan application
resulted in higher firmness overall, with statistically significant effects detected in “Tiétar”
under deficit irrigation and in “Duero” under full irrigation.

Total soluble solids (TSS), titratable acidity (TA), and the resulting maturity index (MI)
varied between cultivars and irrigation regimes (Figure 1). In “Tiétar”, deficit irrigation
led to higher TSS compared with full irrigation, with both DI-Q and DI-NQ exceeding
13 °Brix. TA values decreased under DI, with the lowest values observed in this cultivar.
Consequently, MI was highest under DI, reaching values above 30 in both chitosan-treated
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and control fruits. No significant effect of chitosan was detected within either irrigation
level.

40

[ Tiétar-FI-Q a
I Tiétar-FI-NQ a
Bl Tiétar-DI-Q

30 A [ Tiétar-DI-NQ b
[ Duero-FI-Q -i-
I Duero-FI-NQ
[ Duero-DI-Q

a

@ Duero-DI-NQ

TSS (°Brix) 7. s MI (TSS/TA)
(g malic acid L )

Figure 1. Total soluble solids (TSS), titratable acidity (TA), and maturity index (MI) in fruits of
peach cultivars “Tiétar” and “Duero” under different irrigation and chitosan treatments. Values
(means =+ standard error) followed by the same letter, within the same parameter, were not statistically
different according to Tukey’s multiple range test (p < 0.05) (n =9).

In “Duero”, TSS values were lower than those observed in “Tiétar”, ranging between
11.5 and 12.5 °Brix. The effect of irrigation was less pronounced, although DI tended to
increase TSS slightly compared with FI. TA values were higher than those in “Tiétar”,
particularly under DI, where DI-Q fruits showed the highest acidity. Consequently, MI
was lower in “Duero”, while the highest values overall were recorded in “Tiétar” under DI,
regardless of chitosan application.

External colour parameters differed significantly between cultivars, while irrigation
and chitosan effects were limited (Table 2).

Table 2. External colour coordinates of peach cultivars “Tiétar” and “Duero” under different irrigation
and chitosan treatments.

Cultivar ~ Lrmigation Chitosan L* (D65) a* (D65) b* (D65) C* (D65) H° (D65)
Treatment Treatment
Full Chitosan 70.4b ! 10.3 b 44.6 a 45.9 ab 769 a
Tistar irrigation Control 69.6 b 109b 44.0 ab 45.6 abc 75.6 a
Deficit Chitosan 704b 10.5b 45.1a 464 a 770 a
irrigation Control 703 b 12.3 ab 46.0 a 47.7 a 75.0 a
Full Chitosan 74.7 a 14.3 a 404 cd 439 cd 69.0b
irrigation Control 739 a 14.8 a 39.8d 436d 67.7b
Duero
Deficit Chitosan 74.7 a 144 a 40.9 bed 44.4 bed 69.1b
irrigation Control 758 a 149 a 42.7 abc 46.1 ab 69.7b

https://doi.org/10.3390/agronomy16030361


https://doi.org/10.3390/agronomy16030361

Agronomy 2026, 16, 361 10 of 23
Table 2. Cont.
Cultivar ~ Lrmigation Chitosan L* (D65) a* (D65) b* (D65) C* (D65) H° (D65)
Treatment Treatment

ANOVA %% 2 3k *kk 3k %

Tiétar 70.2 11.0 449 46.4 76.1

Cultivar Duero 74.8 14.6 41.0 445 68.9

ANOVA EE EE EE EE B

Full Irrigation 72.1 12.6 422 44.8 72.3

Irrigation treatment Deficit irrigation 72.8 13.0 43.7 46.1 72.7

ANOVA NS NS * i NS

Chitosan 72.5 124 42.8 45.1 73.0

Chitosan application Control 72.4 13.2 43.1 45.8 72.0

ANOVA NS NS NS NS NS

1 Values (means) followed by the same letter, within the same column, were not statistically different according to
Tukey’s multiple range test (1 = 120). 2 NS = not significant at p < 0.05; *, **, *** significant at p < 0.05, 0.01, and
0.001, respectively.

“Duero” fruits displayed higher lightness (L*) and redness (a*), reflecting a lighter and
redder skin colour. In contrast, “Tiétar” showed higher b*, chroma (C*), and hue angle (H°),
consistent with a more saturated, yellowish appearance. Irrigation effects were minor and
limited to b* and C*, which were slightly higher under DI compared with FI, indicating
more intense and yellowish skin colour. No significant effect of chitosan treatment was
detected for any colour attribute.

3.2. Organic Acids, Sugars and Sweetness Index

The concentrations of organic acids and sugars in “Tiétar” and “Duero” peaches under
the different treatments are shown in Table 3. Malic acid was the predominant acid, with
concentrations between 0.72 and 0.77 g 100 mL~!. Levels were slightly but significantly
higher under FI than under DI in both cultivars, but no differences were observed between
“Tiétar” and “Duero”, nor due to chitosan application.

Table 3. Organic acid and sugar contents in peach cultivars “Tiétar” and “Duero” under different
irrigation and chitosan treatments (g 100 mL ™).

Irrigation Chitosan Total Total
Cultivar 8 Treat- Citric Malic Quinic Organic  Sucrose  Glucose Fructose SI3
Treatment X Sugars
ment Acids
Chitosan  0.10e!  076a  017d  103de  262bc  023g 068c 27.1bed 02
Full abc
TUANON  Contol  010e  076a  017d  103de  270ab  028fg 09lbc  282ab
Tiétar
- Chitosan 0.09e 0.73 ab 020b 1.02 de 280a 036de 111D 295a 40.8 a
Deficit 381
irrigation Control 0.09e 0.73 ab 0.18 cd 1.00 e 26.7b 0.38d 0.72 ¢ 27.8 be ablc
Full Chitosan 0.24a 0.77 a 0.26 a 1.26a 25.6 ¢ 0.66 a 1.73a 28.0b 39.3 ab
irrigation Control 0.22 ab 0.77 a 0.20b 1.18b 24.0 de 0.47 ¢ 146 a 26.0 de 36.3 bc
Duero Deficit Chitosan 0.18 ¢ 0.72Db 0.16d 1.06 cd 235e 03lef 112D 249e 345¢
irrigation Control 0.20 be 0.73 ab 0.19 be 1.12¢ 245d 0.54Db 153a 26.6 cd ;733
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Table 3. Cont.
Irrigation Chitosan Total Total
Cultivar & Treat- Citric Malic Quinic Organic ~ Sucrose  Glucose Fructose S13
Treatment . Sugars
ment Acids
ANOVA s 2 FH% X% *%% Fkk *k% *%% *%% EXEd
Tiétar 0.10 0.74 0.18 1.02 27.0 0.31 0.86 28.2 38.7
Cultivar Duero 0.21 0.75 0.20 1.16 24.4 0.49 1.46 26.3 36.8
ANOVA A%k Ns %% *% bt X% A% %% *%
Full
Irriga- 0.17 0.76 0.20 113 25.7 0.41 1.19 27.4 37.9
tion
Irrigation treatment Deficit
irriga- 0.14 0.73 0.18 1.05 25.7 0.40 1.12 27.2 37.6
tion
ANOVA i ok e ek NS NS NS NS NS
Chitosan 0.15 0.75 0.20 1.09 25.8 0.39 116 27.4 37.9
Chitosan application Control 0.15 0.74 0.18 1.08 25.6 0.42 1.15 27.1 37.6
ANOVA NS NS ok NS NS NS NS NS NS

! Values (means) followed by the same letter, within the same column, were not statistically different according
to Tukey’s multiple range test (1 = 6). 2 NS = not significant at p < 0.05; **, ***, significant at p < 0.01, and 0.001,
respectively. 3 Sweetness index = (1.00 x [glucose]) + (2.30 x [fructose]) + (1.35 x [sucrose]).

Citric and quinic acids were higher in “Duero” than in “Tiétar” (0.21 vs. 0.10 and 0.20
vs. 0.18 g 100 mL !, respectively). FI increased citric acid content, while quinic acid was the
only compound affected by chitosan application, showing slightly higher values in treated
fruits. Total organic acids followed the same pattern, with greater contents in “Duero” and
under FL

Regarding sugars, sucrose was the predominant compound, followed by fructose
and glucose. “Tiétar” showed significantly more sucrose than “Duero” (27.0 g vs. 24.4 g
100 mL~!), whereas glucose and fructose were higher in “Duero”. Total sugars ranged from
24.9 t0 29.5 g 100 mL~! across cultivars and treatments and were consistently greater in
“Tiétar” than in “Duero”, with no effect of irrigation or chitosan application. The sweetness
index varied between 34.5 in “Duero” DI-NQ and 40.8 in “Tiétar” DI-Q, with higher mean
values in “Tiétar” irrespective of treatments; higher values indicating a greater contribution
of sugars to perceived sweetness.

3.3. Antioxidant Activity and Total Phenolics Content

Figure 2 shows the antioxidant activity (ABTSe+, DPPHe, FRAP) and total phenolic
content (TPC) of “Tiétar” and “Duero” peaches under the different treatments. In “Tiétar”,
the combination of deficit irrigation and chitosan (DI-Q) showed the highest values for
all three antioxidant assays and for TPC. No statistically significant differences were de-
tected among the remaining treatments within this cultivar (FI-Q, FI-NQ, and DI-NQ). In
“Duero”, treatment effects were less marked. ABTSe+ activity did not show statistically
significant differences among treatments. In contrast, DPPHe and FRAP reached their
highest values under FI-Q, while the other treatments showed no significant differences.
For TPC, FI-Q showed significantly higher values than DI-Q, while FI-NQ and DI-NQ
did not differ significantly from either treatment.

3.4. Phenolic Compounds

A total of 16 phenolic compounds were identified in both peach cultivars and clas-
sified into three groups: flavonoids (quercetin-3-glucoside, quercetin-3-3-D-galactoside,
quercetin-3-rutinoside, quercetin-3-p-D-glucopyranoside, catechin, epicatechin, luteolin-
7-O-glucoside, and pinoresinol), phenolic acids (neochlorogenic acid, chlorogenic acid,
and 3,5-di-O-caffeoylquinic acid), and anthocyanins (cyanidin-3-rutinoside/keracyanin,
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cyanidin-3-glucoside /kuromanin, peonidin-3-glucoside, pelargonidin-3-rutinoside, and
pelargonidin-3-glucoside/ callistephin) (Supplementary Materials, Tables S1-S3). Flavonoids
represented the most diverse group, with quercetin derivatives being the most abundant,
whereas catechin, epicatechin, and luteolin-7-O-glucoside were detected at lower concen-
trations. Pinoresinol also occurred at low concentrations and was responsive to chitosan
application. Anthocyanins were consistently detected but remained at comparatively
low concentrations, with kuromanin showing the clearest treatment-related differences,
exhibiting significantly higher values under full irrigation.

70
01 = TiétarFiQ
50| R Tiétar-FI-NQ
I Tiétar-DI-Q
40 4 - Tiétar-DI-NQ
[ Duero-FI-Q
30 A I Duero-FI-NQ
23 Duero-DI-Q
20 I Duero-DI-NQ //
/ /
27 . /1

TPC
mg GAE 100 ¢

ABTS =+
mM Trolox

DPPH-+
mM Trolox

FRAP
mM Trolox

Figure 2. Antioxidant activity (ABTSe+, DPPHe and FRAP) and total phenolic content (TPC) in
fruits of peach cultivars “Tiétar” and “Duero” under different irrigation and chitosan treatments.
Values (means =+ standard error) followed by the same letter, within the same parameter, were not
statistically different according to Tukey’s multiple range test (p < 0.05) (n = 4).

To better illustrate the treatment effects, six representative compounds were selected
based on both their relative abundance and their significant variation across factors:
neochlorogenic acid (NeoCGA), chlorogenic acid (CGA), quercetin-3-O-rutinoside (Q-
3-Rut), quercetin-3-p-D-glucopyranoside (Q-3-Glcp), quercetin-3-glucoside (Q-3-Glc), and
cyanidin-3-O-glucoside (Cy-3-Glc; kuromanin) (Table 4).

Table 4. Concentration of selected phenolic compounds (mg 100 g1 dry weight) in the flesh of peach
cultivars “Tiétar” and “Duero” as affected by cultivar, irrigation treatment, and chitosan application.

Irrigation

Chitosan

. 1 a . . .
Cultivar Treatment Treatment NeoCGA CGA Q-3-Rut Q-3-Glcp Q-3-Glc Cy-3-Glc
Full irrication Chitosan 12.5d2 122 ¢ 1.16d 0.14 bc 0.53 ¢ 0.06 ¢
& Control 14.7 bed 14.9 be 1.54 cd 0.18 bc 0.63 bc 0.09 ¢
Tiét
rerar Deficit irtization Chitosan 17.7 ab 177 a 133 cd 0.20 be 0.73 be 0.12¢
& Control 18.0a 17.7 ab 1.19d 0.10 ¢ 0.46 ¢ 0.08 ¢
Full irrieation Chitosan 16.1 abc 17.3 ab 2.48 abc 0.70 ab 2.25 ab 1.17 ab
& Control 144 cd 15.3 ab 3.01 ab 1.12a 3.26 a 190 a
D
Here Deficit irrisation Chitosan 143 cd 163 ab 348a 127a 3.65a 1.24 ab
& Control 14.9 abcd 15.2 ab 1.97 bed 0.37 bc 1.19 bc 0.41 bc
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Table 4. Cont.
Cultivar Irrigation Chitosan NeoCGA ! CGA Q3-Rut  Q3Glp  Q3Gle  Cy3-Gle
Treatment Treatment
ANOVA *%% 3 A% 4k 3% %% %%
Tiétar 157 a 15.6 a 1.30b 0.15b 0.59b 0.07 b
Cultivar Duero 149 a 16.0a 274a 0.87 a 2.58 a 1.18a
ANOVA NS NS bt 3% %% %4
Full Irrigation 144D 149b 2.05a 0.53 a 1.67 a 0.79a
Irrigation treatment Deficit irrigation 16.2a 16.7 a 1.99a 0.49a 1.51a 045D
ANOVA ** xxx NS NS NS *
Chitosan 152a 159a 211a 0.58 a 1.79 a 0.64 a
Chitosan application Control 155a 158 a 193 a 044D 1.38 a 0.62a
ANOVA NS NS NS * NS NS

1 Abbreviations: NeoCGA (neochlorogenic acid), CGA (chlorogenic acid), Q-3-Rut (quercetin-3-O-rutinoside),
Q-3-Glcp (quercetin-3-p-D-glucopyranoside), Q-3-Glc (quercetin-3-glucoside), Cy-3-Glc (cyanidin-3-O-glucoside,
kuromanin). 2 Values (means) followed by the same letter, within the same column, were not statistically different
according to Tukey’s multiple range test (1 = 4). 3 NS = not significant at p < 0.05; *, **, ***, significant at p < 0.05,
0.01 and 0.001, respectively.

Among the phenolic acids, chlorogenic and neochlorogenic acids showed the highest
concentrations overall, exceeding 17 mg 100 g~ dw in “Tiétar” under deficit irrigation.
When irrigation regimes were compared, water restriction significantly increased their
levels relative to full irrigation. Regarding flavonoids, quercetin derivatives (Q-3-Rut, Q-3-
Glep, Q-3-Glc) accumulated at markedly higher levels in “Duero” than in “Tiétar”. Among
them, quercetin-3-3-D-glucopyranoside was significantly increased by chitosan application.

3.5. Mineral Content

Nine mineral elements were quantified in the peach samples (five macroelements:
Ca, K, Mg, Na, and P; and four microelements: Cu, Fe, Mn, and Zn; Table 5), showing
significant differences among cultivars, irrigation treatments, and chitosan application.

Table 5. Concentration of macroelements and microelements in peach fruits of peach cultivars “Tiétar”

and “Duero” as affected by cultivar, irrigation regime, and chitosan application.

. Irrigation Chitosan Macroelements (mg 100 g~1 dw) Microelements (ug 100 g1 dw)
Cultivar Treatment Treatment
Ca K Mg Na P Cu Fe Mn Zn
Full Chitosan 7224d" 1795a 52.4bc 13.7 abc 149a 380 bc 2277 ¢ 344 bc 782 abc
irrigation Control 782d 1585 be 50.8 bed 9.74bc 133 bed 361bc 2198 ¢ 348 bc 705bc
Tiét
e Deficit Chitosan 823d 1650b 481d  153ab  119d  341c  207lc 299d 645¢
irrigation Control 86.4d 1611 bc 47.8d 15.8 ab 123 cd 332¢ 2587 be 338 cd 767 abc
Full Chitosan 181b 1510 cd 53.2bc 20.8a 130 bed 401 ab 3552 ab 382ab 896 a
irrigation Control 922d 1572 bed 575a 499c¢ 137 abc 391b 2731 bc 390a 778 abc
D
Here Deficit Chitosan 500a 1471d 505cd  88bc  133bc  380bc  4088a  359abc 833ab
irrigation Control 107 ¢ 1612 bc 54.4 ab 6.35bc 142 ab 443a 2680 bc 368 abc 862 ab
ANOVA otk 2 A% *AK *%% 4k *AK *HF k% *AK
Tiétar 79.8 1660 49.8 13.7 131 354 2283 332 725
Cultivar Duero 220 1541 53.9 10.3 136 404 3263 375 842
ANOVA A A A * * A K NN L
Full Irrigation 106 1615 53.5 12.3 137 383 2690 366 790
Irrigation treatment irggi‘fi‘;n 194 1586 50.2 116 129 374 2856 341 777
ANOVA * NS oo NS > NS NS ek NS
Chitosan 209 1606 51.1 14.7 133 375 2997 346 789
Chitosan application Control 90.9 1595 52.6 9.22 134 382 2549 361 778
ANOVA i NS * o NS NS ** * NS

1 Values (means) followed by the same letter, within the same column, were not statistically different according
to Tukey’s multiple range test (1 = 4). 2 NS = not significant at p < 0.05; *, **, ***, significant at p < 0.05, 0.01 and
0.001, respectively.
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Among the macroelements, potassium (K) was the most abundant mineral across all
treatments, with concentrations ranging from 1471 to 1795 mg 100 g~ dw. Calcium (Ca)
showed the widest variation, from 72.2 mg 100 g~ ! dw in “Tiétar” under full irrigation
to 500 mg 100 g ! in “Duero” under deficit irrigation combined with chitosan treatment.
Duero peaches showed significantly higher mean concentrations of Ca, Mg, and P compared
to Tiétar, whereas Tiétar exhibited slightly higher K and Na levels.

Deficit irrigation significantly increased Ca content (193.8 vs. 105.9 mg 100 g~ dw),
while decreasing Mg and P levels. No differences in K or Na were observed between
irrigation treatments. Regarding chitosan application, the treated fruit presented higher Ca
and Na contents but slightly lower Mg levels.

3.6. Postharvest Performance

Figure 3 illustrates the evolution of weight loss, firmness, total soluble solids (TSS),
and titratable acidity (TA) during 33 days of cold storage in “Duero” and “Tiétar” peaches
under different irrigation and chitosan treatments.
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Figure 3. Changes in weight loss (A,B), firmness (C,D), total soluble solids (TSS) (E,F), and titratable
acidity (TA) (G,H) during cold storage in fruits of peach cultivars “Duero” and “Tiétar”. Data are
shown separately for “Duero” (left panels) and “Tiétar” (right panels). Asterisks indicate statistically
significant differences among treatments at each time point (Tukey’s test, p < 0.05).

Weight loss increased progressively with storage time in both cultivars (Figure 3A,B).
In “Duero”, FI-NQ fruits showed the highest weight loss by day 33 (>14%), whereas DI-Q
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maintained the lowest weight loss (~11%). In “Tiétar”, cumulative losses were slightly
lower overall (10-13%), with DI-Q consistently showing the best performance.

Firmness decreased during storage, with cultivar-dependent dynamics (Figure 3C,D).
In “Duero”, values remained stable until day 14, followed by a marked decline, partic-
ularly in FI-NQ fruits, which fell below 2.5 kg cm ™2 at the end of storage. In “Tiétar”,
an initial increase was observed at day 7, after which firmness gradually declined. DI-Q
fruits maintained higher firmness throughout storage, whereas FI-NQ fruits softened
more rapidly.

TSS showed different patterns between cultivars (Figure 3E F). In “Duero”, TSS
increased transiently at day 7 under DI treatment, but values later stabilised around
12.5-13 °Brix. In “Tiétar”, TSS showed a gradual increase during storage, from ~13 °Brix
at harvest to ~14 °Brix at day 33. DI treatments maintain slightly higher levels than FI,
whereas chitosan application had little effect. TA declined progressively in both cultivars
during storage (Figure 3G,H). In “Duero”, TA dropped from initial values near 18 g L~ to
~7 g L1 at day 33, with no major differences among treatments. In “Tiétar”, TA values also
decreased, although slightly more gradually, stabilizing near 8 g L~! by the end of storage.

4. Discussion

Fruit weight and size are traditionally considered primary commercial traits in peach,
as they largely determine market classification and price. Nevertheless, consumer ac-
ceptance is more closely associated with sweetness and flavour attributes, with soluble
solids concentration considered a more reliable indicator of sensory quality than external
dimensions [33].

In this study, both cultivar and irrigation regime significantly influenced fruit growth,
with “Tiétar” producing larger fruits than “Duero” and deficit irrigation resulting in only
modest but statistically significant reductions (~4-5% in weight and <2% in size parame-
ters). In a previous study, Girona et al. [34] reported reductions of about 11% in fruit weight
in some seasons when RDI was applied during stage II (pit hardening, a non-critical phase
of fruit development), which, in their study, were mainly attributed to variations in fruit
load rather than to a direct effect of water stress. Similarly, Alcobendas et al. [35], applied
a RDI strategy maintaining a ¥stem threshold of —1.8 MPa during stage II and reported
slightly lower fruit weight in trees under RDI, though differences were not statistically
significant and were attributed to the low crop load. Consistently, Vera et al. [36] (2013)
reported that fruit size remained relatively unaffected under both RDI and SDI treatments.

In our experiment, preharvest chitosan application did not significantly modify fruit
weight or size, whereas other studies have reported positive effects depending on the timing
and concertation. For instance, in peach “Early Grand”, sprays at 1% enhanced fruit growth
when applied 50 days after full bloom [13], and Khan et al. [15] observed increases in fruit
weight and volume at chitosan concentration of 150 ppm. In our experiment, chitosan was
applied twice during phase III (fruit expansion and ripening), yet no significant effects
were detected on final fruit size. Applications closer to harvest tend to affect biochemical
or quality-related traits rather than growth-driven parameters [37]. Fruit size remained
relatively stable across the different irrigation and chitosan treatments, whereas notable
differences were detected in several compositional and quality-related parameters.

Firmness is a key textural attribute in peach, as it conditions consumer acceptance
and determines both handling resistance and market destination [33]. In our study, the
fruits under deficit irrigation were firmer than those under full irrigation in both cultivars,
with “Tiétar” consistently exceeding “Duero”, and firmness was further enhanced by
chitosan application. Similar responses have been reported under moderate preharvest
water restriction in peach [38]. By contrast, Wang et al. [39] found no differences in firmness
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between full and deficit irrigation, which may be related to the fact that their deficit strategy
was implemented after harvest rather than during fruit development, emphasizing the
importance of timing in water management.

Regarding biostimulant effects, several studies indicate that preharvest chitosan sprays
can influence firmness in stone fruits. In peach trees, preharvest sprays of 1% chitosan
increased firmness in “Early Grand” [13], and treatments with concentrations of 150 ppm
also yielded higher values in the same cultivar [15], whereas in “Florida Prince”, preharvest
sprays with nano-chitosan only maintained pulp firmness at levels comparable to untreated
controls, without significant improvement [40]. In apricot trees, ElImenofy et al. [41] applied
1% chitosan sprays 30 and 15 days before harvest and observed significantly firmer fruit
at harvest compared with untreated controls. Similarly, in nectarine trees, Giacalone
& Chiabrando [42] reported that a 1% preharvest spray applied 14 days before harvest
helped maintain higher firmness during storage. It has been consistently demonstrated
that preharvest chitosan applications improve firmness in stone fruits, though the extent
of this response depends on the species, cultivars, and timing of application. Chitosan
has been reported to modulate plant physiological responses to water deficit, including
changes in osmotic balance and stress-responsive metabolites, which may contribute to the
maintenance of tissue integrity under stress conditions [14].

While fruit size is a primary commercial trait, sweetness and acidity, expressed as
total soluble solids (TSS) and titratable acidity (TA), are generally stronger predictors of
consumer acceptance, since their balance and the resulting sugar:acid ratio (MI) largely
determine flavour perception in peach [33,38]. A minimum TSS of 10-12 °Brix is usually
required to ensure consumer acceptance [33]. In our study, all treatments in “Duero”
reached or slightly exceeded this threshold, while “Tiétar” consistently showed higher
values, particularly under deficit irrigation, where values approached 14 °Brix.

The effect of deficit irrigation on flavour attributes was strongly cultivar dependent. In
“Tiétar”, deficit irrigation not only increased TSS but also reduced TA, leading to higher MI
values. This trend is in line with previous studies reporting improved sugar:acid ratio un-
der moderate deficit irrigation [38] and agrees with findings in peach under Mediterranean
conditions, where deficit irrigation often led to increases in TSS accompanied by lower
TA [35,43]. By contrast, “Duero” in our trial showed limited changes in TSS and a less
consistent response of TA, reflecting genotypic differences in the sensitivity of flavour traits
to water stress. Comparable results have been reported in pomegranate, where irrigation
water withholding increased both TSS and TA, and where the interaction with chitosan
treatment significantly modified acidity and specific organic acids depending on water
regime [16]. In that study, the changes in acidity and organic acids were not uniform, but re-
stricted to full irrigation or water stress combinations, reinforcing that the effect of chitosan
is strongly conditioned by the irrigation regime. From a physiological standpoint, water
deficit promotes the accumulation of soluble sugars because of polysaccharide degradation,
contributing to the maintenance of cellular turgor and osmotic adjustment. In this context,
chitosan-treated plants have been reported to enhance sugar-related metabolic responses
involved in carbon balance and stress signaling under water-limited conditions [14]. In
our study, chitosan did not significantly modify TSS, but it influenced TA depending on
the irrigation regime in “Duero”, with opposite effects under FI and DI. Similar outcomes
have been described in peaches, where preharvest chitosan sprays increased acidity [13,15],
while in peach “Florida Prince”, nano-chitosan improved the sugar:acid ratio [40].

Fruit colour is a key external trait in peach, contributing to visual attractiveness and
consumer choice, although its relationship with flavour quality is less direct than that of
TSS or TA. In our study, cultivar differences determined peel colour expression: “Duero”
showed higher lightness (L*) and redness (a*), whereas “Tiétar” displayed higher b*, C¥,
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and hue values, reflecting more yellowish tones. These genotypic contrasts highlight the
strong influence of cultivar on peel pigmentation, in agreement with previous studies in
peach under different irrigation regimes [35,43].

The effect of deficit irrigation was more limited, producing increases in b* and C¥,
consistent with previous reports where moderate water restriction improved peel coloura-
tion, whether assessed by expert scoring [38] or by reductions in hue angle and increases in
chroma using instrumental methods [35,43].

By contrast, chitosan application did not significantly alter any colour attribute in our
trial. This contrasts with findings in other Prunus species: in apricot, Elmenofy et al. [41]
applied 1% chitosan sprays at 30 and 15 days before harvest and reported significant
changes in L*, a*, and b* at harvest, while in nectarine, Giacalone & Chiabrando [42]
applied 1% spray 14 days before harvest and found higher L* and hue values compared
with untreated fruit. In our case, chitosan was applied well before harvest (between 21 and
53 days, depending on cultivar), which may help explain the absence of significant effects
at maturity.

Sugars and organic acids are central to peach flavour, since their balance determines the
perception of sweetness and acidity. Their levels vary with genotype, irrigation regime, and,
to some extent, preharvest treatments such as chitosan sprays [14,44]. In peach flesh, sucrose
is usually the predominant sugar, while glucose and fructose occur in lower amounts [45],
in line with our results, where “Tiétar” accumulated more sucrose, whereas “Duero”
showed higher glucose and fructose, reflecting genotypic differences in carbon partitioning.
Moreover, the sugar concentrations observed in the present study are comparable to those
reported in apricot (Prunus armeniaca L.) fruits subjected to deficit irrigation, where sucrose
was also the major soluble carbohydrate, followed by fructose and glucose [12]. Malic acid
is the main organic acid, followed by smaller proportions of citric and quinic acids [11,46],
and this proportion was maintained in our study. Malic acid concentrations declined under
DI, consistent with previous studies in water-stressed peaches [11,35,46].

Alcobendas et al. [35] and Toumi et al. [11] also reported increases in glucose under
DI, supporting the idea that water deficit can enhance hexose accumulation while reducing
organic acids. This pattern is in line with the higher sweetness index of “Tiétar”. The
stability of sucrose may be related to its secondary osmotic role compared with sorbitol,
which accumulates in vegetative tissues under drought stress [44]. Although sorbitol
was not quantified in this study, this mechanism could partly explain the relatively small
changes in sucrose observed under DI.

Chitosan application had no clear impact on sugar concentrations, but it slightly
increased quinic acid in “Duero”. According to Hidangmayum et al. [14], chitosan can
stimulate the accumulation of sugars and organic acids as osmolytes, contributing to os-
motic adjustment, stress signaling, and energy metabolism under water-limited conditions.
This response is associated with drought-induced metabolic adjustments, in which soluble
sugars derived from polysaccharide breakdown help maintain cellular turgor and carbon
balance. In our case, chitosan treatments were carried out 3-7 weeks before harvest, which
may partly explain the weaker effects detected at harvest maturity.

Phenolic compounds are major contributors to peach quality, not only because of their
role in colour and flavour but also due to their contribution to antioxidant potential. Their
accumulation is strongly influenced by genotype and irrigation regime and can also be
modulated by elicitors such as chitosan. Previous studies have shown substantial genotypic
differences in phenolic composition and antioxidant activity among peach and nectarine cul-
tivars [47], as well as consistent increases in hydroxycinnamic acids and anthocyanins [11]
and higher antioxidant activity [48] under deficit irrigation. Similar responses to water
stress have also been described in other Mediterranean fruit crops [49,50]. In addition,
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chitosan has been reported to enhance phenolic and anthocyanin accumulation and to
mitigate water stress by activating antioxidant defense systems, including reactive oxygen
species (ROS)-scavenging enzymes such as superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD), thereby reducing oxidative damage under drought conditions [14].

In pomegranate, Grifidn et al. [16] examined the interaction between water deficit and
preharvest chitosan application, reporting that antioxidant activity (ABTSe+) increased in
treated fruit. However, this response was more pronounced under full irrigation and was
not associated with changes in total phenolic content. These contrasting outcomes indicate
that the relationship between phenolics and antioxidant activity is not consistent across
species, with other metabolites such as anthocyanins or organic acids contributing more
prominently in pomegranate. In contrast, both peach cultivars showed a parallel response
of antioxidant activity and total phenolic content, suggesting a closer link between phenolic
accumulation and antioxidant potential.

Within peaches, cultivar-dependent differences were observed, in line with previous
reports [11,47]. The increase in chlorogenic and neochlorogenic acids observed in “Tiétar”
agrees with the accumulation of hydroxycinnamates reported in peach under partial root-
zone drying irrigation (50% of ETc) and SDI [11] and parallels the rise in antioxidant
activity described under cyclic deficit irrigation (irrigation at 100% field capacity with a
soil moisture of 50% field capacity) and sustained deficit irrigation (50% ETc) regimes [48].
The effect of chitosan differed between cultivars, with a stronger response in “Tiétar”. This
variability may stem from cultivar-dependent differences in phenolic metabolism [47], the
interval between the last application and harvest (22 September in “Duero” vs. 4 October
in “Tiétar”), or other factors such as concentration and developmental stage, which have
been shown to influence chitosan efficacy [14].

Mineral nutrition is a fundamental component of peach physiology, as it regulates
vegetative growth, water relations, and fruit quality. Both irrigation management and
preharvest chitosan applications have been shown to modify the balance of macronutrients
and micronutrients in peach fruit, and their combined effects are often environment- and
cultivar-dependent.

Evidence from deficit irrigation studies indicates that water supply strongly affects
nutrient uptake and distribution. Abrisqueta et al. [51] reported that reduced irrigation sig-
nificantly modified leaf nutrient composition in peaches, while Boland et al. [52] described
long-term alterations in mineral nutrition when peach trees were subjected to regulated
deficit irrigation combined with restricted root volume. Similarly, Toumi et al. [11] showed
that both sustained deficit irrigation and partial root-zone drying irrigation (50% of ETc)
strategies modified fruit mineral contents in semi-arid conditions, with Fe and Zn showing
notable increases, which reinforces the capacity of regulated water deficit to alter nutrient
composition at both vegetative and fruit levels.

In addition to irrigation, preharvest chitosan sprays can influence mineral status in
peaches. Yang et al. [53] reported that chitosan application in peach seedlings increased
the uptake of Ca, Mg, and Na, with the strongest response at intermediate concentrations,
indicating a dose-dependent effect. In “Florida Prince” peach trees, nano-chitosan also
modified leaf mineral composition, although potassium silicate produced more pronounced
increases in N, P, K, Fe, Zn, and Mn [40]. Under abiotic stress, chitosan has additionally
been associated with improved nutrient transport and physiological activity, contributing
to a more efficient acquisition of essential elements [14].

In our trial, chitosan increased Ca and Fe, whereas Mg and P showed more limited
changes. This response aligns with previous reports and reflects the timing of application.
Sprays were applied during late fruit development (16 L ha~! on 1 August and 6 L ha~!
on 4 September), a period when phloem transport to the fruit is reduced, and nutrient
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accumulation becomes increasingly dependent on residual xylem-driven flow. At this stage,
fruit growth and phloem transport are reduced, limiting the accumulation of highly mobile
elements such as Mg and P, whereas nutrients with low or intermediate mobility and xylem-
dependent transport, such as Ca and Fe, can still increase due to residual transpiration
and enhanced root uptake [54-58]. These comparisons indicate that both the severity and
duration of the applied water deficit and the formulation, dose, and timing of chitosan
play key roles in determining mineral responses in peach fruit. Our findings align with
the variability described in previous studies and further emphasise the cultivar-dependent
differences observed between “Tiétar” and “Duero” cultivars.

Postharvest behaviour of peach is strongly influenced by irrigation regime, cultivar,
and storage conditions, and preharvest sprays such as chitosan can also affect fruit be-
haviour during cold storage. Rahimi et al. [59] reported ~14% weight loss in untreated
fruits and ~11-12% when chitosan and thymol coatings were applied and stored at 6 °C
and 80% relative humidity, values broadly consistent with those observed in our study,
although their approach was based on postharvest coatings rather than preharvest sprays.
By contrast, Falagan et al. [60] combined deficit irrigation strategies with controlled at-
mosphere storage and reported much lower weight losses (<3%), underscoring the major
influence of storage conditions beyond preharvest management.

Firmness declined in both cultivars but with different dynamics, depending on cultivar
and treatment. The transient increase in firmness observed at early storage in “Tiétar” may
be related to initial postharvest water loss and short-term changes in cell wall properties,
which can temporarily increase tissue rigidity before firmness starts to decline. Rahimi
et al. [59] (2019) also showed that chitosan delayed softening, and Lee et al. [61] found
reduced ethylene and respiration rates when chitosan was combined with calcium. Simi-
larly, Gelly et al. [43] indicated that the timing of deficit irrigation (stage I vs. postharvest)
differentially affected firmness, suggesting an interaction between scheduling and treat-
ment effectiveness. In our case, chitosan sprays were applied earlier in the season and at
relatively low doses, and the shorter interval between the last application and harvest in
“Duero” compared with “Tiétar” may have limited the effectiveness of the treatment, which
could help explain the differential firmness retention observed between cultivars.

Postharvest patterns of TSS have been shown to vary with irrigation regime. Gelly
et al. [43] reported higher TSS/TA ratios under deficit irrigation, which is consistent
with the patterns observed in our study. Acidity generally declined during storage, as
also described by Gelly et al. [43], while Fan et al. [62] showed that simple chitosan
coatings were less effective in maintaining TA compared with more complex formulations.
These results suggest that both irrigation strategy and the type of chitosan application can
influence postharvest flavour attributes, although their effectiveness appears to be strongly
dependent on the specific experimental context.

5. Conclusions

Overall, the findings of this work highlight that the combined use of deficit irrigation
and preharvest chitosan sprays can provide significant improvements for peach production
under semi-arid conditions. This strategy helped maintain fruit size while enhancing
firmness, stimulating phenolic accumulation and antioxidant activity, improving mineral
composition, and reducing postharvest weight loss and softening. These positive effects
support both fruit quality at harvest and storage potential, offering growers a practical
tool to increase the functional and commercial value of their produce. In this context,
chitosan application proved effective in mitigating quality losses commonly associated
with water deficit conditions, particularly in terms of firmness and postharvest performance.
Importantly, chitosan is a safe and food-grade product, which reinforces its potential as a
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sustainable and reliable practice for integrated fruit production without requiring changes
in standard commercial orchard management.
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