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Abstract

Severe water limitation constrains crop productivity through coordinated effects on 
growth, photosynthetic performance, and mineral nutrition. This study evaluated whether 
foliar nanoparticle (NP)-based formulations and commercial biostimulants could im-
prove the physiological and productive performance of field-grown jalapeño pepper 
(Capsicum annuum L.) receiving 50% of the reference irrigation volume. Treatments in-
cluded ZnO NPs, SiO2  NPs, ZnO + SiO2  NPs, Nano ZnMo, Osmoplant, and Codasil, 
together with well-watered and water-limited controls. Severe water limitation markedly 
reduced stem and fruit biomass, aboveground biomass, and fruit yield, despite relatively 
stable instantaneous gas exchange. Foliar treatments induced distinct responses. ZnO NPs 
produced the strongest productive recovery, restoring fruit dry biomass to well-watered 
levels and increasing fruit yield by 72.8% relative to the water-limited control. Codasil max-
imized net photosynthesis, photochemical quenching, and electron transport rate, whereas 
Osmoplant produced the highest water-use and intrinsic water-use efficiencies. ZnO + SiO2  
NPs maximized carboxylation efficiency, while Nano ZnMo partially restored Fe and main-
tained a distinctive mineral profile. Correlation and principal component analysis (PCA) 
showed that productivity was primarily associated with coordinated gas exchange and 
photochemical traits. Finally, the ZnO NP-based formulation showed the greatest improve-
ment in fruit yield among the evaluated foliar treatments under water-limited conditions, 
highlighting its potential for sustaining jalapeño pepper productivity.

Keywords: Capsicum annuum L.; fruit yield; gas exchange; nanoparticles; photosynthesis; 
water-use efficiency; ZnO NPs

1. Introduction
Plant growth is one of the physiological processes most sensitive to water deficit, 

as reduced water availability restricts cellular and tissue expansion [1], decreases shoot 
growth, alters root system architecture [2], limits biomass accumulation, and reduces crop 
yield [3]. In horticultural species, water deficit stress also disrupts coordination among 
morphological, physiological, biochemical, and molecular processes required to sustain 
vegetative and reproductive development, potentially compromising crop establishment, 
growth, and yield [4]. In jalapeño pepper (Capsicum annuum L.), restricted water availabil-
ity causes morphological alterations, including reduced leaf area, restricted growth, and 
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lower biomass accumulation, ultimately resulting in decreased yield. It also affects photo-
synthetic processes by reducing gas exchange and transpiration due to stomatal closure. 
These alterations may induce oxidative damage and impair photosynthetic efficiency, which 
can be assessed through chlorophyll fluorescence measurements [5]. These simultaneous 
responses indicate that growth inhibition under water deficit cannot be attributed to a 
single physiological limitation but rather results from the disruption of the coordinated 
processes that supply carbon, water, and mineral nutrients to developing organs. Therefore, 
identifying foliar strategies to improve growth and productivity under limited water avail-
ability is particularly relevant to the sustainable production of jalapeño pepper in semiarid 
agricultural regions.

The ability of plants to sustain growth under water deficit largely depends on maintain-
ing photosynthetic activity, as carbon assimilation is the primary source of photoassimilates 
required for biomass accumulation [6]. One of the earliest physiological responses to water 
deficit is stomatal closure, a mechanism that reduces transpirational water loss but also 
restricts CO2  diffusion into the leaf mesophyll and progressively decreases the net photo-
synthetic rate [7]. As water limitation intensifies, reduced carbon fixation generates an 
imbalance between absorbed light energy and its utilization in the Calvin cycle, increas-
ing the risk of photoinhibition and oxidative damage to the photosynthetic apparatus [8]. 
Consequently, the ability to maintain photosystem II photochemical efficiency and electron 
transport represents an essential physiological component for sustaining plant growth and 
productivity under conditions of limited water availability [9].

The maintenance of plant growth and photosynthetic performance under limited wa-
ter availability also depends on adequate mineral nutrition, as several mineral elements 
participate in stomatal regulation, photochemical energy conversion, electron transport, and 
antioxidant defense. Reduced soil water content restricts nutrient diffusion and mass flow 
toward the rhizosphere, thereby decreasing nutrient uptake and transport within the plant. 
As a consequence of water deficit, the uptake and concentrations of several mineral nutri-
ents, including phosphorus, potassium, calcium, and magnesium, may decline, disrupting 
mineral nutrition and further constraining plant growth [10]. Likewise, micronutrients such 
as iron, manganese, zinc, and copper act as cofactors or structural components of proteins 
involved in redox processes, photosynthetic reactions, and antioxidant defense systems and 
therefore play essential roles in maintaining plant metabolism and growth [11,12]. Thus, 
maintaining an adequate mineral nutrient balance is important for sustaining physiological 
functioning and plant growth when water availability is restricted [10].

In response to the effects of water deficit, foliar-applied nanoparticles have emerged 
as an innovative strategy to improve crop growth and productivity due to their ability to 
simultaneously modulate physiological, biochemical, and metabolic processes associated 
with stress adaptation [13]. Among them, zinc oxide nanoparticles (ZnO NPs) have been 
shown to enhance photosynthetic activity, promote biomass accumulation, and strengthen 
antioxidant systems, thereby contributing to greater performance under limited water 
availability [14]. Foliar application of ZnO NPs has also been reported to improve the 
accumulation of compatible osmolytes and the uptake of mineral nutrients, favoring the 
maintenance of plant growth under limited water availability [15]. Similarly, silicon diox-
ide nanoparticles (SiO2  NPs) help maintain plant water status, stomatal regulation, and 
photosynthetic efficiency while reducing oxidative damage associated with restricted water 
availability [16]. Moreover, incorporating biocompatible polymers such as chitosan into 
nanoparticle-based formulations may improve their stability and contribute to plant re-
sponses under limited water availability. In common bean, foliar application of chitosan 
nanoparticles improved yield and several physiological and biochemical attributes under 
drought conditions [17]. Despite recent advances, much of the available knowledge regard-
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ing the use of nanoparticles to enhance tolerance to water deficit has been derived from 
experiments conducted under controlled conditions. Therefore, field studies integrating 
growth, photosynthesis, mineral nutrition, and productivity under severe water limitation 
are still needed [18].

Therefore, the objective of this study was to determine whether foliar applications 
of ZnO and SiO2  nanoparticles, their combined formulation, a ZnMo nanofertilizer, and 
commercial biostimulants promote growth and productivity in field-grown jalapeño pepper 
(Capsicum annuum L.) under severe water limitation through coordinated changes in photo-
synthetic performance and mineral nutrition. To address this objective, gas exchange, PSII 
photochemical performance, chlorophyll status, biochemical responses, mineral nutrient 
composition, biomass accumulation, and fruit yield were evaluated in an integrated manner. 
We hypothesized that nanoparticle-based formulations and biostimulants would mitigate 
the effects of severe water limitation by sustaining photosynthetic carbon assimilation, PSII 
photochemical performance, and mineral nutrient balance, thereby promoting biomass 
accumulation and fruit yield.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiment was conducted during the spring–summer 2025 growing season at 
the experimental field of the Faculty of Agricultural and Forestry Sciences, Autonomous 
University of Chihuahua (UACH), located in Delicias, Chihuahua, Mexico (28.655204° N, 
106.087289° W; 1170 m a.s.l.). Jalapeño pepper plants (Capsicum annuum L. cv. Imperial F1) 
were used. Seedlings were produced under greenhouse conditions (12–33 °C and 30–45% 
relative humidity) under a natural photoperiod in 200-cell polystyrene trays (2 × 2 × 5 cm) 
filled with a 1:1:1 (v/v/v) mixture of vermiculite, perlite, and Sphagnum peat moss (Pre-
mier®  Sphagnum Peat Moss, Rivière-du-Loup, QC, Canada). After 60 days of growth, when 
the seedlings reached the commercial transplanting stage, uniform plants were selected 
and transplanted to the field on 1 April 2025, with a spacing of 0.35 m between plants and 
0.60 m between rows.

Throughout the crop cycle, all plants received the same agronomic management, 
including fertigation and weed, pest, and disease control, according to standard commercial 
practices for jalapeño pepper production. The final destructive harvest was performed on 
11 August 2025.

2.2. Soil Characteristics
Before transplanting, composite soil samples were collected from the surface layer 

(0–30 cm depth) and analyzed at a certified laboratory (Fertilab, Celaya, Guanajuato, Mex-
ico). Based on particle-size distribution, the experimental soil was classified as loam. The 
initial physical properties of the soil are presented in Table 1, while the main chemical 
properties and concentrations of available macro- and micronutrients are shown in Table 2.

Table 1. Initial physical properties of the experimental soil.

Layer (cm) Texture 
(Class)

Bulk Density
(g cm−3 ) Ksat (cm h−1 ) FC 

(%)
WP 
(%)

0–30 Loam 1.33 2.95 18.0 10.7
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Table 2. Initial chemical properties of the experimental soil.

Properties Value

pH (soil:water ratio 1:2) 7.78
ECe (dS m−1 ; saturated paste extract) 3.28

CEC (cmolc kg−1 ) 23.2
CaCO3  (%) 8.13

Organic matter (%) 3.67
Exchangeable sodium percentage (ESP, %) 9.66

Available nutrients:

Nutrient
(mg kg−1  soil)

Value

N-NO3 47.3
P-Olsen 44.2

K 372
Ca 3587
Mg 253
Fe 4.51

Mn 11.4
Zn 5.41
Cu 1.90
B 2.44
S 252

ECe = electrical conductivity of the saturated paste extract; CEC = cation exchange capacity; 
ESP = exchangeable sodium percentage.

2.3. Irrigation Program and Imposition of Water Limitation
Irrigation was supplied through a drip irrigation system using drip tape with pressure-

compensating emitters spaced 0.35 m apart. The volume of water applied during each 
irrigation event was calculated from the nominal emitter flow rate and the system operating 
time, according to Equation (1):

Vtotal = ∑
n

i=1
(Qi x ti) (1)

where Vtotal  is the total volume of water applied per plant throughout the crop cycle (L 
plant−1 ), (Qi ) corresponds to the nominal emitter flow rate at each phenological stage (L 
h−1  plant−1 ), (ti ) represents the irrigation system operating time for each irrigation event 
(h), and (n) is the total number of irrigation events.

The irrigation schedule was adjusted according to the crop phenological stage. During 
establishment and vegetative growth (0–22 days after transplanting, DAT), emitters with 
a flow rate of 1.0 L h−1  plant−1  were used. During flowering (23–45 DAT), the flow rate 
was increased to 1.5 L h−1  plant−1 . During fruit development (46–66 DAT) and the harvest 
period (67–132 DAT), emitters with a flow rate of 2.0 L h−1  plant−1  were used.

A total of 43 irrigation events were carried out throughout the crop cycle. Irrigation 
scheduling was based on the estimated crop evapotranspiration (ETc), with the reference 
irrigation schedule corresponding to an approximate cumulative volume of 134 L plant−1 
over the entire crop cycle. Plants in the well-watered control (Control-WW) received 
100% of the estimated crop irrigation requirement, whereas plants in the water-limited 
control (Control-WL) and those subjected to the six foliar treatments received 50% of this 
requirement, equivalent to approximately 67 L plant−1 . Water limitation was imposed by 
reducing the volume of water applied while maintaining the same irrigation frequency 
throughout the experiment [19,20].
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Irrigation frequency, application schedule, and all other agronomic management prac-
tices were identical across treatments; only the volume of water applied differed by irrigation 
regime. The distribution of irrigation events across the different phenological stages is pre-
sented in Table 3.

Table 3. Irrigation management during the crop cycle.

Growth Stage Duration (Days) Irrigation Events

Establishment and vegetative growth 22 8
Flowering 23 8

Fruit development 21 7
Harvest period 66 20

2.4. Fertigation Program
Crop mineral nutrition was supplied through fertigation using NutriNet®  software 

v. 2025 [21], which was used to design and adjust the nutritional program to meet crop 
requirements at different phenological stages. Fully water-soluble fertilizers (GreenHow® , 
Guadalajara, Mexico) were used, including calcium nitrate, phosphonitrate, monopotassium 
phosphate (MKP), potassium nitrate, and magnesium sulfate as macronutrient sources, 
while micronutrients were supplied as Fe-EDDHA, manganese sulfate, Solubor®  (B), and 
copper sulfate.

Nutrient solutions were prepared in separate tanks to avoid chemical incompatibilities 
among fertilizers and were subsequently injected into the irrigation system during each fer-
tigation event. The nutritional program was adjusted as crop development progressed, with 
the supply of phosphorus, potassium, and magnesium progressively increased during the 
fruiting stages to meet the greater nutrient demand associated with fruit growth and filling, 
while the supply of calcium and nitrogen was maintained according to the physiological 
requirements of the crop.

The nutrient solution had a pH of 6.0 ± 0.1 and an electrical conductivity (EC) of 
1.57–1.60 mS cm−1  throughout the crop cycle. Fertigation was managed independently of 
the irrigation regimes to ensure equivalent nutrient inputs per plant across all treatments. 
During each irrigation event, fertilizer-free water was initially supplied, followed by the 
application of the nutrient solution at the same concentration, flow rate, and duration for 
both irrigation regimes. Differences in irrigation volume were subsequently established 
by adjusting the duration of fertilizer-free water application. Thus, all treatments received 
equivalent nutrient inputs, whereas the cumulative irrigation volumes differed between the 
well-watered (134 L plant−1 ) and water-limited (67 L plant−1 ) regimes.

2.5. Characterization of Nanoparticles and Commercial Biostimulants
The zinc oxide nanoparticles (ZnO NPs) and silicon dioxide nanoparticles (SiO2  NPs) 

used in this study were supplied by Investigación y Desarrollo de Nanomateriales S.A. 
de C.V. (San Luis Potosí, Mexico). The physicochemical characterization provided by 
the manufacturer included scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction 
(XRD) analyses for ZnO NPs. For SiO2  NPs, the available characterization consisted of 
manufacturer-provided TEM micrographs. The characterization results provided by the 
manufacturer are described in Section 3.1.

In addition to the nanoparticle-based formulations, three commercial products were 
included as comparative treatments: Nano ZnMo (Agrichem Fluagri, Guadalajara, Jalisco, 
Mexico), Osmoplant (BioIbérica, Barcelona, Spain), and Codasil (Atlántica Agrícola, Ali-
cante, Spain). According to the manufacturers’ technical datasheets, Nano ZnMo contains 
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62% zinc, 5% molybdenum, and 5% chelating agents derived from seaweed extracts; Osmo-
plant contains 6% free amino acids, 2.4% nitrogen, and 3.3% potassium; and Codasil is a 
soluble silicon-based formulation containing 20% silicon, 4% free amino acids, and 11.2% 
potassium. Independent physicochemical characterization of the commercial Nano ZnMo 
formulation was not available for this study, and its reported composition was taken from 
the product datasheet.

2.6. Experimental Design and Treatments
The experiment was conducted under field conditions using a conventional drip irriga-

tion system comprising four experimental rows. Two rows were randomly assigned to the 
well-watered regime (100% of the reference irrigation volume), whereas the remaining two 
rows were assigned to the water-limited regime (50%). Irrigation was supplied through a 
central valve connected to individual control valves installed in each row, allowing indepen-
dent time-based regulation of water application at the row level. The well-watered control 
(Control-WW) was established in the two rows receiving 100% irrigation, whereas the 
water-limited control (Control-WL) and the six foliar treatments were randomly distributed 
within the two rows receiving 50% irrigation. A total of 96 plants were established, com-
prising 12 plants per treatment, with six plants allocated to each corresponding row. Three 
plants were randomly selected from each row, resulting in six evaluated plants per treatment 
and 48 sampled plants. Individual plants served as the units of foliar treatment application 
and biological sampling, whereas the irrigation rows represented the experimental units 
for irrigation management, with two independently regulated rows per irrigation regime. 
Plant spacing was 0.35 m within rows and 0.60 m between rows.

The treatments consisted of a well-watered control (Control-WW), which received 
100% of the reference irrigation volume; a water-limited control (Control-WL), which 
received 50% of the reference irrigation volume; and six foliar treatments subjected to the 
same 50% irrigation regime: ZnO NPs, SiO2  NPs, ZnO + SiO2  NPs, Nano ZnMo, Osmoplant, 
and Codasil. The composition and application rates of the foliar formulations are presented 
in Table 4.

Table 4. Composition, application rates, and irrigation regimes of the treatments evaluated 
injalapeño pepper.

Treatment Foliar Formulation Application Rate Irrigation Regime

Control-WW No foliar application Not applicable 100%
Control-WL No foliar application Not applicable 50%

ZnO NPs ZnO NPs + chitosan 100 mg L−1  + 100 mg L−1 50%
SiO2  NPs SiO2  NPs + chitosan 10 mg L−1  + 100 mg L−1  Ch 50%

ZnO + SiO2  NPs ZnO + SiO2  NPs + chitosan 100 mg L−1  + 10 mg L−1  + 100 mg L−1 50%
Nano ZnMo Zn + Mo 124 mg Zn L−1  + 10 mg Mo L−1 50%
Osmoplant Commercial biostimulant 2 mL L−1 50%

Codasil Silicon-based commercial 
biostimulant 2 mL L−1 50%

WW, well-watered; WL, water limitation; Ch, chitosan. Irrigation regimes correspond to the per-
centage of the reference irrigation volume (100% = 134 L plant−1 ; 50% = 67 L plant−1 ) applied 
throughout the crop cycle. For brevity, the treatment labels ZnO NPs, SiO2  NPs, and ZnO + SiO2  NPs 
used throughout the manuscript refer to the corresponding nanoparticle formulations containing 
chitosan. All application rates refer to the concentrations of the respective components in the prepared 
foliar solutions.

Six randomly selected plants per treatment were used for biomass, fruit yield, SPAD, 
gas exchange, and chlorophyll fluorescence assessments (n = 6). Subsequently, three of 
these six plants were randomly selected for biochemical and mineral analyses (n = 3), con-
sidering the available laboratory resources. Each selected plant represented an individual 
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biological sampling unit for the corresponding measurements. All six foliar treatments 
were applied five times at seven-day intervals, on 11, 18, and 25 April and 2 and 9 May 
2025, using a previously calibrated manual backpack sprayer. The composition of the com-
mercial formulations, including their Zn, Mo, Si, K, and amino acid contents, is described 
in Section 2.5, whereas the application concentrations of each treatment are presented 
in Table 4. Approximately 1200 mL of foliar solution was applied per treatment at each 
application, equivalent to approximately 108 mL plant−1 . Over the five foliar applications, 
each treatment received a cumulative volume of 3.25 L. Applications were performed to 
ensure uniform foliar coverage while minimizing spray drift between treatments.

Foliar solutions were prepared using distilled water as the solvent and a commer-
cial water-soluble chitosan (poly-D-glucosamine) as a stabilizing and dispersing agent in 
nanoparticle-containing formulations. Before each application, the nanoparticle-containing 
solutions were homogenized by magnetic stirring for 60 min, followed by sonication for 
15 min, to promote adequate nanoparticle dispersion. Magnetic stirring and sonication were 
used to promote nanoparticle dispersion before foliar application. However, particle size 
distribution, aggregation, and suspension stability were not directly evaluated in this study.

2.7. Plant Sampling
Plant sampling was conducted at 132 days after transplanting (DAT), at the end of the 

crop cycle and after completion of the commercial harvests. Six randomly selected plants 
per treatment were destructively harvested and separated into leaves, stems, and fruits for 
biomass determination (n = 6). Due to laboratory resource limitations, three of these six 
plants were randomly selected for biochemical and mineral analyses (n = 3). The same three 
plants were used for all biochemical and mineral determinations, ensuring consistency 
across the analytical measurements. Each sampled plant represented an independent 
biological observation for the corresponding analyses.

2.8. Plant Analysis
2.8.1. Biomass and Yield Determination

Fresh biomass was determined at the final destructive harvest in leaves, stems, and 
fruits from six plants per treatment using an analytical balance (HR-120, A&D Company 
Ltd., San Jose, CA, USA). For dry biomass determination, the same six plants from each 
treatment were separated by organ (leaves, stems, and fruits), individually placed in paper 
bags, and dried in a forced-air oven (Shell Lab Forced Air Laboratory Oven SMO14-108 2, 
Baltimore, MD, USA) at 70 °C for 72 h until constant weight was reached [22]. Dry biomass 
was subsequently recorded for each organ. Fresh and dry biomass were expressed as g 
plant−1  on a fresh-weight (FW) and dry-weight (DW) basis, respectively.

Fruit yield was determined from the cumulative fresh weight of fruits harvested from 
the same six plants per treatment during three commercial harvests conducted at 73, 98, and 
130 days after transplanting (13 June, 8 July, and 9 August 2025, respectively). Fruits were 
harvested when they reached the commercial maturity stage characteristic of the cultivar. 
Cumulative fruit yield was expressed as g plant−1 .

2.8.2. Chlorophyll Index (SPAD)
Leaf chlorophyll status was estimated at 60 days after transplanting (DAT) using 

a portable chlorophyll meter (SPAD-502, Konica Minolta Sensing Inc., Osaka, Japan), a 
non-destructive method widely used to estimate the relative chlorophyll content of plant 
leaves [23]. Measurements were performed on five fully expanded, healthy leaves from 
each of six independent plants per treatment (n = 6), avoiding the central midrib and 
any visibly damaged or senescent tissue. For each leaf, a single reading was taken at the 
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central portion of the lamina, and the average of the five leaf readings was considered one 
experimental observation per plant and expressed in SPAD units.

2.8.3. Photosynthetic Gas Exchange, Water-Use Efficiency, and Fluorescence
Leaf gas exchange was evaluated at 45 DAT, during the reproductive stage of the crop, 

using a portable LI-6400XT photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA) 
equipped with OPEN software v.4.06. Measurements were conducted between 11:00 and 
15:00 h on fully expanded, healthy, and physiologically active leaves from six plants per 
treatment (n = 6), once the measured variables had stabilized within the leaf chamber [24].

The leaf chamber was configured under controlled conditions with a photosynthetic 
photon flux density (PPFD) of 1000 μmol m−2  s−1 , a reference CO2  concentration of 
410 μmol mol−1 , a block temperature of 25 °C, a target relative humidity of 70%, and a 
fan speed of 10,000 rpm, to ensure uniform conditions throughout all measurements.

The gas exchange variables recorded were net CO2  assimilation rate (PN ), stomatal 
conductance (gs), transpiration rate (E), intercellular CO2  concentration (Ci) and leaf vapor 
pressure deficit (VpdL). From these variables, water-use efficiency (WUE = PN /E), intrinsic 
water-use efficiency (WUEi = PN /gs), and carboxylation efficiency (CE = PN /Ci) were 
calculated. These indices integrate the relationships among carbon assimilation, stomatal 
regulation, and transpirational water loss and are therefore widely used as indicators of 
plant physiological performance and adaptation to water deficit [7,25,26].

Chlorophyll fluorescence measurements were performed simultaneously using an 
LI-6400-40 fluorescence chamber coupled to the LI-6400XT system, with actinic light con-
taining a 6% blue-light fraction. Measurements were conducted on light-adapted leaves 
without prior dark adaptation, under a photosynthetic photon flux density (PPFD) of 
1000 μmol m−2  s−1 . The maximum efficiency of photosystem II in light-adapted leaves 
(Fv’/Fm’), photochemical quenching coefficient (qP), and electron transport rate (ETR) 
were determined. These parameters provide information on the photochemical performance 
of photosystem II under the evaluated conditions [8,9].

2.8.4. Photosynthetic Pigments
Photosynthetic pigments were extracted and quantified according to the method de-

scribed by Wellburn [27]. Ten leaf discs (7 mm diameter) were collected from fully ex-
panded, healthy, and photosynthetically active leaves of each of three independent plants 
per treatment (n = 3). The leaf discs were incubated in 10 mL of 99% methanol and kept in 
the dark at 25 ± 2 °C for 24 h to ensure complete pigment extraction.

The absorbance of the extracts was measured using a UV–Vis spectrophotometer 
(GENESYS™ 10S, Thermo Fisher Scientific, Madison, WI, USA) at 666, 653, and 470 nm, 
corresponding to chlorophyll a, chlorophyll b, and total carotenoids, respectively. Pigment 
concentrations were calculated using the following equations, expressing the results in 
micrograms per square centimeter of leaf area (μg cm−2 ):

Chl a*  = [15.65 (A666) − 7.34(A653)]

chlorophyll 𝑎 =
chl 𝑎∗ × Ve × 𝑤1
𝑤2 × 𝜋 × 𝑟2 × 𝑛

(2)

Chl b*  = [27.05 (A653) − 11.21(A666)]

chlorophyll 𝑏 =
chl 𝑏∗ × Ve × 𝑤1
𝑤2 × 𝜋 × 𝑟2 × 𝑛

(3)

Carotenoids∗  = ([(1000(A470)) − 2.86(chl a∗ ) − 129.2(chl b∗ )])/((221))

carotenoids =
carotenoids∗ × Ve × 𝑤1

𝑤2 × 𝜋 × 𝑟2 × 𝑛
(4)
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Total chorophyll = chl a*  + chl b* (5)

where A: absorbance; Ve : extraction volume; W1 : weight per leaf disc; W2 : total weight of 
leaf discs; r: radius of leaf discs; n: number of leaf discs.

2.8.5. Total Soluble Sugars and Proline Quantification
Total soluble sugars and proline were quantified from fresh leaf tissue collected from 

three independent plants per treatment (n = 3), following the methodology described 
by Irigoyen et al. [28]. Approximately 0.25–0.50 g of fresh leaf tissue was homogenized 
in 96% ethanol, followed by two successive washes with 70% ethanol to ensure complete 
extraction of soluble metabolites. The extracts were centrifuged at 5500 rpm for 10 min, and 
the resulting supernatant was used for the subsequent biochemical analyses.

Proline concentration was determined using the acid ninhydrin colorimetric assay, 
followed by benzene extraction and spectrophotometric measurement at 520 nm. Total 
soluble sugars were quantified from the same ethanolic extract using the anthrone–sulfuric 
acid colorimetric method. Absorbance was measured using a GENESYS™ 10S UV–Vis 
spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA). The concentrations of 
proline and total soluble sugars were expressed as mg g−1  fresh weight (FW).

2.8.6. Mineral Analysis
Leaf samples from three independent plants per treatment (n = 3) were washed with 

distilled water, dried at 60 °C to constant weight, and ground to a fine powder. For mineral 
analysis, 1 g of dried leaf material was digested with 25 mL of a triacid mixture consisting 
of concentrated HNO3 , HCl, and H2 SO4  (1000:100:25, v/v/v). After complete digestion, 
the samples were filtered and brought to a final volume of 50 mL with deionized water. 
The concentrations of Ca, K, Mg, Na, Cu, Fe, Mn, and Zn were quantified by inductively 
coupled plasma–optical emission spectrometry (ICP-OES; Agilent Technologies 700 Series, 
Santa Clara, CA, USA), following the analytical approach described by Ramírez-Estrada 
et al. [29]. Phosphorus (P) was determined colorimetrically using the ammonium vanadate–
molybdate method [30]; briefly, a 5-mL aliquot of the digested extract was transferred to 
a 50-mL volumetric flask, mixed with 10 mL of ammonium vanadate–molybdate reagent, 
and brought to volume with deionized water. After 30 min of color development, ab-
sorbance was measured at 470 nm using a UV–Vis spectrophotometer (GENESYS™ 10S, 
Thermo Fisher Scientific, Madison, WI, USA). Mineral concentrations were expressed on a 
dry-weight basis.

Leaf mineral accumulation was calculated individually for each of the three plants per 
treatment by multiplying the mineral concentration by the corresponding leaf dry biomass 
obtained from the same plant. For P, K, Ca, and Mg, expressed as percentage of dry weight, 
mineral accumulation was calculated as concentration (%) × leaf dry biomass (g) × 10. For Na, 
Fe, Zn, Mn, and Cu, expressed as mg kg−1  dry weight, mineral accumulation was calculated as 
concentration (mg kg−1 ) × leaf dry biomass (g)/1000. All accumulation values were expressed 
as mg plant−1 . This approach allowed mineral concentration and leaf mineral accumulation 
to be evaluated separately, accounting for differences in leaf dry biomass among treatments.

2.9. Statistical Analysis
All variables were first assessed for normality and homogeneity of variances using the 

Shapiro–Wilk and Levene tests, respectively. Subsequently, data were subjected to one-way 
analysis of variance (ANOVA), with treatment as the main factor, using SAS 9.4 OnDemand 
for Academics (SAS Institute Inc., Cary, NC, USA). When a significant treatment effect 
was detected, means were separated using Fisher’s least significant difference (LSD) test at 
p ≤ 0.05. Different letters in tables and figures indicate significant differences among treat-
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ments. The sample size used for statistical analysis corresponded to the number of biological 
replicates evaluated for each variable: six plants per treatment (n = 6) for biomass, fruit 
yield, gas exchange, chlorophyll fluorescence, and SPAD measurements, and three plants 
per treatment (n = 3) for biochemical and mineral analyses. Measurements obtained from 
the same plant were considered subsamples and were not treated as additional independent 
biological replicates.

Pearson correlation coefficients were calculated using individual plant observations. 
For the correlation matrix, 23 variables were evaluated using 24 complete observations (three 
plants per treatment), resulting in 253 nonredundant pairwise correlations. To control the 
false discovery rate associated with multiple comparisons, p-values were adjusted using the 
Benjamini–Hochberg procedure. Statistical significance was determined using the adjusted 
p-values (q-values), with thresholds of q < 0.05, q < 0.01, and q < 0.001. Correlation analyses 
were performed in Python 3.12 using SciPy and statsmodels.

Principal component analysis (PCA) was performed on 23 variables using complete 
observations (n = 24; three plants per treatment). Variables were standardized to z-scores 
prior to PCA. The first two principal components were used to visualize treatment scores 
and variable loadings. Pearson correlation analysis and PCA were performed in Python 
3.12 using SciPy and scikit-learn, respectively.

3. Results
3.1. Physicochemical Characterization of Nanoparticles

According to the manufacturer’s technical documentation, the ZnO nanoparticles had 
an average particle size of 50 nm and a nominal purity of 99.7%, while the SiO2  nanopar-
ticles had a particle size range of 70–90 nm. Transmission electron microscopy (TEM) 
micrographs, provided by the manufacturer, documented the morphology of the ZnO- and 
SiO2 -based materials (Figure 1A,B). The TEM images depict the materials as they appear in 
the supplier’s documentation.

Figure 1. Manufacturer-supplied transmission electron microscopy (TEM) micrographs of (A) ZnO 
nanoparticles and (B) SiO2  nanoparticles reproduced from the corresponding technical datasheets. 
These images document the supplier-reported materials and do not represent independent characteri-
zation of the final chitosan-containing foliar suspensions.

The documentation for the ZnO also indicated a hexagonal wurtzite structure deter-
mined via X-ray diffraction (XRD) and mentioned characterization by scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). In contrast, the docu-
mentation available for the SiO2  nanoparticles did not include XRD or EDX results. These 
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properties correspond to specifications declared by the supplier and were not independently 
verified in the present study.

However, quantitative particle-size distributions, aggregation behavior, and suspension 
stability under the experimental preparation conditions were not independently determined.

3.2. Biomass Accumulation, Yield, and SPAD Index
Foliar treatments significantly affected leaf dry biomass, stem dry biomass, fruit dry 

biomass, aboveground dry biomass, fruit yield, and SPAD index (p ≤ 0.05; Figure 2A–F). 
Leaf dry biomass remained relatively unchanged between Control-WW and Control-WL 
(−5.1%; Figure 2A), while ZnO NPs maintained the highest leaf biomass among the foliar 
treatments, with values statistically comparable to both controls. Stem dry biomass de-
creased significantly by 23.8% in Control-WL compared with Control-WW (Figure 2B); ZnO 
NPs produced the highest value among the foliar treatments, increasing stem biomass by 
5.1% relative to Control-WL, although remaining 19.9% below Control-WW and statistically 
comparable to both controls.

Figure 2. Effects of foliar treatments on growth, biomass accumulation, yield, and SPAD index of 
jalapeño pepper under severe water limitation. (A) Leaf dry biomass, (B) stem dry biomass, (C) fruit 
dry biomass, (D) aboveground dry biomass, (E) fruit yield, and (F) SPAD index. Bars represent the 
mean ± standard deviation (n = 6). Different letters above the bars indicate statistically significant 
differences among treatments, as determined by Fisher’s LSD test (p ≤ 0.05).
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Fruit dry biomass decreased significantly by 35.2% in Control-WL compared with 
Control-WW (Figure 2C). ZnO NPs produced the highest fruit dry biomass among the foliar 
treatments, increasing it by 60.3% relative to Control-WL and reaching a level comparable 
to Control-WW. Aboveground dry biomass decreased significantly by 24.8% in Control-WL 
compared with Control-WW (Figure 2D), whereas ZnO NPs increased it by 25.7% relative 
to Control-WL, reaching a level only 5.4% below Control-WW.

Fruit yield exhibited the strongest response to water deficit, with Control-WL showing 
a 49.6% reduction relative to Control-WW (Figure 2E). ZnO NPs significantly increased 
yield by 72.8% relative to Control-WL, although it remained 12.8% below Control-WW.

Finally, SPAD remained unchanged between the two controls (−0.9%; Figure 2F), 
whereas Codasil produced the highest value, significantly exceeding Control-WW and 
Control-WL by 11.3 and 12.3%, respectively.

3.3. Leaf Gas Exchange
Gas exchange parameters were significantly affected by foliar treatments (p < 0.001; 

Figure 3A–D), whereas Control-WW and Control-WL did not differ significantly in any of 
the evaluated variables. All foliar treatments significantly increased net photosynthetic rate 
(PN ) relative to Control-WL (Figure 3A), with Codasil producing the strongest response 
(+57.1%) and exceeding Control-WW by approximately 57.5%. Stomatal conductance (gs) 
was reduced by several foliar treatments (Figure 3B), with Osmoplant showing the lowest 
value, 44.9% below Control-WL and approximately 51% below Control-WW. Similarly, SiO2 
NPs produced the largest decrease in intercellular CO2  concentration (Ci), reducing it by 
55.8% relative to Control-WL and approximately 57.5% relative to Control-WW (Figure 3C). 
Transpiration rate (E) followed a similar pattern (Figure 3D), with Osmoplant producing 
the greatest reduction, approximately 34% below Control-WL and 37% below Control-WW.

Figure 3. Effects of foliar treatments on gas exchange parameters of jalapeño pepper. (A) Net 
photosynthetic rate (PN ), (B) stomatal conductance (gs), (C) intercellular CO2  concentration (Ci), 
(D) transpiration rate (E) under severe water limitation. Bars represent the mean ± standard deviation 
(n = 6). Different letters above the bars indicate statistically significant differences among treatments, 
as determined by Fisher’s LSD test (p ≤ 0.05).
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3.4. Chlorophyll Fluorescence, Carboxylation Efficiency, and Water-Use Efficiency
Foliar treatments significantly affected Fv’/Fm’, photochemical quenching (qP), elec-

tron transport rate (ETR), leaf vapor pressure deficit (VpdL), carboxylation efficiency (CE), 
water-use efficiency (WUE), and intrinsic water-use efficiency (WUEi) (p < 0.001; Table 5). 
Compared with Control-WW, Control-WL significantly increased Fv’/Fm’ by 5.7%, whereas 
qP and ETR decreased by 35.3 and 32.3%, respectively. ZnO NPs produced the strongest 
response in Fv’/Fm’, increasing it by 5.4% relative to Control-WL and 11.4% relative to 
Control-WW. In contrast, Codasil produced the highest qP and ETR, increasing them by 
112.6 and 90.2%, respectively, relative to Control-WL and by 37.5 and 28.7% relative to 
Control-WW. VpdL remained statistically unchanged between the two controls, whereas 
Osmoplant produced the highest value, increasing it by 18.0% relative to Control-WL and 
23.8% relative to Control-WW.

Table 5. Effects of foliar treatments on chlorophyll fluorescence, carboxylation efficiency, and water-use 
efficiency of jalapeño pepper under severe water limitation.

Treatments Fv’/Fm’ qP ETR VpdL CE WUE WUEi

Control-WW 0.493 ± 0.004 cd 0.283 ± 0.067 d 81.95 ± 19.29 bc 3.02 ± 0.31 d 0.027 ± 0.003 d 2.34 ± 0.49 c 80.86 ± 26 e 
Control-WL 0.521 ± 0.018 b 0.183 ± 0.054 bc 55.46 ± 14.40 d 3.17 ± 0.25 d 0.028 ± 0.003 d 2.39 ± 0.26 c 86.30 ± 16 e 

ZnO NPs 0.549 ± 0.012 a 0.256 ± 0.056 bc 82.84 ± 19.36 bc 3.23 ± 0.09 cd 0.049 ± 0.007 c 3.51 ± 0.26 b 128.64 ± 12 d 
SiO2  NPs 0.475 ± 0.013 de 0.316 ± 0.051 b 87.96 ± 12.41 ab 3.58 ± 0.04 ab 0.073 ± 0.008 a 4.11 ± 0.14 b 168.53 ± 7 bc 

ZnO + SiO2 
NPs 0.509 ± 0.017 bc 0.232 ± 0.043 cd 69.34 ± 12.13 cd 3.44 ± 0.14 bc 0.074 ± 0.012 a 4.13 ± 0.36 b 162.48 ± 15 cd 

Nano ZnMo 0.498 ± 0.009 c 0.226 ± 0.077 cd 66.28 ± 23.13 cd 3.59 ± 0.12 ab 0.064 ± 0.008 ab 4.18 ± 0.37 b 171.65 ± 19 bc 
Osmoplant 0.500 ± 0.016 c 0.221 ± 0.004 cd 64.82 ± 3.23 cd 3.74 ± 0.26 a 0.057 ± 0.008 bc 4.99 ± 1.10 a 216.73 ± 60 a 

Codasil 0.464 ± 0.035 e 0.389 ± 0.054 a 105.50 ± 11.90 a 3.60 ± 0.30 ab 0.068 ± 0.018 a 4.96 ± 1.01 a 207.30 ± 59 ab 

Values represent the mean ± standard deviation (n = 6). Different letters within each column indicate 
statistically significant differences among treatments, as determined by Fisher’s LSD test (p ≤ 0.05).

CE was also similar between Control-WW and Control-WL, while ZnO + SiO2  NPs 
produced the strongest response, increasing CE by 164.3% relative to Control-WL and 
174.1% relative to Control-WW. Similarly, WUE and WUEi remained unchanged between 
the two controls, whereas Osmoplant produced the highest values, increasing WUE and 
WUEi by 108.8 and 151.1%, respectively, relative to Control-WL and by 113.2 and 168.0% 
relative to Control-WW.

3.5. Photosynthetic Pigments, Total Soluble Sugars and Proline
Foliar treatments significantly affected carotenoid content, total soluble sugars, and 

proline concentration (p ≤ 0.05; Figure 4A–D). Total chlorophyll remained statistically 
unchanged between Control-WW and Control-WL (+8.7%; Figure 4A), with SiO2  NPs 
showing the highest numerical value among the foliar treatments and remaining comparable 
to both controls. Carotenoid content was also similar between the two controls (Figure 4B), 
whereas ZnO NPs produced the strongest response, increasing carotenoids by 78.3% relative 
to Control-WL and 101.9% relative to Control-WW.

Total soluble sugars decreased significantly by 40.5% in Control-WL compared with 
Control-WW (Figure 4C), whereas ZnO + SiO2  NPs increased their concentration by 42.4% 
relative to Control-WL, although remaining 15.3% below Control-WW. Proline concentration 
decreased significantly by 34.6% in Control-WL relative to Control-WW (Figure 4D). SiO2 
NPs showed the highest numerical proline concentration among the foliar treatments, 24.0% 
above Control-WL, although this increase was not statistically significant and remained 
statistically comparable to both controls.
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Figure 4. Effects of foliar treatments on (A) Total Chlorophyll, (B) Carotenoids, (C) Total soluble 
sugars, (D) proline under severe water limitation. Bars represent the mean ± standard deviation 
(n = 3). Different letters above the bars indicate statistically significant differences among treatments, 
as determined by Fisher’s LSD test (p ≤ 0.05).

3.6. Leaf Mineral Concentration and Accumulation
Leaf mineral concentration and accumulation provide complementary information on 

nutrient status and biomass-associated mineral retention under water-limited conditions. 
Foliar treatments significantly affected the concentrations of P, K, Ca, Mg, Na, Fe, Zn, Mn, 
and Cu (p ≤ 0.05; Table 6). P and K concentrations remained statistically comparable be-
tween Control-WW and Control-WL, with Nano ZnMo showing the highest P concentration 
and SiO2  NPs and Osmoplant maintaining the highest K concentrations among the foliar 
treatments. In contrast, Control-WL significantly increased Ca, Mg, Zn, and Mn concen-
trations relative to Control-WW, whereas Na and Fe concentrations decreased. Among 
the foliar treatments, Osmoplant maintained the highest Ca and Mn concentrations, ZnO 
NPs showed the highest Mg concentration, and ZnO + SiO2  NPs produced the lowest Na 
concentration. Nano ZnMo increased Fe concentration by 55.7% relative to Control-WL, 
reaching a level statistically comparable to Control-WW, while Nano ZnMo and SiO2  NPs 
showed the highest Zn concentrations among the foliar treatments. Cu concentration re-
mained statistically comparable between the two controls, although Nano ZnMo showed 
the highest mean concentration among the foliar treatments (Table 6).

Because mineral concentration does not necessarily reflect the total quantity of an 
element retained in plant tissues, leaf mineral accumulation was calculated using the corre-
sponding mineral concentration and leaf dry biomass of each plant (Table 7). Significant 
treatment effects were detected for P, K, Mg, Na, Fe, Zn, and Mn accumulation (p ≤ 0.05), 
whereas Ca and Cu accumulation did not differ significantly among treatments. Control-
WW showed the highest P and K accumulation, while Codasil exhibited the lowest values 
for both elements. ZnO NPs produced the highest mean Mg accumulation (239 mg plant−1 ), 
statistically comparable to Control-WL and Control-WW. Na accumulation was significantly 
lower in Control-WL than in Control-WW, with the lowest statistical group observed in 
SiO2  NPs, ZnO + SiO2  NPs, Osmoplant, and Codasil.
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Table 6. Effects of foliar treatments on the mineral composition of jalapeño pepper under severe 
water limitation.

Treatments P K Ca Mg Na Fe Zn Mn Cu
(%) (%) (%) (%) ppm ppm ppm ppm ppm

Control-WW 0.32 ± 0.03 a 3.9 ± 0.1 a 1.2 ± 0.3 b 0.73 ± 0.06 c 10.4 ± 0.2 a 87.3 ± 6.9 a 13.0 ± 1.0 d 76.4 ± 3.8 f 6.1 ± 0.7 bc 
Control-WL 0.29 ± 0.03 ab 3.5 ± 0.1 ab 2.2 ± 0.1 a 0.88 ± 0.04 ab 8.1 ± 1.1 b 52.4 ± 1.2 cd 90.3 ± 12.6 c 151.5 ± 9.7 de 8.8 ± 3.1 ab 

ZnO NPs 0.28 ± 0.03 ab 3.0 ± 1.1 b 1.6 ± 0.7 ab 0.93 ± 0.02 a 6.8 ± 1.5 bcd 50.0 ± 1.1 d 81.2 ± 1.0 c 150.1 ± 0.1 e 6.7 ± 2.1 bc 
SiO2  NPs 0.24 ± 0.03 bc 3.8 ± 0.2 a 1.7 ± 0.7 ab 0.91 ± 0.05 a 5.6 ± 1.2 cd 63.7 ± 3.7 b 132.5 ± 9.5 a 175.6 ± 27.1 c 7.4 ± 1.9 abc 

ZnO + SiO2 
NPs 0.27 ± 0.07 ab 3.5 ± 0.1 ab 1.4 ± 0.6 ab 0.88 ± 0.04 ab 4.8 ± 1.1 d 61.4 ± 5.0 bc 113.2 ± 5.2 b 197.0 ± 8.4 ab 5.1 ± 1.1 c 

Nano ZnMo 0.32 ± 0.05 a 3.7 ± 0.4 a 1.5 ± 0.5 ab 0.76 ± 0.16 bc 6.8 ± 1.2 bc 81.6 ± 11.2 a 136.8 ± 2.6 a 184.3 ± 10.8 b 10.2 ± 3.0 a 
Osmoplant 0.18 ± 0.01 cd 3.8 ± 0.2 a 2.2 ± 0.1 a 0.82 ± 0.11 abc 4.9 ± 0.6 cd 51.4 ± 2.9 d 113.4 ± 15.7 b 215.9 ± 1.2 a 6.0 ± 2.0 bc 

Codasil 0.16 ± 0.04 d 3.6 ± 0.1 ab 1.6 ± 0.2 ab 0.71 ± 0.01 c 5.9 ± 1.6 cd 52.2 ± 4.1 cd 75.8 ± 10.4 c 170.9 ± 3.9 cd 6.5 ± 0.8 bc 

Values represent the mean ± standard deviation (n = 3). Different letters within each column indicate 
statistically significant differences among treatments, as determined by Fisher’sLSD test (p ≤ 0.05).

Table 7. Effects of foliar treatments on leaf mineral accumulation in jalapeño pepper under severe 
water limitation.

Treatments P K Ca Mg Na Fe Zn Mn Cu
(mg plant−1 )

Control-WW 84 ± 17 a 1059 ± 196 a 315 ± 26 a 197 ± 21 abc 0.286 ± 0.048 
a 

2.420 ± 0.638 
a 

0.353 ± 0.040 
b 

2.085 ± 0.290 
bc 

0.166 ± 0.014 
a 

Control-WL 72 ± 23 ab 917 ± 355 ab 573 ± 251 a 228 ± 85 ab 0.204 ± 0.058 
b 

1.374 ± 0.589 
b 

2.443 ± 1.292 
a 

3.878 ± 1.362 
a 

0.251 ± 0.177 
a 

ZnO NPs 69 ± 4.5 ab 768 ± 306 ab 379 ± 105 a 239 ± 41 a 0.179 ± 0.069 
bc 

1.286 ± 0.246 
b 

2.084 ± 0.377 
a 

3.847 ± 0.649 
a 

0.166 ± 0.025 
a 

SiO2  NPs 39 ± 8.2 cd 659 ± 122 bc 314 ± 155 a 158 ± 13 cd 0.099 ± 0.034 
d 

1.105 ± 0.085 
bc 

2.295 ± 0.147 
a 

3.019 ± 0.069 
ab 

0.126 ± 0.016 
a 

ZnO + SiO2 
NPs 57 ± 21 bc 682 ± 95 bc 289 ± 151 a 171 ± 14 bcd 0.095 ± 0.033 

d 
1.200 ± 0.247 

b 
2.205 ± 0.376 

a 
3.809 ± 0.317 

a 
0.101 ± 0.033 

a 
Nano ZnMo 52 ± 15 bc 637 ± 74 bc 259 ± 123 a 128 ± 4 de 0.115 ± 0.006 

cd 
1.383 ± 0.121 

b 
2.360 ± 0.479 

a 
3.160 ± 0.519 

a 
0.169 ± 0.014 

a 
Osmoplant 33 ± 4.5 d 678 ± 94 bc 397 ± 32 a 147 ± 6 cd 0.089 ± 0.019 

d 
0.923 ± 0.033 

bc 
2.061 ± 0.472 

a 
3.891 ± 0.381 

a 
0.110 ± 0.046 

a 
Codasil 17 ± 5.5 d 375 ± 13 c 164 ± 10 a 74 ± 6 e 0.060 ± 0.012 

d 
0.540 ± 0.005 

c 
0.792 ± 0.162 

b 
1.776 ± 0.164 

c 
0.067 ± 0.004 

a 

Values represent the mean ± standard deviation (n = 3). Different letters within each column indicate 
statistically significant differences among treatments, as determined by Fisher’s LSD test (p ≤ 0.05).

Fe accumulation decreased significantly in Control-WL relative to Control-WW, from 
2.42 to 1.37 mg plant−1  (Table 7). Although Nano ZnMo increased Fe concentration rela-
tive to Control-WL (Table 6), its Fe accumulation (1.38 mg plant−1 ) remained statistically 
comparable to Control-WL, indicating that the concentration increase was not accompanied 
by greater foliar Fe accumulation. Conversely, Zn accumulation increased markedly in 
Control-WL relative to Control-WW, from 0.35 to 2.44 mg plant−1 , with all foliar treatments 
except Codasil maintaining values statistically comparable to Control-WL. Mn accumulation 
also increased under water-limited conditions, with Osmoplant, Control-WL, ZnO NPs, and 
ZnO + SiO2  NPs showing the highest mean values, whereas Codasil exhibited the lowest 
accumulation. These results demonstrate that changes in leaf mineral concentration were 
not consistently accompanied by corresponding changes in mineral accumulation, empha-
sizing the importance of considering leaf biomass when evaluating treatment-associated 
nutritional responses.

3.7. Heat Map and Correlation Analysis
Pearson correlation analysis revealed distinct associations among growth, yield, pho-

tosynthetic, biochemical, and mineral traits after Benjamini–Hochberg false discovery rate 
(FDR) correction (Figure 5). Aboveground dry biomass was positively correlated with 
fruit yield (r = 0.73, q < 0.001), stomatal conductance (gs; r = 0.58, q < 0.05), and tran-
spiration rate (E; r = 0.55, q < 0.05), whereas a negative correlation was observed with 
Mn (r = −0.67, q < 0.01). Among photosynthetic traits, gs was strongly correlated with E 
(r = 0.99, q < 0.001), while photochemical quenching (qP) was closely associated with elec-
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tron transport rate (ETR; r = 0.96, q < 0.001). Net photosynthetic rate (PN ) was negatively 
correlated with total soluble sugars (r = −0.61, q < 0.05), whereas its associations with ETR, 
qP, and SPAD did not remain significant after FDR correction. Fruit yield was positively 
correlated with ETR (r = 0.61, q < 0.05), whereas negative correlations were observed with 
Zn (r = −0.67, q < 0.01) and Mn (r = −0.67, q < 0.01). Among mineral nutrients, Mn and 
Zn were strongly positively correlated (r = 0.84, q < 0.001), whereas Mn-Na (r = −0.82, 
q < 0.001) and Zn-Na (r = −0.69, q < 0.01) showed strong negative associations. These 
results indicate that biomass and yield were associated with selected gas exchange and 
photochemical traits, while Zn and Mn exhibited inverse relationships with productivity 
under the evaluated conditions.

Figure 5. Pearson correlation matrix among growth, yield, photosynthetic, biochemical, and min-
eral traits of jalapeño pepper under water-limited conditions. Cell colors indicate the direction and 
magnitude of Pearson’s correlation coefficients (r), ranging from −1 to +1. Correlations were cal-
culated using 24 individual plant observations (n = 24). Statistical significance was determined 
after Benjamini-Hochberg false discovery rate (FDR) correction for multiple comparisons (* q < 0.05, 
** q < 0.01, and *** q < 0.001).
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3.8. Principal Component Analysis (PCA)
Principal component analysis clearly differentiated the multivariate response patterns 

among treatments (Figure 6A,B). PC1 explained 32.31% of the total variance and PC2 
explained 17.61%, together accounting for 49.92% of the variability in the dataset. The 
score distribution showed that Control-WW was the most clearly separated group along 
positive PC1, whereas Codasil was distinctly separated along positive PC2 (Figure 6A). 
ZnO NPs were also positioned toward positive PC1, while SiO2  NPs, ZnO + SiO2  NPs, Nano 
ZnMo, and Osmoplant were predominantly distributed toward negative PC1, with partial 
overlap among their treatment ellipses. Control-WL occupied an intermediate position 
characterized by positive PC1 and negative PC2 scores. The loading analysis showed that 
positive PC1 was primarily associated with stomatal conductance (gs), transpiration rate 
(E), Na, intercellular CO2  concentration (Ci), aboveground dry biomass, and fruit yield, 
whereas Mn, Zn, and net photosynthetic rate (PN ) were oriented toward negative PC1 
(Figure 6B). Positive PC2 was mainly associated with SPAD, photochemical quenching 
(qP), electron transport rate (ETR), and PN , while Fv’/Fm’ total soluble sugars, and P 
were oriented toward negative PC2. Accordingly, the separation of Control-WW along 
positive PC1 coincided primarily with gas exchange, biomass, and yield traits, whereas the 
separation of Codasil along positive PC2 was more closely associated with photosynthetic 
and photochemical traits.

Figure 6. Principal component analysis (PCA) of growth, yield, physiological, biochemical, and 
mineral traits of jalapeño pepper across foliar treatments and irrigation conditions. (A) PCA score 
plot showing the distribution of individual observations and descriptive covariance ellipses for each 
treatment. (B) Variable loading plot showing the direction and magnitude of the associations of the 
evaluated traits with PC1 and PC2. PC1 and PC2 explained 32.31 and 17.61% of the total variance, 
respectively, accounting for 49.92% of the cumulative variance. All 23 standardized variables were 
included in the analysis; for clarity, labels are displayed for variables with cos2 ≥ 0.35, while lighter 
arrows represent the remaining variables.

4. Discussion
Biomass accumulation and its distribution among plant organs integrate resource 

acquisition and dry-matter allocation, making them important indicators of plant perfor-
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mance under limited water availability [31]. In this study, Control-WW maintained the 
highest overall productive performance, whereas severe water limitation in Control-WL 
particularly restricted stem, fruit, and aboveground dry biomass, resulting in the greatest 
decline in fruit yield, while leaf biomass remained comparatively stable (Figure 2A–E). 
This pattern indicates that reproductive productivity was more sensitive to restricted wa-
ter availability than leaf biomass maintenance. Consistently, reduced irrigation has been 
shown to compromise fruit yield in Capsicum annuum L., although the magnitude of this 
response depends on genotype [32]. Among the foliar treatments, ZnO NPs showed the 
strongest capacity to counteract these limitations, maintaining fruit dry biomass at a level 
comparable to Control-WW while substantially recovering aboveground biomass and fruit 
yield relative to Control-WL (Figure 2C–E). This response is consistent with improvements 
in biomass and plant water status reported for ZnO NP-treated Capsicum annuum under 
restricted water availability [33], as well as with enhanced productivity following foliar 
ZnO NP application in field-grown soybean [34]. These findings suggest that ZnO NPs 
helped sustain reproductive growth and productive biomass formation under severe water 
limitation. However, the physiological mechanisms underlying this improvement could 
not be fully established from the measured variables, and the observed associations should 
not be interpreted as direct evidence of causality. Although cumulative fruit yield and 
organ-specific biomass were directly quantified, individual yield components, including 
fruit number, mean fruit weight, and fruit set, were not assessed. Therefore, the observed 
yield recovery cannot be attributed to specific changes in fruit number or size, and further 
studies are needed to elucidate the underlying yield components.

In contrast, SPAD remained similar between Control-WW and Control-WL, whereas 
Codasil produced the highest SPAD value without a corresponding superiority in biomass 
or fruit yield (Figure 2F), indicating that maintenance of leaf chlorophyll status alone was 
insufficient to ensure greater reproductive productivity. Silicon supplementation has been 
associated with maintaining chlorophyll content in pepper under restricted water avail-
ability by suppressing chlorophyll degradation processes [35]. However, because Codasil 
is a multicomponent formulation containing silicon, amino acids, and potassium, its ef-
fect on SPAD cannot be attributed exclusively to silicon. Thus, the greater leaf greenness 
observed with Codasil did not translate into superior reproductive productivity under 
severe water limitation. These productive responses were accompanied by distinct changes 
in leaf physiological performance. Leaf gas exchange reflects the coordination between 
photosynthetic carbon assimilation and stomatal control of CO2  uptake and transpirational 
water loss, a relationship that can be markedly modified under severe water limitation [36]. 
In this study, Control-WW and Control-WL maintained comparable net photosynthetic 
rate (PN ), stomatal conductance (gs ), intercellular CO2  concentration (Ci ), and transpira-
tion rate (E), indicating that instantaneous gas exchange capacity was maintained at the 
evaluated stage despite the cumulative reductions in biomass and yield observed under 
severe water limitation (Figure 3A–D). This response should therefore be interpreted as 
the physiological status at the time of measurement rather than as evidence that carbon 
and water exchange remained unchanged throughout the crop cycle. Indeed, gas exchange 
responses to restricted water availability can differ according to the intensity and physio-
logical context of the limitation. Asargew et al. [36] showed that severe water limitation 
altered the relationship between photosynthesis and stomatal conductance, whereas Padilla 
et al. [37] reported increased instantaneous and intrinsic water-use efficiency in pepper 
through enhanced stomatal regulation during short-term water limitation. In contrast to 
the irrigation controls, all foliar treatments increased PN  relative to Control-WL, while 
several treatments simultaneously reduced gs , Ci , and E; Codasil produced the highest PN , 
Osmoplant the strongest reductions in gs  and E, and SiO2  NPs the lowest Ci  (Figure 3A–D). 
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A comparable enhancement in CO2  assimilation was observed in field-grown tomato un-
der deficit irrigation, with ZnO NPs among the Fe and Zn based foliar treatments that 
increased the photosynthetic rate [38]. Similarly, Francesca et al. [39] found that a protein 
hydrolysate increased PN  under limited water availability in the E42 tomato genotype, 
although the response was genotype dependent. Thus, the contrasting responses between 
PN  and stomatal variables indicate treatment-dependent differences in carbon assimilation 
and transpirational water loss, although the underlying regulatory mechanisms could not 
be directly established from the measurements performed. Beyond stomatal regulation, the 
foliar treatments also modified PSII photochemical performance.

Chlorophyll fluorescence provides a sensitive assessment of PSII photochemistry, as 
water limitation can markedly alter the proportion of open PSII reaction centers and electron 
transport, reflected in changes in qP and ETR [40]. In this study, Control-WL exhibited 
higher Fv’/Fm’ than Control-WW, whereas qP and ETR were markedly lower, indicating 
that the greater efficiency of excitation energy capture by open PSII reaction centers in the 
light-adapted state was not accompanied by greater photochemical utilization or electron 
transport under severe water limitation (Table 5). This contrasting response reinforces 
the importance of interpreting fluorescence parameters collectively rather than relying 
on a single index. Indeed, Zahedi et al. [41] observed that SiO2  and SiO2 -NPs partially 
preserved Fv and Fm in strawberry under restricted water availability, whereas Fv’/Fm’ 
showed comparatively low sensitivity, highlighting the differential responses of individual 
fluorescence parameters. Among the foliar treatments, ZnO NPs produced the highest 
Fv’/Fm’, whereas Codasil maximized qP and ETR (Table 5), suggesting differential effects 
on excitation-use efficiency and the fraction of PSII reaction centers participating in pho-
tochemistry. Consistently, nano-Si and nano-Zn increased Fv/Fm and ΦPSII  in coriander 
grown under restricted water availability [42]. These findings reflect the instantaneous 
photosynthetic and photochemical responses measured at 45 DAT, providing insight into 
treatment-associated physiological differences under water-limited conditions.

Carboxylation efficiency and water-use efficiency provide complementary information 
on carbon fixation relative to internal CO2  availability and water loss, respectively. In this 
study, CE remained comparable between Control-WW and Control-WL but was maximized 
by ZnO + SiO2  NPs, whereas WUE and WUEi were also unchanged between the controls 
and reached their highest values with Osmoplant (Table 5). The divergent responses of CE 
and WUE indicate that enhanced carbon fixation relative to Ci  did not necessarily coincide 
with the greatest efficiency of carbon gain relative to water loss. A similar dissociation was 
reported by Liu et al. [43], who found that SiO2  NPs increased the instantaneous Rubisco 
carboxylation rate but decreased WUE under water-limited conditions. In the present 
study, the superior WUE and WUEi of Osmoplant are consistent with its combination of 
enhanced PN  relative to Control-WL and strong reductions in E and gs , indicating tighter 
coordination between carbon assimilation and transpirational water loss under severe water 
limitation. These photosynthetic responses were accompanied by differential changes in 
pigment stability and osmotic adjustment.

Chlorophyll status reflects the integrity of the photosynthetic apparatus, whereas 
compatible solutes such as proline contribute to osmoprotection and cellular adjustment 
under restricted water availability [44]. In this study, total chlorophyll and carotenoid 
concentrations remained comparable between Control-WW and Control-WL, indicating 
that the leaf pigment pool was largely maintained at the evaluated stage despite severe 
water limitation (Figure 4A,B). This response contrasts with the progressive decline in total 
chlorophyll reported in Capsicum frutescens under prolonged irrigation withdrawal, in which 
pigment loss became increasingly pronounced with the duration of water limitation [44]. 
Among the foliar treatments, ZnO NPs produced the strongest carotenoid response, whereas 
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SiO2  NPs showed only a numerical increase in total chlorophyll (Figure 4A,B). Consistently, 
foliar application of ZnO NPs increased carotenoid content in sugar beet under restricted 
water availability [45], supporting the capacity of ZnO NPs to enhance the carotenoid pool 
under water-limited conditions.

In contrast, Control-WL showed lower total soluble sugars and proline than Control-
WW, while ZnO + SiO2  NPs partially restored soluble sugars and SiO2  NPs produced the 
highest numerical proline concentration without a significant increase over Control-WL (Fig-
ure 4C,D). This response differs from that reported in water-limited Capsicum annuum L., 
where soluble sugars and proline accumulated in response to restricted water availabil-
ity [46]. However, proline accumulation should not be interpreted independently as a 
direct indicator of improved physiological performance. In chiltepin pepper, severe water 
limitation strongly increased proline in untreated plants, whereas effective Bacillus treat-
ments reduced proline relative to the water-limited control while simultaneously improving 
leaf relative water content [47]. Thus, the lower proline observed in the present study 
does not necessarily indicate a weaker adaptive response; rather, it suggests that osmolyte 
accumulation was not the predominant physiological adjustment at the stage of severe 
water limitation evaluated. In addition to these physiological adjustments, severe water 
limitation and foliar treatments altered mineral nutrient composition.

Mineral nutrition is closely linked to plant physiological performance, and restricted 
water availability can alter nutrient transport, root acquisition, and tissue mineral composi-
tion [48]. In this study, Control-WW and Control-WL showed element-specific responses, 
with relatively stable P, K, and Cu concentrations, increased Ca, Mg, Zn, and Mn concentra-
tions, and decreased Na and Fe concentrations under water-limited conditions (Table 6). 
However, these concentration patterns were not consistently reflected in leaf mineral ac-
cumulation (Table 7). Although Ca concentration increased under water limitation, Ca 
accumulation remained statistically unchanged, suggesting that concentration differences 
did not necessarily correspond to greater mineral retention in leaf tissues. Conversely, Zn 
and Mn showed higher concentrations accompanied by greater leaf accumulation, whereas 
Fe accumulation decreased significantly in Control-WL. These contrasting responses em-
phasize the importance of evaluating both mineral concentration and accumulation when 
interpreting plant nutritional status. Similar element-specific responses have been reported 
in Capsicum annuum L. Maphalaphathwa and Nciizah [49] observed that soil moisture did 
not significantly affect N, P, or K uptake, whereas Zn uptake depended on the interaction 
between moisture availability and nutrient priming. Conversely, Bitik et al. [48] reported 
declining mineral concentrations in pepper shoots under restricted water availability, while 
Martins et al. [50] observed reductions in several mineral elements in pepper fruits under 
50% ETc.

Among the foliar treatments, Nano ZnMo maintained P and Fe concentrations com-
parable to Control-WW and showed high Zn concentrations (Table 6). However, its Fe 
accumulation remained statistically comparable to Control-WL, indicating that the increased 
Fe concentration was not accompanied by greater leaf Fe accumulation (Table 7). Similarly, 
Osmoplant produced the highest Ca and Mn concentrations among the foliar treatments, 
although Ca accumulation did not differ significantly among treatments. In contrast, ZnO 
NPs showed the highest mean Mg accumulation, whereas Nano ZnMo, SiO2  NPs, and 
several other foliar formulations maintained Zn accumulation comparable to Control-WL 
(Table 7). Because Zn is a component of the Nano ZnMo formulation, its elevated foliar con-
centration should be interpreted partly in relation to direct Zn supply rather than exclusively 
as enhanced endogenous nutrient acquisition. Comparable treatment-dependent mineral 
responses have been reported by Al-Selwey et al. [51], who observed changes in the min-
eral composition of potato leaves following foliar ZnO and SiO2  nanoparticle applications 
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under restricted water availability. Likewise, Martins et al. [50] reported treatment-specific 
changes in the mineral composition of pepper fruits under 50% ETc. Therefore, the present 
results indicate that foliar formulations modified mineral concentration and accumulation 
differently across elements, without demonstrating a generalized improvement in nutrient 
acquisition under water-limited conditions.

To integrate these individual responses, correlation and multivariate analyses were 
used to identify coordinated relationships among morphological, physiological, and bio-
chemical traits associated with plant performance under limited water availability [52]. In 
this study, aboveground dry biomass was positively associated with fruit yield, stomatal 
conductance (gs), and transpiration rate (E), whereas fruit yield showed positive associa-
tions with selected physiological traits after FDR correction (Figure 5). The strong positive 
correlation between photochemical quenching (qP) and electron transport rate (ETR) indi-
cates coordinated variation in PSII photochemical activity, although their relationships with 
net photosynthetic rate (PN ) were not statistically significant after correction for multiple 
comparisons. These findings suggest that photochemical performance, carbon assimilation, 
and productivity exhibited distinct patterns of association across treatments rather than 
a uniform physiological response. The importance of considering multiple physiological 
responses simultaneously is also evident in Capsicum annuum L., where reduced irrigation 
decreased yield and markedly altered stomatal conductance and leaf water potential [53]. 
Similarly, Raza et al. [54] showed through PCA that Cu-NP-mediated improvements in 
wheat productivity under restricted water availability were accompanied by changes in 
growth, WUE, chlorophyll status, stomatal conductance, and plant water relations.

The PCA further showed that the foliar treatments did not converge toward a single 
physiological response pattern (Figure 6A,B). Control-WW was positioned primarily in 
association with gs , E, Ci , aboveground dry biomass, and fruit yield, whereas ZnO NPs were 
also oriented toward positive PC1, consistent with their comparatively strong productive 
performance under severe water limitation. In contrast, Codasil separated along positive 
PC2 in association with SPAD, qP, ETR, and PN , indicating a predominantly photosynthetic 
and photochemical response that did not translate proportionally into the highest fruit 
yield (Figure 6A,B). This distinction indicates that enhancing instantaneous photosynthetic 
traits does not necessarily produce an equivalent improvement in cumulative productivity. 
Consistently, Liang et al. [55] showed that SiNP-mediated yield improvement in field-grown 
maize resulted from coordinated enhancement of leaf photosynthesis and canopy light in-
terception rather than from the response of a single physiological trait. Finally, the negative 
correlations between Zn and Mn and biomass and yield, together with their opposite orien-
tation relative to productive traits in the PCA, should be interpreted as treatment-dependent 
covariation rather than as evidence that these nutrients directly constrained productivity 
(Figures 5 and 6). These multivariate patterns indicate that productive performance under 
severe water limitation resulted from the coordination of biomass accumulation, gas ex-
change, and photochemical functioning rather than from the maximization of any single 
physiological or mineral trait.

The contrasting responses among nanoparticle-based formulations and commercial 
biostimulants should also be considered in relation to their different chemical compositions. 
Nano ZnMo supplied Zn and Mo together with seaweed-derived chelating agents, whereas 
Osmoplant provided amino acids, nitrogen, and potassium, and Codasil supplied silicon, 
amino acids, and potassium. Therefore, differences in physiological and productive perfor-
mance among these treatments may reflect their overall formulation composition rather 
than nanoparticle-specific properties alone.

An important limitation of this study is that the observed responses reflect the ef-
fects of the complete foliar formulations rather than the isolated action of their individual 
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components. The ZnO- and SiO2 -based treatments contained chitosan as a stabilizing and 
dispersing agent, whereas the commercial formulations supplied additional nutrients and 
bioactive compounds. Because carrier-only, chitosan-only, and nutrient-equivalent controls 
were not included, the specific contributions of nanoparticle properties, chitosan, and other 
formulation components could not be independently determined. Therefore, the observed 
physiological and productive responses should be interpreted as treatment-associated ef-
fects rather than being attributed exclusively to the nanoparticles. Furthermore, although 
the supplied nanoparticles were characterized by the manufacturer, particle-size distribu-
tions, aggregation behavior, and suspension stability under the experimental preparation 
conditions were not independently evaluated. Consequently, the physicochemical state 
of the nanoparticle-based formulations at the time of application could not be fully estab-
lished, limiting the reproducibility of their suspension properties and the interpretation of 
responses associated with specific nanoparticle characteristics.

5. Conclusions
Severe water limitation restricted biomass accumulation and fruit production in field-

grown jalapeño pepper, while the evaluated foliar treatments induced distinct physiological, 
photochemical, and nutritional responses. The ZnO NP-based formulation showed the 
greatest capacity to sustain productive performance, maintaining fruit dry biomass at a 
level comparable to that of well-watered plants and substantially recovering aboveground 
biomass and fruit yield. In contrast, Codasil primarily enhanced photosynthetic and pho-
tochemical performance; Osmoplant maximized water-use efficiency; ZnO + SiO2  NPs 
favored carboxylation efficiency; and Nano ZnMo contributed to maintaining a distinctive 
mineral nutrient profile. Correlation and PCA analyses further indicated associations be-
tween productivity and selected gas exchange and PSII photochemical traits, rather than 
establishing a uniform physiological response across treatments.

Finally, these findings highlight the differential benefits of the evaluated foliar formu-
lations, with the ZnO NP-based formulation showing the greatest improvement in fruit 
productivity under water-limited conditions.
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