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Highlights

What are the main findings?

e  Foliar application of hempseed press cake-derived protein hydrolysate improved
growth, mineral accumulation, yield, fruit quality, and antioxidant-related traits of
strawberry grown under smart greenhouse conditions.

° HPH at 7.5% (w/v) provided the best overall response, enhancing fruit set, total yield,
fruit size, total soluble solids, phenolic and flavonoid contents, ascorbic acid content,
and ABTS antioxidant activity.

e  HPH at 10.0% (w/v) was more closely associated with selected mineral accumulation,
fruit firmness, total anthocyanin content, and DPPH antioxidant activity.

What are the implications of the main findings?

e  Hempseed press cake-derived protein hydrolysate may serve as a circular bioeconomy-
based foliar biostimulant for sustainable strawberry production.

e  The findings provide practical information for improving the productivity and fruit
quality of strawberry under smart greenhouse conditions.

Abstract

Hempseed press cake-derived protein hydrolysate (HPH) is a promising plant biostimulant,
but its effects on strawberry fruit production under smart greenhouse conditions remain
unclear. The objective of this study was to evaluate the effects of foliar HPH application
on growth, mineral accumulation, reproductive traits, yield, fruit quality, and antioxidant
properties of strawberry cv. ‘Pharachatan 80’. Plants were grown in a smart greenhouse
and treated with water (control), a commercial biostimulant, and HPH at 7.5 and 10.0%
(w/v) (HPH?7.5 and HPH10.0, respectively). Foliar application was initiated 25 days after
transplanting and repeated weekly for five applications. HPH applications showed clear
concentration-specific improvements in vegetative growth, mineral accumulation, repro-
ductive performance, fruit yield, and antioxidant quality. As the most effective treatment
for overall crop performance, HPH?7.5 enhanced plant growth and mineral accumulation,
particularly K and Mg. Consequently, it improved both yield components (fruit set, number,
weight, size, and total yield) and fruit quality attributes, such as total soluble solids, total
phenolics, flavonoids, ascorbic acid, and ABTS radical-scavenging activity. Conversely,
HPH10.0 was more closely associated with N, P, Ca, Fe, Zn, and Mn accumulation, as well
as fruit firmness and total anthocyanin content, and DPPH radical-scavenging activity.
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Principal component analysis confirmed distinct response patterns between HPH concen-
trations. Thus, HPH7.5 serves as an effective foliar biostimulant to improve strawberry
productivity and quality in smart greenhouses.

Keywords: circular bioeconomy; controlled environment agriculture; fruit quality; plant
biostimulant; hempseed press cake; protein hydrolysate; secondary metabolites; strawberry

1. Introduction

The cultivated strawberry (Fragaria x ananassa Duch.) is a high-value horticultural
crop valued for both market demand and nutritional quality. Global market demand
for strawberries continues to expand due to their favorable sensory attributes and high
concentrations of bioactive compounds, including phenolics, flavonoids, and anthocyanins,
which contribute to fruit color and antioxidant capacity [1-3]. In addition, strawberries
are an important source of ascorbic acid, minerals, and dietary fiber, and their regular con-
sumption has been associated with improved antioxidant status and metabolic health [3,4].
Consequently, improving both yield and fruit nutritional quality remains a major targets in
modern strawberry production.

To meet increasing year-round demand, strawberry cultivation has progressively
shifted toward controlled-environment agriculture (CEA), particularly smart greenhouse
systems. These systems enable partial regulation of microclimatic conditions, irrigation,
and crop management, thereby improving productivity and reducing the risks associated
with climatic variability [1,5]. In tropical and subtropical regions, greenhouse systems are
particularly important for moderating high temperatures and excessive solar radiation.
Greenhouse covering materials and thermal screen configurations can modify microcli-
mate and influence strawberry yield, while tropical-adapted temperature-control systems
have been reported to improve crop physiological performance and quality under warm
conditions [6,7]. However, despite these advantages, greenhouse production still faces
important constraints. Reduced light transmission through greenhouse structures can limit
photosynthetically active radiation (PAR), thereby affecting carbon assimilation and the
biosynthesis of light-dependent compounds such as anthocyanins [3]. In strawberry, repro-
ductive development and fruit set are also highly sensitive to greenhouse microclimate,
especially temperature and light conditions, which can strongly influence inflorescence
development, flower formation, fruit set, and yield potential [8-12]. Moreover, the intensive
input requirements of these systems highlight the need for more sustainable strategies to
enhance nutrient use efficiency and maintain high fruit quality under controlled growing
conditions [13,14].

Plant biostimulants have recently emerged as an alternative to conventional fertil-
ization for improving crop performance. Among these, protein hydrolysates (PHs) are
gaining increasing attention for their ability to stimulate plant metabolism and physio-
logical processes. Derived from the hydrolysis of protein-rich materials, PHs contain a
mixture of amino acids and bioactive peptides that can modulate key metabolic path-
ways, including carbon and nitrogen assimilation [15,16]. Amino acid- and peptide-based
biostimulants have also been reported to improve photosynthetic performance, nutrient
acquisition, and nitrogen use efficiency. Navarro-Ledn et al. [17] demonstrated that L-amino
acid-based biostimulants increased lettuce biomass, chlorophyll accumulation, photosyn-
thetic performance, NO3~ and total N accumulation, and nitrogen use efficiency under
different N supplies. In addition to their nutritional contribution, PHs act as signaling
molecules with hormone-like effects, promoting root development, enhancing nutrient
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uptake, and improving overall plant growth [16,18]. Evidence from strawberry studies
indicates that non-microbial biostimulants, including vegetable-derived, alfalfa-based, and
amino acid-based formulations, can improve vegetative growth, mineral nutrition, pho-
tosynthetic performance, flowering, yield, fruit quality, and resilience under protected
or nutrient-limited conditions [19-21]. More recent PH-focused studies in strawberry
and other fruit crops also show effects on yield formation, mineral nutrition, and fruit
functional quality, although responses depend on PH source, crop species, application
mode, and growing conditions [22-24]. Moreover, PHs application has been associated
with antioxidant metabolism and fruit functional quality in horticultural crops, including
strawberry [18,22,25-28]. This response may be linked partly to amino acid and pep-
tide composition, including phenylalanine, a precursor of the phenylpropanoid pathway
involved in the biosynthesis of phenolics, flavonoids, and anthocyanins [29,30].

The valorization of agro-industrial by-products into plant biostimulants is an impor-
tant strategy in the circular bioeconomy. As a protein-rich by-product of the hemp oil
industry, hempseed press cake offers a well-balanced essential amino acid profile and can
be valorized as a sustainable raw material for PHs production [25,31]. Such conversion
not only reduces underutilized biomass but also generates value-added inputs for sustain-
able horticultural production. Recent studies have shown that circular-economy-derived
biostimulants and waste-based bioprocesses can improve plant growth, nutrient uptake,
and fruit quality in greenhouse strawberry and other crops [32,33]. In our previous study,
hempseed press cake-derived PH (HPH) improved vegetative growth, mineral contents,
and antioxidant-related traits in greenhouse-grown Red Oak lettuce, with 7.5% (w/v) iden-
tified as an effective concentration [25]. However, comprehensive information on HPH in
strawberries remains limited, especially under tropical smart greenhouse conditions. It is
also unclear whether the concentration that was previously effective in leafy vegetables can
improve reproductive performance, yield formation, and antioxidant-related fruit quality
in strawberry. Therefore, the objective of this study was to evaluate the effects of foliar
application of HPH on plant growth, mineral accumulation, reproductive traits, yield
performance, fruit quality, and antioxidant properties of strawberry cv. ‘Pharachatan 80’
cultivated under a smart greenhouse system.

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

The experiment was conducted from January to March 2026 in a smart greenhouse at
the Agricultural Technology Farming Center, Faculty of Science and Technology, Tham-
masat University, Pathum Thani, Thailand (14.07450° N, 100.6094167° E; 7.3 m a.s.L).
Greenhouse microclimate was monitored throughout the cultivation period. The roof was
fitted with multifunctional plastic film (MultiTech, MTEC, NSTDA, Pathum Thani, Thai-
land), a cladding material designed for high ultraviolet filtration and high near-infrared
(NIR) reflectance. This film was used to reduce incoming radiation and heat load during
production under tropical greenhouse conditions. Air temperature and relative humidity
were logged using SHT31 sensors (Tony Space, Bangkok, Thailand), whereas photosyn-
thetically active radiation (PAR) was recorded using custom-developed phototransistor
sensors from the Thai Microelectronics Center (TMEC, Mueang District, Chachoengsao,
Thailand), following the sensor configuration described by Kumsong et al. [7]. During the
experimental period, the greenhouse reduced the mean maximum air temperature from
41.52 °C outside to 35.92 °C inside. Mean minimum temperature was similar between
environments, with a slightly higher value inside the greenhouse than outside (24.72 vs.
24.02 °C). Minimum relative humidity increased from 36.88% outside to 47.16% inside,
while PAR decreased from 1581.86 to 290.84 umol m 2 s~! (Figure S1).
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Strawberry (Fragaria x ananassa Duch.) cv. ‘Pharachatan 80" runner plants were
obtained from a commercial nursery in Chiang Mai, Thailand. This cultivar was developed
for cultivation under Thai highland conditions and is characterized by its adaptability to
warm environments, large fruit size, pleasant aroma, sweet flavor, and high yield potential.
Uniform 30-day-old plantlets were selected and transplanted on 15 January 2026 into
growing bags (20 cm in diameter) filled with a commercial growing medium from the same
source as previously reported by Harakotr et al. [25] and cultivated under greenhouse
conditions. The reported chemical properties of this growing medium were pH 6.39, EC
3.00dSm™ !, organic matter 35.13%, total N 1.31%, total P 2.27%, total K 1.32%, total Ca
1.59%, total Mg 0.53%, and C/N ratio 15.58. Before planting, a 15-15-15 compound fertilizer
was applied at a rate of 187.5 kg ha~!, which supplied 28.13-28.13-28.13 kg ha ! of N-P,Os—
K5O. At the fruit-setting stage, 13—-13-21 compound fertilizer was applied at the same rate,
equivalent to 24.38-24.38-39.38 kg ha~! of N-P,05-K;O. Pests and diseases were managed
according to the standard recommendations of the Department of Agriculture, Thailand.

The trial followed a completely randomized design (CRD) with three replications.
Each replication included 10 plants per treatment, resulting in 30 plants per treatment.
Four treatments were applied as follows: (i) Control: distilled water spray; (ii) Commer-
cial biostimulant (CB): All bio-organic plant growth booster biostimulant, distributed by
Supreme Bio Trading Ltd. (Bangkok, Thailand), with the amino acid compositions of CB
and HPH provided in Table S1; (iii) HPH7.5: carrier formulation supplemented with 7.5%
(w/v) HPH; (iv) HPH10.0: carrier formulation supplemented with 10.0% (w/v) HPH. The
HPH treatments were prepared in-house using a carrier formulation containing stabilizing
agents, preservatives, and micronutrients, following the formulation previously reported
by Harakotr et al. [25]. Deionized water was used to prepare the final foliar spraying
solutions, and their pH and EC values are presented in Table S2. Foliar spraying began
on 19 February 2026, corresponding to 25 days after transplanting (DAT) and the late
vegetative to early flowering stage, before full flowering. Foliar spraying was conducted
in the evening using a 2 L hand-pressure sprayer, with 100 mL of the assigned solution
applied per plant to uniformly wet both adaxial and abaxial leaf surfaces without runoff.
The application was repeated every 7 days for five applications (Figure 1).

23 025 3N 32 37 39 4 4 51 53 55 58 61
0 DAT DAT DAT DAT DAT DAT DAT  DAT DAT DAT DAT DAT DAT DAT
E o W N
2 a A O
| e O O
;;E v vV ¥

¢ Sl Foliar application of HPH m Data Recording
Figure 1. Experimental timeline for foliar hempseed press cake-derived protein hydrolysate (HPH)

application in strawberry cv. ‘Pharachatan 80, showing the five spraying events at 25, 32, 39, 46, and
53 days after transplanting (DAT).
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2.2. Growth, Reproductive, Yield, and Quality Parameters

Vegetative growth was monitored at six sampling dates during the experimental
period. Plant height (PH; cm) was measured at 23, 30, 37, 44, 51, and 58 DAT from the base
of the plant to the tip of the longest leaf. Plant width (PW; cm) was determined at the same
intervals by measuring the maximum horizontal canopy spread. The numbers of runners
(NR) and leaves (NL) were recorded per plant and expressed as runners plant~! and leaves
plant~!, respectively.

Reproductive development was evaluated from flowering to harvest by counting
the number of inflorescences plant~! (NFP), number of flowers inflorescence™! (NFI),
and number of fruits inflorescence ™! (NFrI). Measurements were made across successive
flowering flushes until the end of the harvest period. Fruit set percentage (FrS) was
calculated for each inflorescence from the proportion of retained fruits relative to the total
number of flowers:

FrS (%) = (number of fruits retained inflorescence™ 1 /total number of flowers inflorescence ™) x 100 (1)

Fruit set values were then averaged across sampled plants within each treatment.

Strawberry fruits were harvested three times at 3-day intervals, from approximately
55 to 61 DAT, when 70-75% of the fruit surface had developed red coloration. At each
harvest, all fruits harvested from each plant were counted and weighed using a digital
scale. Total fruit number plant~! (TFrN) and total yield (TY; g FW plant~!) were calculated
by summing values across the three harvests. Average fruit fresh weight (FrW; g FW), fruit
length (FrL; cm), and fruit width (FrWi; cm) were determined from four representative
fruits per plant collected at an intermediate harvest during the production period. FrW was
calculated as the mean fresh weight of these selected fruits. The same fruit samples were
used for the measurement of external fruit size and basic quality attributes. For biochemical
assays, a separate fruit sample set was collected at the same harvest stage, immediately
frozen in liquid nitrogen, and freeze-dried. After drying, samples were milled into a fine
powder using a variable-speed rotor mill (Pulverisette 14, Fritsch, Idar-Oberstein, Germany)
and stored at —20 °C until analysis.

Fruit firmness (FrF) and total soluble solids (TSS) were determined from four fruits per
plant. FrF (kg cm~2) was measured using a texture analyzer fitted with a 6 mm diameter
probe (Stable Micro Systems, model TA-XT plus, Godalming GU7 1YL, UK). The probe
was driven at a test speed of 1.5 mm s~ ! to a penetration depth of 5 mm. TSS (°Brix) was
determined using a portable refractometer (ATAGO, model PAL-1, Tokyo, Japan).

2.3. Determination of Shoot Mineral Content

For mineral analysis, aboveground shoot tissues were sampled at 58 DAT from each
treatment. Fresh plant materials were first washed with tap water and then rinsed with
deionized water to remove dust and surface contaminants. The cleaned samples were
oven-dried to constant weight and subsequently milled to obtain a homogeneous powder.
The powdered samples were subjected to wet acid digestion using a mixture of HNOj3
and HCIOy (6:1, v/v) prior to mineral determination. Total N was determined by the
Kjeldahl method, and P was determined colorimetrically using the Vanadomolybdate
method, whereas K, Ca, Mg, Fe, Zn, and Mn were measured using atomic absorption
spectrophotometry (AAS; Agilent Technologies, Inc., Agilent 200 Series, Santa Clara, CA,
USA). All mineral analyses were conducted by the Soil Science Laboratory, Department
of Plant and Soil Sciences, Faculty of Agriculture, Chiang Mai University, Chiang Mai,
Thailand. Total N, P, and K were reported as percentages on a dry weight basis, whereas Ca,
Mg, Fe, Zn, and Mn were reported as mg kg ~! DW, following the original plant nutrient
analysis report issued by the analytical laboratory.
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2.4. Fruit Bioactive Compounds and Antioxidant Activity
2.4.1. Sample Preparation and Extraction

Freeze-dried strawberry fruit powder was used for ethanol extraction following the
approach of Jirakiattikul et al. [34], with slight modifications. For each sample, 5 g of
ground material was extracted with 95% ethanol at a sample-to-solvent ratio of 1:3 (w/v).
The extraction was carried out for 72 h and repeated three times to improve the recovery of
ethanol-soluble compounds. After each extraction, the suspension was filtered through
filter paper, and the filtrates from the three extraction cycles were combined. The pooled
extract was dried at 50 °C for 72 h to obtain a crude dried extract, which was then stored at
—20 °C until subsequent analysis. This extract was used for the determination of bioactive
compounds and antioxidant activity.

2.4.2. Determination of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

TPC was quantified using a Folin—Ciocalteu-based colorimetric assay adapted from
Folin and Ciocalteu [35]. For each reaction, 20 puL of fruit extract was combined with
1.58 mL of distilled water, followed by the addition of 100 puL of Folin—Ciocalteu reagent.
After 5 min of reaction at room temperature, 300 pL of 20% Na,CO3 was added to develop
the color reaction. The reaction mixture was then kept in the dark for 2 h, and absorbance
was recorded at 765 nm using a microplate reader (EnVision XCite 2105, Revvity, Waltham,
MA, USA). Gallic acid was used to construct the calibration curve, and TPC was expressed
as mg gallic acid equivalents g ! dry extract (mg GAE g~! DE).

TFC was determined using the aluminum chloride colorimetric method described by
Kubola et al. [36], with minor modifications. Briefly, 0.5 mL of extract was diluted with
2.2 mL of distilled water, after which 0.15 mL of 5% NaNO, was added. The mixture
was allowed to stand for 6 min before adding 0.3 mL of 10% AICl3-6H,0. After 5 min,
1.0 mL of 1 M NaOH was added to terminate the reaction and stabilize the color. Ab-
sorbance was measured at 510 nm using a microplate reader. Quercetin was used as the
reference standard, and TFC was expressed as mg quercetin equivalents g ! dry extract
(mg QE g~ ! DE).

2.4.3. Determination of Total Anthocyanin Content (TAC)

TAC was determined by the pH differential method of Lee et al. [37], with minor
modifications. For each sample, two aliquots of extract (200 uL each) were diluted sep-
arately with 800 uL of potassium chloride buffer (0.025 M, pH 1.0) and sodium acetate
buffer (0.4 M, pH 4.5). After equilibration, absorbance was measured at 520 nm and 700 nm
for both pH conditions using a UV-Vis spectrophotometer (UV-1280, Shimadzu, Kyoto,
Japan). The absorbance difference was calculated as follows:

A = (Asp — Az0) pH 1.0 — (As0 — Az00) pH 4.5. )

TAC was calculated using the Beer-Lambert equation based on a molar absorptivity of
26,900 L mol~! em~! and a molecular weight of 449.2 ¢ mol~!. The results were expressed
as mg cyanidin-3-glucoside equivalents g ! dry extract (mg C3G g~! DE).

2.4.4. Determination of Total Ascorbic Acid Content (TAsA)

TAsA was determined following Bassi et al. [38], with minor modifications. Crude
dried extract (0.1 g) was dissolved in 0.2 mL of 5% metaphosphoric acid and reacted with
0.02% indophenol solution. After 3 min, 2% thiourea and 2% 2,4-dinitrophenylhydrazine
were added to the reaction mixture. The mixture was heated at 50 °C for 70 min and then
allowed to cool to room temperature. Subsequently, 85% sulfuric acid was added, and
the reaction was left to develop for 30 min. Absorbance was measured at 540 nm using
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a UV-Vis spectrophotometer. TAsA was calculated using an L-ascorbic acid calibration
curve and expressed as mg g~ ! dry extract (mg g~! DE).

2.4.5. Antioxidant Activity

The antioxidant capacity of the strawberry fruit extracts was assessed using DPPH
and ABTS radical-scavenging assays. Trolox was used to generate calibration curves for
both assays. The DPPH assay was performed according to Brand-Williams et al. [39], with
minor modifications. For the reaction, 200 uL of sample extract was added to 1.80 mL
of 0.06 mM DPPH solution. After mixing, the reaction mixture was kept in the dark
at room temperature for 30 min. Absorbance was then measured at 520 nm using a
microplate reader.

The ABTS assay followed the procedure of Re et al. [40], with minor modifications.
The ABTS radical cation was generated by combining equal volumes of 14 mM ABTS
solution and 4.9 mM potassium persulfate solution, followed by incubation in the dark
at room temperature for 16 h. Before use, the ABTS working solution was diluted with
ethanol to an absorbance of 0.700 £ 0.020 at 734 nm. For measurement, 200 pL of sample
extract was reacted with 1.80 mL of the diluted ABTS solution for 6 min in the dark, and
absorbance was measured at 734 nm. Antioxidant activity obtained from both assays was
expressed as pmol Trolox equivalents g~ ! dry extract (umol TE g~! DE).

2.5. Statistical Analysis

Statistical analyses were conducted using Statistix 10.0 (Analytical Software, Talla-
hassee, FL, USA). Data were analyzed according to a CRD using one-way analysis of
variance (ANOVA), with treatment as the main factor. For growth parameters measured
at different sampling dates, ANOVA was performed separately for each date. Treatment
means were compared using Tukey’s honestly significant difference (HSD) test. Differences
were considered statistically significant at p < 0.05. PCA was performed using R software
(R Core Team, version 4.5.1; Vienna, Austria).

3. Results
3.1. Growth of Strawberry cv. ‘Pharachatan 80

The visual response of greenhouse-grown strawberry plants to the foliar application of
HPH is shown in Figure 2. Treatment effects on vegetative growth were most evident from
44 to 58 DAT (Figure 3). Compared with control, HPH7.5 and HPH10.0 increased PH, PW,
NL, PL, and LW (Figure 3a—e), with responses generally similar to the CB. HPH7.5 showed
a consistent increase in PH, LW, and runner production, whereas HPH10.0 produced the
widest canopy at 58 DAT.

HPH application also affected runner production from 30 to 58 DAT (Figure 3f). No
runners were observed at 23 DAT, but NR increased thereafter. At the later sampling
dates, HPH7.5 and the CB produced higher NR than the untreated control. These results
indicate that HPH7.5 was the most consistent treatment for improving vegetative growth
and runner formation in greenhouse-grown strawberry plants.

3.2. Mineral Composition of Plant Shoots of Strawberry cv. 'Pharachatan 80’

Foliar application of HPH significantly affected mineral accumulation in shoots of
strawberry cv. ‘Pharachatan 80" at 58 DAT (Table 1). Compared with the untreated control,
HPH?7.5 increased shoot mineral contents by 4.6-26.8%, with the greatest increase observed
for Mg (26.8%) and the smallest for Zn (4.6%). HPH10.0 increased P, Ca, Mg, Fe, Zn, and
Mn contents by 10.1-175.3% compared with the control, while N increased by 5.9%. In
contrast, K content was slightly lower than the control. Among the treatments, HPH10.0
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(e)

produced the highest N, P, Ca, Fe, and Zn contents, whereas HPH7.5 resulted in the highest
K, Mg, and Mn contents. In contrast, the commercial biostimulant showed lower N, P,
Fe, Zn, and Mn contents than the control, although it increased K, Ca, and Mg contents.
These results indicate that foliar application of HPH improved mineral accumulation in
strawberry shoots, with HPH10.0 being more effective for N, P, Ca, Fe, and Zn, while

HPH?.5 was more closely associated with higher K, Mg, and Mn contents.

(f) (8) (h)

Figure 2. Representative appearance of strawberry cv. ‘Pharachatan 80" plants and fruit grown under
greenhouse conditions, as influenced by foliar application of hempseed press cake-derived protein
hydrolysate (HPH). (a,e) Control: sprayed with distilled water; (b,f) CB: commercial biostimulant;
(c,g) HPHY?.5: carrier formulation supplemented with 7.5% (w/v) HPH; and (d,h) HPH10.0: carrier
formulation supplemented with 10.0% (w/v) HPH.

Table 1. Effect of foliar application of HPH on the mineral contents of strawberry cv. ‘Pharachatan 80
grown under smart greenhouse conditions at 58 DAT.

Treatments ! N P K Ca Mg Fe Zn Mn
(% DW) (% DW) (% DW) (mgkg-1DW) (mgkg1DW) (mgkg'DW) (mgkg!DW) (mgkg-! DW)
Control 2.02 +0.01b2 0.39 £0.02¢ 1.70 +£0.02 ¢ 1.47 +0.01 4 0.414+0.004 6.51+0.17¢ 302.44 4+ 2.66 ° 38.69 +0.73
CB 1.73 +0.02 0.25 +0.03 4 2.00 £ 0.01° 1.53 +0.01¢ 0.45 +0.01°¢ 459 +0.114 157.64 £ 3.15¢ 31.60 4 0.04 ¢
HPH7.5 2.13 £ 0.002 0.45 £ 0.01° 2.14 +0.02° 1.58 £ 0.02° 0.52 £ 0.012 7.39 £0.10° 316.49 + 10.80°  44.62 +1.232
HPH10.0 2.14 £ 0.032 0.53 4 0.012 1.68 +0.01°¢ 1.65 +0.01° 0.50 4+ 0.01° 17.92 +0.422 373.45 + 2.56 2 42,58 +0.66 °

! Control: distilled water spray; CB: commercial biostimulant; HPH7.5: carrier formulation supplemented
with 7.5% (w/v) HPH; HPH10.0: carrier formulation supplemented with 10.0% (w/v) HPH. 2 Means =+ standard
deviations followed by the same letters in the same column are not significantly different at p < 0.05, as determined
by Tukey’s HSD test.
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Figure 3. Growth performance of strawberry cv. ‘Pharachatan 80" grown under smart greenhouse
conditions between 23 and 58 DAT, as influenced by the foliar application of HPH. (a) plant height;
(b) plant width; (c) number of leaves plant_1 ; (d) petiole length; (e) leaf width; (f) number of runners
plant~!. Control: distilled water spray; CB: commercial biostimulant; HPH7.5: carrier formulation
supplemented with 7.5% (w/v) HPH; HPH10.0: carrier formulation supplemented with 10.0% (w/v)
HPH. Values are presented as mean + SE (n = 3). Different letters indicate significant differences
among treatments according to Tukey’s HSD test at p < 0.05.
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3.3. Effect of Foliar Application of HPH on Reproductive Traits and Fruit Set of Strawberry cv.
‘Pharachatan 80’

Foliar application of HPH significantly affected the reproductive traits and fruit set
of strawberry grown under smart greenhouse conditions (Table 2). HPH7.5 produced
the highest NFP, NFrl, and FrS, with values of 4.50 inflorescences plant’l, 4.80 fruits
inflorescence !, and 56.61%, respectively. These values were significantly higher than those
of control, which showed the lowest NFP, NFrI, and FrS. In contrast, HPH10.0 produced the
highest NFI (9.58 flowers inflorescence™!), although this did not translate into the highest
fruit set. Finally, HPH7.5 was the most effective treatment for improving reproductive
performance and fruit set.

Table 2. Effect of foliar application of the HPH on reproductive traits and fruit set of strawberry cv.
‘Pharachatan 80" grown under smart greenhouse conditions.

Treatments 1 NFP 2 NFI NF1l FrS
(Inflorescences Plant—1) (Flowers Inflorescence—1) (Fruits Inflorescence—1) (%)
Control 2.17 £0.29 €3 825+ 0.00P 2334+0.38¢ 25.76 + 1524
CB 333+ 058P 9.00 =+ 0.66 2P 4.39 + 0.53 2P 46.62 +0.16
HPH7.5 450 +0.502 7.97 +£0.56 P 4.80 £+ 0.26 2 56.61 £ 2.06 2
HPH10.0 3.17 £ 0.29 be 958 +0.142 353+031P 38.54 +0.93 ¢

! Control: distilled water spray; CB: commercial biostimulant; HPH7.5: carrier formulation supplemented
with 7.5% (w/v) HPH; HPH10.0: carrier formulation supplemented with 10.0% (w/v) HPH. 2 NFP: number
of inflorescences planr1 ; NFL: number of flower inflorescences—!; NFrl: number of fruit inflorescences—1; FrS:
fruit set percentage. 3 Means =+ standard deviations followed by the same letters in the same column are not
significantly different at p < 0.05, as determined by Tukey’s HSD test.

3.4. Yield Components and Fruit Quality of Strawberry cv. 'Pharachatan 80’

Foliar application of HPH significantly affected yield, yield components, and fruit
quality of greenhouse-grown strawberries (Table 3). The control had the lowest values
for all yield-related traits. In contrast, HPH7.5 produced the highest TY, TFrN, and FrW.
Compared with the control, HPH7.5 increased TY by 161.7%, TFrN by 121.1%, and FrW by
141.5%. HPH10.0 also increased these traits by 107.3, 52.4, and 86.8%, respectively.

Table 3. Effect of foliar application of HPH on the yield components and fruit quality of strawberry
cv. ‘Pharachatan 80" grown under smart greenhouse conditions.

Treatments 1 TFrN 2 TY FrW FrL FrWi FrF TSS
(Fruits Plant~1) (g Plant~1 FW) (g FW) (cm) (cm) (kg cm~2) (°Brix)
Control 4924+1.18¢3 27.07 +1.044 431+041°¢ 1.94 +0.01¢ 1.93 + 0.03 P 0.54 +0.004 6.60 +£0.134
CB 9.03 4 0.53 5091 + 0.11°¢ 6.29 127  21240.11b¢ 2.2940.152 0.88 +0.04 ¢ 10.51 +0.39°
HPH7.5 10.88 + 0.37 2 70.84 +2.382 10.41 £ 0272 3.03 +0.382 259 4+0.142 0.95 4 0.02° 12.90 £ 0.87 2
HPH10.0 7.50 + 0.50 56.12 +0.79 b 8.05 4+ 0.76 ° 2.73 4+ 0.30 @ 24640122 1.05 + 0.02 2 897 +£0.55¢

! Control: distilled water spray; CB: commercial biostimulant; HPH7.5: carrier formulation supplemented with
7.5% (w/v) HPH; HPH10.0: carrier formulation supplemented with 10.0% (w/v) HPH. 2 TFrN: total fruit number
planr1 ; TY: total yield; FrW: average fruit fresh weight; FrL: fruit length; FrWi: fruit width; FrF: fruit firmness;
TSS: total soluble solids. 3 Means =+ standard deviations followed by the same letters in the same column are not
significantly different at p < 0.05 as determined by Tukey’s HSD test.

For fruit quality, HPH7.5 produced the greatest FrL and TSS, whereas HPH10.0 pro-
duced the highest FrF. Compared with the control, HPH7.5 increased FrL, FrWi, FrF, and
TSSby 56.2,34.2,75.9, and 95.5%, respectively. The corresponding increases under HPH10.0
were 40.7, 27.5, 94.4, and 35.9%, respectively. These results show that HPH7.5 was the most
effective treatment for improving the yield and fruit quality of strawberries under smart
greenhouse conditions.
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3.5. Fruit Bioactive Compounds and Antioxidant Activity of Strawberry cv. ‘Pharachatan 80’

Foliar application of HPH significantly affected fruit bioactive compounds and antiox-
idant activity in strawberry cv. ‘Pharachatan 80" grown under smart greenhouse conditions
(Table 4). HPH?.5 produced the highest TPC and TFC, with increases of 64.8% and 81.8%,
respectively, compared with untreated control. HPH10.0 also increased TPC and TFC
by 54.2 and 46.7%, respectively, but these values were lower than those observed under
HPH?7.5. For TAC, HPH10.0 produced the highest value, increasing TAC by 56.2% com-
pared with the control, whereas HPH7.5 and the CB showed lower values than HPH10.0
but remained significantly higher than the control. TAsA was also enhanced by foliar
treatments, with CB, HPH7.5, and HPH10.0 showing significantly higher values than the
control. Among the HPH treatments, HPH7.5 and HPH10.0 increased TAsA by 128.2 and
101.6%, respectively. Antioxidant activity also varied among treatments. HPH7.5 showed
the highest ABTS activity, representing a 197.3% increase over the control, followed by
HPH10.0 and CB. In contrast, HPH10.0 produced the highest DPPH activity, increasing it
by 91.0% compared with the control. These results indicate that HPH7.5 was more effective
in enhancing TPC, TEC, TAsA, and ABTS activity, whereas HPH10.0 was more closely
associated with TAC accumulation and DPPH activity.

Table 4. Effect of foliar application of HPH on bioactive compounds and their antioxidant activities
in fruits of strawberry cv. ‘Pharachatan 80" grown under smart greenhouse conditions.

Antioxidant Activities

1 TPC 2 TFC TAC TAsA (umol TE g1 DE)
Treatments (mg GAEg-1DE) (mgQEg!DE) (mgC3Gg'DE)  (mgg!DE) oS P—
Control 35.13 + 1.15 43 38.04 +0.86 ¢ 2.67 £0.12°¢ 3.08 +0.02° 21543 + 6.79 4 56.86 4= 11.27
CB 50.16 +£1.92°¢ 4528 +1.51¢ 2.99 + 0.06 ° 6.09 +0.452 454.32 4+ 19.87 ¢ 84.54 + 428"
HPH?7.5 57.89 4 0.08 2 69.16 & 0.79 2 322 +£0.10" 7.03 +0.04 2 640.43 +18.21 2 91.43 +£1.29°
HPH10.0 54.18 + 1.07° 55.80 4 0.59 417 +£0.152 6.214+0.732 510.49 +9.26° 108.64 +2.822

1 Control: distilled water spray; CB: commercial biostimulant; HPH7.5: carrier formulation supplemented with
7.5% (w/v) HPH; HPH10.0: carrier formulation supplemented with 10.0% (w/v) HPH. 2 TPC: total phenolic
content; TFC: total flavonoid content; TAC: total anthocyanin content; TAsA: total ascorbic acid content; ABTS:
ABTS antioxidant activity; DPPH: DPPH antioxidant activity. > Means + standard deviations followed by the
same letters in the same column are not significantly different at p < 0.05, as determined by Tukey’s HSD test.

3.6. Principal Component Analysis

PCA was performed to evaluate the relationship among growth traits and mineral
contents of strawberry plants under different foliar treatments. The first two principal
components explained 85.5% of the total variance, with PC1 and PC2 accounting for 50.5
and 35.0%, respectively (Figure 4a,b). The score plot showed clear treatment separation,
with the control and CB located on the positive side of PC1, while HPH7.5 and HPH10.0
were positioned on the negative side. HPH7.5 was separated from HPH10.0 along PC2,
indicating different responses between the two HPH concentrations. The loading plot
showed that most growth and mineral traits were negatively associated with PC1. HPH7.5
was closely related to vegetative growth traits, including PH, PL, LW, NR, PW, and NL,
as well as K and Mg contents. In contrast, HPH10.0 was more associated with N, P, Fe,
Zn, Mn, and Ca contents. These results suggest that HPH7.5 mainly enhanced vegetative
growth, whereas HPH10.0 was more closely related to mineral accumulation.

For the yield components and fruit quality traits of strawberry cv. ‘Pharachatan 80’,
PC1 and PC2 explained 72.4% and 12.4% of the total variance, respectively (Figure 5a,b).
The score plot showed separation among treatments along PC1, with the control located on
the negative side, while HPH7.5 and HPH10.0 were positioned on the positive side. CB was
located near the center of the plot, indicating an intermediate response compared with the
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Component 2 (35.0%)

control and HPH treatments. HPH7.5 and HPH10.0 were separated along PC2, suggesting
different effects of the two HPH concentrations on yield and fruit quality traits. The loading
plot showed that all studied traits were positively associated with PC1, indicating that this
component represented an overall improvement in yield and fruit quality. HPH?7.5 was
closely associated with TY, NFP, NFrI, TFrN, FrL, FrW, TSS, and FrS. In contrast, HPH10.0
was more closely related to NFI, FrF, and FrWi. These results indicate that HPH7.5 was
mainly associated with yield enhancement, fruit retention, average fruit fresh weight, and
soluble solid accumulation, whereas HPH10.0 was more related to flower production, fruit
firmness, and fruit width.

4.0 T
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Figure 4. Principal component analysis of growth and mineral content responses in strawberry cv.
‘Pharachatan 80’ as affected by foliar HPH application under smart greenhouse conditions. (a) Score
plot of treatments. (b) Loading plot of growth and mineral contents. LW: leaf width; NL: number of
leaves plant~!; NR: number of runners plant~!; PH: plant height; PL: petiole length; PW: plant width.

For the bioactive compounds and antioxidant activity of strawberry fruits, PC1 and
PC2 explained 81.5% and 13.5% of the total variance, respectively (Figure 6a,b). The score
plot showed separation of treatments along PC1, with the control located on the negative
side, CB near the center, and both HPH treatments on the positive side. HPH7.5 and
HPH10.0 were separated along PC2, indicating different responses in antioxidant-related
traits between the two HPH concentrations. The loading plot showed that all studied
traits were positively associated with PC1, suggesting that this component represented
an overall increase in bioactive compounds and antioxidant activity. HPH7.5 was closely
related to TPC, TFC, TAsA, and ABTS, whereas HPH10.0 was more associated with TAC
and DPPH. These results indicate that HPH?7.5 mainly enhanced phenolic-, flavonoid-,
ascorbic acid-, and ABTS-related antioxidant responses, while HPH10.0 was more closely
related to anthocyanin accumulation and DPPH activity.
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Figure 5. Principal component analysis of yield components and fruit quality responses in strawberry
cv. ‘Pharachatan 80" as affected by foliar HPH application under smart greenhouse conditions.
(a) Score plot of treatments. (b) Loading plot of yield components and fruit quality. FrF: fruit firmness;
NEFEL number of flowers inflorescence™!; FrL: fruit length; FrW: average fruit fresh weight; FrWi: fruit
width; FrS: fruit set percentage; NFrl: number of fruits inflorescence—!; NFP: number of inflorescences
plamt*1 ; TFrN: total fruit number plamt*1 ; TSS: total soluble solids; TY: total yield.
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Figure 6. Principal component analysis of fruit bioactive compounds and antioxidant activity
responses in strawberry cv. ‘Pharachatan 80" as affected by foliar HPH application under smart
greenhouse conditions. (a) Score plot of treatments. (b) Loading plot of fruit bioactive compounds
and antioxidant activity. ABTS: ABTS antioxidant activity; DPPH: DPPH antioxidant activity; TAC:
total anthocyanin content; TAsA: total ascorbic acid content; TFC: total flavonoid content; TPC: total
phenolic content.
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4. Discussion

Foliar application of the HPH formulation improved vegetative growth and mineral
accumulation in strawberry cv. ‘Pharachatan 80’, although the responses differed between
the two concentrations (Figure 3, Table 1). HPH7.5 was more closely associated with PH,
PW, NL, PL, LW, runner production, and higher K and Mg contents, whereas HPH10.0 was
more strongly related to the accumulation of N, P, Ca, Fe, Zn, and Mn. HPH7.5 increased
mineral contents by 4.6-26.8% compared with the control, with the greatest increase ob-
served for Mg, whereas HPH10.0 increased most mineral contents by 10.1-175.3%, except
for K (Table 1). This pattern indicates a concentration-specific response, in which HPH?7.5
favored vegetative development, while HPH10.0 promoted the accumulation of several
mineral nutrients. The growth-promoting effect of HPH may be partly associated with free
amino acids and short-chain peptides, which have been reported to function as readily avail-
able organic nitrogen sources and signaling compounds involved in carbon and nitrogen
metabolism, enzyme activity, photosynthesis, and hormone-related regulation [15,16,41,42].
In addition, amino acids and peptides in PHs may improve nutrient mobility through
chelating activity, thereby supporting nutrient uptake and translocation [30,43]. Similar
responses were reported by Navarro-Ledn et al. [17], in which L-amino acid-based biostim-
ulants increased lettuce biomass, chlorophyll accumulation, photosynthetic performance,
NO3™ accumulation, total N accumulation, and nitrogen use efficiency. The present results
are also consistent with our previous work, where hempseed press cake-derived PH im-
proved vegetative growth and mineral contents in greenhouse-grown Red Oak lettuce [25].
The increased K and Mg contents under HPH7.5 may be consistent with a more favorable
mineral status for photosynthesis and assimilate transport, while the higher Ca, Fe, and Zn
contents under HPH10.0 may reflect enhanced mineral accumulation associated with the
amino acid- and peptide-containing formulation. In strawberry, Ciriello et al. [13] reported
that foliar application of vegetable-derived protein hydrolysate improved photosynthetic
performance and enhanced leaf mineral profile, particularly NO; ~, Ca2*, and Mg?*. Sop-
pelsa et al. [20] also demonstrated that selected biostimulants, including alfalfa protein
hydrolysate, promoted root biomass and leaf area development in strawberry plants grown
under nutrient limitations. These findings support the interpretation that amino acid- and
peptide-based biostimulants can improve vegetative growth, nutrient acquisition, and
physiological performance in strawberry and other horticultural crops [21,27].

The improvement in vegetative growth under the HPH formulation was associated
with reproductive development and yield formation under smart greenhouse conditions.
The greenhouse system moderated external environmental stress by reducing the mean
maximum temperature from 41.52 °C outside to 35.92 °C inside and lowering PAR from
1581.86 to 290.84 umol m~2 s~ 1. This reduction may be partly associated with the multi-
functional greenhouse film, which provides high UV filtration and NIR reflection. Similar
effects of greenhouse covering materials and thermal screen configuration on microclimate
regulation and strawberry yield have been reported by Akpenpuun et al. [6]. In addition,
tropical-adapted greenhouse systems have been shown to improve crop physiological
performance and quality under warm conditions [7]. Nevertheless, the internal maximum
temperature remained relatively high for strawberry reproductive development. Straw-
berry growth and fruit yield are strongly influenced by greenhouse microclimate, including
temperature, light intensity, humidity, and daylength [9,10]. High temperature has also
been reported to reduce inflorescence formation, flower number, fruit number, and fruit
set in strawberries, thereby limiting yield potential [8,12]. Under this moderated but still
suboptimal environment, HPH7.5 produced the highest NFP, NFrl, FrS, TFrN, TY, and FrW
(Tables 2 and 3). Notably, HPH?.5 increased fruit set from 25.76% in control to 56.61% and
increased TY, TFrN, and FrW by 161.7, 121.1, and 141.5%, respectively. In contrast, HPH10.0
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increased NFI but did not result in the highest fruit set or yield, indicating that flower
production alone was not sufficient to determine final productivity. Fruit set is a complex
developmental process involving ovary growth, fruit initiation, and subsequent fruit de-
velopment, and is regulated by hormonal interactions, particularly auxins, gibberellins,
and cytokinins [44-46]. The superior fruit set under HPH7.5 suggested that this concentra-
tion may have supported plants to maintain a better balance between vegetative growth,
reproductive development, and assimilate supply under the greenhouse environment.

PHs have been reported to exhibit hormone-like activity and to influence flowering,
fruit set, and fruit development through their amino acid, oligopeptide, and polypeptide
fractions [15,16]. Marfa et al. [19] also reported that animal-derived protein hydrolysate
improved biomass accumulation, promoted flowering, and shortened the harvest period
in strawberry, while amino acid-based biostimulants have been shown to enhance straw-
berry growth, yield, and resilience in soilless glasshouse cultivation [21]. Similarly, Zea
mays-derived protein hydrolysate affected strawberry production, mineral profile, and fruit
quality under tunnel cultivation, with responses depending on the application mode [23].
Such variation is also common in fruit crops treated with PH-based biostimulants, where
plant responses may differ according to formulation type, crop species, and application
strategy [22]. In the present study, HPH7.5 increased both fruit number and fruit size,
suggesting that this treatment may have supported fruit development without an appar-
ent trade-off between fruit number and fruit weight. The balance between fruit number
and fruit size is important because excessive fruit load can reduce fruit size when assim-
ilate supply is limited [47]. Thus, the beneficial effect of HPH7.5 on fruit set and yield
was particularly relevant under the present smart greenhouse conditions, where environ-
mental control reduced external stress but did not fully provide an optimal reproductive
environment for strawberries.

HPH application also improved fruit quality attributes of strawberry, although the
response differed between concentrations. HPH7.5 produced the highest FrL and TSS,
whereas HPH10.0 resulted in the highest FrF (Table 3). Compared with the control, HPH7.5
increased FrL, FrWi, FrF, and TSS by 56.2, 34.2, 75.9, and 95.5%, respectively, while HPH10.0
produced the greatest increase in FrF. The increase in TSS under HPH?7.5 may be associ-
ated with improved assimilate availability and translocation of soluble carbohydrates to
developing fruits. TSS is an important quality indicator in strawberry because it is closely
associated with soluble sugars, organic acids, amino acids, vitamins, and other compounds
that contribute to sweetness, flavor perception, and consumer acceptance [48-50]. PHs,
particularly those containing free amino acids and small peptides, have been reported
to stimulate photosynthetic activity, chlorophyll biosynthesis, and carbon metabolism,
which could contribute to sugar accumulation in sink organs such as fruits [51,52]. In the
present study, the higher TSS and larger fruit size under HPH7.5 were consistent with
their positive effects on vegetative growth, FrS, and TY, suggesting improved assimilate
supply to developing fruits. In contrast, the greater firmness observed under HPH10.0 may
be partly linked to improved plant Ca status, as calcium contributes to cell wall stability,
membrane integrity, and delayed fruit softening [53]. Plant-derived biostimulants and PHs
may also influence cell wall-related processes, including the synthesis and modification of
pectin, cellulose, and hemicellulose, as well as enzymes involved in cell wall degradation
during ripening [54]. These results indicate that HPH?7.5 was more effective in improving
sweetness-related quality and fruit size, whereas HPH10.0 was more closely related to firm-
ness, suggesting concentration-specific effects of HPH on different aspects of strawberry
fruit quality.

HPH application also enhanced fruit bioactive compounds and antioxidant activity,
indicating that the HPH formulation may be associated with changes in antioxidant-
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related fruit metabolism. HPH?.5 was more effective in increasing TPC, TFC, TAsA, and
ABTS activity, whereas HPH10.0 produced the highest TAC and DPPH activity (Table 4).
Compared with the control, HPH?.5 increased TPC, TFC, TAsA, and ABTS antioxidant
activity by 64.8, 81.8, 128.2, and 197.3%, respectively, whereas HPH10.0 increased TAC
and DPPH antioxidant activity by 56.2 and 91.0%, respectively. This concentration-specific
response suggests that different HPH levels may differentially affect antioxidant-related
metabolism in strawberry fruits. The increase in TPC and TFC under HPH7.5 may be
associated with the amino acid and peptide composition of PHs, particularly phenylalanine,
which serves as a precursor for the phenylpropanoid pathway. This pathway is initiated by
phenylalanine ammonia-lyase and leads to the biosynthesis of phenolic acids, flavonoids,
lignin, tannins, and anthocyanins, which contribute to antioxidant capacity in fruits [30,51].
The higher TAsA and ABTS activity under HPH7.5 suggest improved antioxidant-related
fruit quality, while the greater TAC and DPPH activity under HPH10.0 may reflect a
stronger stimulation of anthocyanin-associated antioxidant responses. Similar responses
have been reported in strawberry, where biostimulant application enhanced phenolic
compounds, flavonoids, anthocyanins, and antioxidant potential, although the magnitude
and direction of responses depended on biostimulant type, crop condition, and fruit
metabolic status [13,26-28].

PCA explained 85.5, 84.8, and 95.0% of the total variance for growth—mineral traits,
yield—quality traits, and bioactive—-antioxidant traits, respectively (Figures 4-6). The PCA
results provided an integrated view of these responses and supported the interpretation
that HPH?7.5 and HPH10.0 were associated with distinct response patterns. In the PCA of
growth and mineral traits, HPH7.5 was more closely associated with vegetative growth
traits, K, and Mg, whereas HPH10.0 was associated with N, P, Ca, Fe, Zn, and Mn (Figure 4).
In the PCA of yield and fruit quality, HPH7.5 was grouped with TY, TFrN, FrS, TSS, and FrL,
while HPH10.0 was more closely related to NFI, FrF, and FrWi (Figure 5). Similarly, in the
PCA of bioactive compounds and antioxidant activity, HPH?7.5 was associated with TPC,
TFC, TAsA, and ABTS antioxidant activity, whereas HPH10.0 was associated with TAC and
DPPH antioxidant activity (Figure 6). This multivariate separation suggests that HPH7.5
was associated with a more balanced improvement across growth, yield, fruit quality, and
antioxidant-related traits, while HPH10.0 enhanced more specific traits related to mineral
accumulation, firmness, anthocyanin accumulation, and DPPH antioxidant activity.

The improvements in growth, yield components, fruit quality, and antioxidant-related
traits may be linked to photosynthetic performance, hormone-like signaling, source—sink re-
lationships, and phenylpropanoid metabolism. Because these processes were not measured
directly, the proposed links should be interpreted with caution. Future studies should also
examine leaf-level biochemical and physiological responses, as the HPH formulation was
applied directly to the foliage. Relevant measurements may include antioxidant status,
photosynthetic pigments and parameters, hormone profiling, and targeted metabolite
analysis. The results should also be interpreted at the formulation level, since HPH was
applied as part of a complete foliar formulation rather than as HPH alone. Information
on peptide profiles, degree of hydrolysis, and mineral composition would help refine the
formulation. Multi-season and multi-cultivar trials are still needed to confirm its practical
use in strawberry production.

5. Conclusions

Foliar application of HPH improved the growth, mineral accumulation, yield, fruit
quality, and antioxidant-related traits of strawberry cv. ‘Pharachatan 80" under smart
greenhouse conditions. Among the treatments, HPH7.5 was the most effective, enhancing
vegetative growth, K and Mg accumulation, fruit set, fruit number, total yield, fruit size, TSS,
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TPC, TEC, TAsA, and ABTS antioxidant activity. Conversely, HPH10.0 was more closely
associated with the accumulation of selected minerals, FrF, TAC, and DPPH antioxidant
activity, indicating a concentration-specific response. PCA supported the interpretation that
HPH?.5 provided a more balanced improvement across agronomic and fruit quality traits.
Therefore, HPH at 7.5% (w/v) appears to be an effective foliar biostimulant for improving
strawberry productivity and fruit quality under smart greenhouse production.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae12080958 /s1, Figure S1: Environmental conditions recorded
inside and outside the smart greenhouse during the experimental period from January to March 2026.
(A) Minimum and maximum air temperature (°C); (B) minimum and maximum relative humidity (%);
and (C) photosynthetically active radiation (PAR; umol m~2 s~ 1); Table S1: Amino acid composition
(mg 100 g~ DW) of hempseed press cake-derived protein hydrolysate (HPH) and the commercial
biostimulant (CB) used in this study; Table S2: pH and electrical conductivity (EC) of the foliar
spraying solutions used in this study.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS atomic absorption spectrophotometry

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging assay
ANOVA analysis of variance

CB commercial biostimulant

CEA controlled-environment agriculture

CRD completely randomized design

DAT days after transplanting

DPPH 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay
DwW dry weight

FrF fruit firmness

FrL fruit length

Frw average fruit fresh weight

Frwi fruit width

FrS fruit set percentage

FW fresh weight

HPH hempseed press cake-derived protein hydrolysate

NFP number of inflorescences plant~!

NFI number of flowers inflorescence !
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NFrl number of fruits inflorescence 1
NIR near-infrared

NL number of leaves plant~!

NR number of runners plan’F1

PAR photosynthetically active radiation
PCA principal component analysis

PH plant height

PHs protein hydrolysates

PL petiole length

PW plant width

TAC total anthocyanin content

TAsA total ascorbic acid content

TFEC total flavonoid content

TFrN total fruit number plant~—!

TPC total phenolic content

TSS total soluble solids

Tukey’s HSD Tukey’s honestly significant difference
TY total yield
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