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Abstract

During the transition from seed quiescence to active seedling development—where early
metabolic repair and structural biomass deposition are tightly regulated by genotypic
identity—hydropriming efficacy exhibits a pronounced temperature- and immersion
duration-dependent trade-off. This study evaluates the capacity of hydropriming to reg-
ulate this morpho-physiological and metabolic pattern in investigated maize landraces
by contrasting the unprimed baseline (T0) against treatments at 20 ◦C (T1–T3) and 30 ◦C
(T4–T6) across 8-h, 16-h, and 24-h immersion periods. Under optimal eustress (during
the 24-h immersion at 20 ◦C under T3), a high germination capacity of 94% expressed
by genotype L3 relies upon active phytate phosphorus (Pphy) breakdown and robust
glutathione buffering to increase chlorophyll b up to ~96%, whereas thermal strain (in-
duced by 8-h to 24-h exposures under T4–T6) shifts metabolic priority downward into
root-zone defences at the expense of chlorophyll accumulation (which declines up to ~88%).
Under thermal strain, Pphy retention triggers a massive compensatory upregulation of
redox status, expanding root glutathione synthesis up to ~282% and stimulating secondary
phenylpropanoid pathways to drive root yellow pigment accumulation up to ~887%, sig-
nificantly reinforcing integrated radical scavenging activity to mitigate oxidative damage.
Principal component analysis resolves these responses into parallel, tissue-specific func-
tional domains: optimal growth, thermal adjustment, metabolic latency, and suppressed
vigour. Ultimately, the artificial neural network modelling establishes genetic identity as
the predominant driver of overall system variance, verifying that the 24-h immersion at
20 ◦C triggers the physiological threshold required to maintain chlorophyll homeostasis for
successful autotrophic establishment, providing a targeted pre-sowing protocol for routine
maize germplasm regeneration.

Keywords: phytate phosphorus; glutathione; total phenolics; yellow pigment; radical
scavenging activity; chlorophyll synthesis; Zea mays L.
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1. Introduction
The conservation and utilisation of maize genetic resources, particularly traditional

landraces, are essential in modern agriculture [1]. These local varieties possess high
genetic diversity and invaluable evolutionary adaptations to specific agroecosystems,
serving as a crucial germplasm base for breeding high-performing, climate-resilient modern
hybrids [2]. However, global climate change drives increasingly severe meteorological
shifts, such as elevated monthly average temperatures and unstable precipitation [3], which
directly threaten these genetic resources by disrupting seed germination [4] and subsequent
seedling emergence [5]. In temperate climates, where maize sowing increasingly encounters
fluctuating early-spring thermal conditions, optimal seed germination and rapid emergence
are heavily constrained by soil and air temperatures, typically requiring windows of
15–20 ◦C and 20–25 ◦C, respectively [6]. Consequently, managing the duration of the
germination-to-emergence period becomes vital for achieving a successful crop stand
establishment and stable yield [7,8], particularly under suboptimal seedbed conditions
that induce heterogeneous germination dynamics [9]. To mitigate these temperature- and
hydration-dependent abiotic challenges, advanced pre-sowing priming techniques serve
as a powerful tool [10–12]. Within this context, hydropriming under tailored thermal and
temporal regimes represents a simple and cost-effective procedure that involves the partial
hydration of seeds under controlled conditions, followed by a re-drying phase [13,14].
This specific treatment is highly suitable for agricultural regions characterised by high
temperatures and concomitant water deficits [15,16].

As a pre-sowing technique designed to enhance germination speed and uniformity,
seed priming improves these performance parameters by accelerating water uptake, im-
proving cellular osmotic regulation, and initiating core metabolic pathways within the
seed [17–19]. By pre-activating vital physiological processes that persist through the sub-
sequent drying phase, this method drives rapid metabolic reactivation and intensifies
antioxidant defence systems, ultimately enhancing seed performance upon sowing [20–26].

At the cellular level, hydropriming triggers internal adjustments crucial for germina-
tion, including respiration, protein synthesis, and enzyme activation [27], which restore
mitochondrial structural integrity, thereby enhancing adenosine triphosphate (ATP) synthe-
sis and supplying the energy necessary for early seedling development. Furthermore, the
resumed metabolic activity triggered during hydropriming directly accelerates the mobili-
sation of nutrient reserves stored within the maize endosperm. This treatment pre-activates
crucial hydrolytic enzymes, particularly α- and β-amylases, which enhance the degrada-
tion of starch into soluble sugars to efficiently fuel subsequent embryonic elongation upon
sowing [24,28]. Simultaneously, hydropriming influences hormonal modulation, augments
the antioxidant defence mechanism, and induces notable gene expression and epigenetic
modifications, ultimately improving seed performance under both stress and non-stress
conditions [29].

Among these metabolic adjustments, a highly specific biochemical hallmark of hy-
dropriming is its regulatory influence on phytate metabolism. This process triggers the ac-
celerated activation of phytase—an acid phosphatase enzyme that catalyses the breakdown
of phytic acid, the primary storage form of phosphorus quantified as phytate phosphorus
(Pphy). Depending on the species and environmental conditions, Pphy can account for
up to 87% of total seed phosphorus. In the maize kernel, this reserve is concentrated
predominantly within the embryo—specifically the scutellum—and, to a lesser extent, the
aleurone layer [30]. The priming-induced degradation of these phytate reserves is critical;
it liberates the inorganic phosphorus (Pi) required to fuel early ATP synthesis during mi-
tochondrial aerobic respiration, while simultaneously releasing essential divalent cations
necessary for rapid root system development [31]. Furthermore, hydropriming significantly
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enhances the seed’s antioxidant defence capacity by stimulating the non-enzymatic scav-
enging system—comprising reduced glutathione (GSH), phenolics, and yellow pigment
(representing the lipophilic carotenoid pool)—to effectively quench reactive oxygen species
(ROS). Concurrently, phytic acid (analytically quantified via its structural component, Pphy)
primarily suppresses the generation of highly destructive hydroxyl radicals via transition
metal chelation [32–36], although it can alternatively exert pro-oxidant effects depending
on transition metal homeostasis. This enhanced radical scavenging capacity [37], which is
typically quantified via the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [38,39], primes
the metabolic machinery to mitigate environmental stress. Consequently, this metabolic
readiness preserves the photosynthetic performance of developing chloroplasts during
early seedling growth [40], ensuring the timely synthesis of chlorophylls required for robust
autotrophic establishment.

Such physiological revitalisation holds critical implications for the conservation of
genetic resources. While modern hybrids consistently benefit from priming under stress,
traditional landraces inherently exhibit high genetic and phenotypic heterogeneity in
germination dynamics. Furthermore, managing extensive germplasm collections poses
significant logistical challenges, as delayed regeneration often exposes accessions to physi-
ological ageing during medium-term cold storage. Therefore, pre-sowing seed priming
can serve as a complementary ex situ conservation tool to counteract viability loss and
ensure successful genetic resource regeneration. To optimise this approach, selecting ap-
propriate thermal and temporal priming regimes is essential. Within the framework of the
well-established triphasic model of seed imbibition [41], hydropriming intervals must be
precisely tailored to maximise Phase II (the metabolic activation phase) without triggering
radicle protrusion. In this study, temperatures of 20 ◦C (representing a standard thermal
regime for maize germination) and 30 ◦C serve to evaluate the potential for accelerated
metabolic reactivation, while immersion durations of 8, 16, and 24 h are applied to encom-
pass the critical temporal window of Phase II and determine the optimum duration for
physiological stimulation under different thermal regimes [42].

Accordingly, this study aims to elucidate the genotype-specific responsiveness of
four traditional maize landraces originating from diverse agroecological environments to
these established hydropriming regimes. Particular emphasis is placed on evaluating seed
germination capacity and seedling morpho-physiological parameters while comprehen-
sively analysing the associated dynamic alterations in the contents of Pphy, GSH, total
water-soluble phenolics, yellow pigment, and the chlorophyll pool, alongside the evalua-
tion of overall radical scavenging activity. Driven by the metabolic reactivation initiated
during seed imbibition, this study hypothesizes that optimising the thermal and temporal
windows of hydropriming stimulates crucial seed-reserve mobilisation and biochemical
adjustments, thereby establishing a pre-germinative metabolic priming that enhances the
subsequent seedling transition to autotrophic growth, as verified through chlorophyll
accumulation.

2. Results
To comprehensively evaluate the morpho-physiological and biochemical responsive-

ness of maize landraces to hydropriming, seed germination capacity, early seedling growth,
and tissue-specific (root and shoot) biochemical profiles are systematically analysed across
treatments T1–T6 relative to the unprimed control (T0). To synthesise the complex, mul-
tivariate response and elucidate genotype- and treatment-dependent inter-parameter as-
sociations, Pearson’s correlation matrices and multivariate principal component analysis
(PCA) are applied to the integrated dataset. Furthermore, to capture complex non-linear
interactions and establish a strict hierarchical ranking of experimental factors, an artificial
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neural network (ANN) model is deployed to determine relative predictor importance
scores. This combined analytical approach effectively delineates key parameter-association
patterns, physiological trade-offs, and factor-level predictive weights, thereby highlight-
ing the principal variables and directional vectors driving the systemic responsiveness to
temperature- and immersion interval-dependent hydropriming regimes.

2.1. Effects of Hydropriming on Germination Capacity, Early Seedling Growth, and Tissue-Specific
Biochemical Profiles

Short-term immersion intervals at both temperature regimes, the T1 (20 ◦C, 8 h) and T4
(30 ◦C, 8 h) treatments, induce a consistent positive response, enhancing germination capac-
ity across all investigated genotypes relative to the unprimed control (T0), while extended
immersion under the T2 (20 ◦C, 16 h), T5 (30 ◦C, 16 h), and T6 (30 ◦C, 24 h) treatments
predominantly maintains a non-significant stimulatory or stable trend compared to the
baseline profiles. Conversely, prolonged immersion under the T3 (20 ◦C, 24 h) treatment
induces a genotype-specific response in germination capacity, eliciting a significant increase
of 21.4% exclusively within genotype L3 (Figure 1, Table S1).

Figure 1. Effects of hydropriming on germination capacity across maize local landraces (L1–L4). Each
boxplot represents the median and interquartile range, with whiskers extending to the minimum and
maximum values of three independent biological replicates (n = 3). Treatments correspond to: T0
(unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h); T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h);
and T6 (30 ◦C, 24 h). Different lowercase letters above the boxplots indicate statistically significant
differences for the treatment–landrace interaction according to Tukey’s HSD test (p ≤ 0.05).

The T6 (30 ◦C, 24 h) and T5 (30 ◦C, 16 h) treatments promote the most pronounced root
elongation, increasing root length by an average of 62% and 53%, respectively, followed by
the T4 (30 ◦C, 8 h; 39%) and T2 (20 ◦C, 16 h; 23%) treatments. Conversely, shoot elongation is
largely constrained across most landraces, with marked positive responsiveness restricted
exclusively to the genotype L4 under the T2 (20 ◦C, 16 h; 42%) and T6 (30 ◦C, 24 h; 58%)
treatments (Figure 2, Table S1).
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Figure 2. Effects of hydropriming treatments on seedling (A) root length and (B) shoot length across
maize local landraces (L1–L4). Each boxplot represents the median and interquartile range, with
whiskers extending to the minimum and maximum values of three independent biological replicates
(n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h); T3 (20 ◦C,
24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters above the
boxplots indicate statistically significant differences for the treatment–landrace interaction according
to Tukey’s HSD test (p ≤ 0.05).

Overall, hydropriming predominantly exerts an inhibitory effect on both fresh and dry
biomass accumulation across the majority of genotypes. Significant positive responsiveness
is restricted exclusively to the genotype L4 under the T2 (20 ◦C, 16 h) and T5 (30 ◦C, 16 h)
treatments, both of which elicit equivalent stimulatory effects, resulting in increases of 13%
for root fresh weight (RFW), 70% for shoot fresh weight (SFW), 26% for root dry weight
(RDW), and 60% for shoot dry weight (SDW), respectively (Figure 3, Table S1).

Figure 3. Effects of hydropriming on seedling (A) root fresh weight, (B) shoot fresh weight, (C) root
dry weight, and (D) shoot dry weight across maize local landraces (L1–L4). Each boxplot represents
the median and interquartile range, with whiskers extending to the minimum and maximum values
of three independent biological replicates (n = 3). Treatments correspond to: T0 (unprimed control);
T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h); T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C,
24 h). Different lowercase letters above the boxplots indicate statistically significant differences for
the treatment–landrace interaction according to Tukey’s HSD test (p ≤ 0.05).

Tissue-specific biochemical profiling reveals that hydropriming treatments applied
under the elevated temperature regimes (30 ◦C; T4–T6) result in a substantially greater
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phytate phosphorus (Pphy) retention across both vegetative fractions—an accumulation
trend that is more pronounced in the seedling shoot than in the root. In the seedling
root, a consistent pattern of Pphy increase occurs in response to the T1 (31% on average),
followed by a predominant elevation across the remaining treatments compared to the
unprimed control (T0). Concurrently, shoots display a uniform trend of marked Pphy
accumulation, reaching peaks of up to 215% under the T4, 170% under the T5, and 211%
under the T6, while a systemic average increase occurs under the T1 (35%) and T2 (21%).
Treatment T3 induces a genotype-specific response characterised by an average increase of
22% in genotypes L2 and L3, while Pphy levels remain unchanged in genotypes L1 and L4
(Figure 4, Table S1).

Figure 4. Effects of hydropriming on phytate phosphorus content in seedling (A) root and (B) shoot
across maize local landraces (L1–L4). Each boxplot represents the median and interquartile range,
with whiskers extending to the minimum and maximum values of three independent biological
replicates (n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h);
T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters
above the boxplots indicate statistically significant differences for the treatment–landrace interaction
according to Tukey’s HSD test (p ≤ 0.05).

Regarding the primary redox status, the priming-induced accumulation of reduced
glutathione (GSH) is substantially greater in the seedling root than in the shoot fraction.
Within the root tissue, GSH accumulation is predominantly stimulated by hydropriming
relative to the unprimed control (T0) in the majority of landraces, whereas prolonged
hydration under the T3 induces a genotype-specific pattern. Crucially, genotype L3 exclu-
sively displays a continuous and robust increase in root GSH content across all evaluated
hydropriming treatments, reaching substantial increases that range from 111% to 282%.
Concurrently, GSH accumulation within the shoot fraction is predominantly elevated under
T3, T5, and T6, exhibiting a distinct upward trend across the majority of landraces, while
the application of T1, T2, and T4 triggers a distinct genotype-dependent variation. Within
this vegetative fraction, genotype L3 likewise maintains a steady elevation throughout all
regimes, eliciting shoot GSH increases between 14% and 29% (Figure 5, Table S1).
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Figure 5. Effects of hydropriming on reduced glutathione content in seedling (A) root and (B) shoot
across maize local landraces (L1–L4). Each boxplot represents the median and interquartile range,
with whiskers extending to the minimum and maximum values of three independent biological
replicates (n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h);
T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters
above the boxplots indicate statistically significant differences for the treatment–landrace interaction
according to Tukey’s HSD test (p ≤ 0.05).

With respect to the secondary metabolic profile, hydropriming under the elevated
temperature acts as a powerful elicitor of phenolic synthesis in the root, while concurrently
triggering a profound depletion of this antioxidant pool within the shoot fraction. Within
the root tissue, this temperature-dependent response is characterised by a mild to moderate
increase in total phenolic content at lower temperature regimes (T1–T3), which shifts into a
highly pronounced stimulation across all landraces at the elevated temperature regimes
(T4–T6), reaching substantial increases that range from 28% to 118%. Concurrently, the
shoot fraction displays a contrasting pattern, characterised by minor genotype-dependent
fluctuations under T1–T3, followed by a severe, systemic reduction in total phenolic levels
at the elevated temperature regimes (T4–T6) across all evaluated landraces, with declines
reaching up to 58% (Figure 6, Table S1).

Figure 6. Effects of hydropriming on total water-soluble phenolic content in seedling (A) root and
(B) shoot across maize local landraces (L1–L4). Each boxplot represents the median and interquartile
range, with whiskers extending to the minimum and maximum values of three independent biological
replicates (n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h);
T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters
above the boxplots indicate statistically significant differences for the treatment–landrace interaction
according to Tukey’s HSD test (p ≤ 0.05).

The profiling of yellow pigment content reveals a highly distinct, tissue-specific re-
sponse to the applied hydropriming treatments. Within the root tissue, exposure to lower
temperature regimes (T1–T3) induces highly variable and localised shifts, ranging from a
moderate reduction of ~21% to a moderate increase of ~36%. However, a stark metabolic
shift occurs at the elevated temperature regimes (T4–T6), where a substantial surge in yel-

https://doi.org/10.3390/plants15213479

https://doi.org/10.3390/plants15213479


Plants 2026, 15, 3479 8 of 38

low pigment accumulation occurs across all examined landraces, with percentage increases
ranging from ~283% displayed by genotype L1 under T6 to a remarkable ~887% exhibited
by genotype L3 under T4. In sharp contrast, the shoot fraction exhibits a slight, stable
decline at the lower temperature regimes (T1–T3), which rapidly escalates into a severe,
cross-genotypic collapse of the yellow pigment pool at the elevated temperature regimes
(T4–T6), driving a content drop of ~74% to ~88% (Figure 7, Table S1).

Figure 7. Effects of hydropriming on yellow pigment content in seedling (A) root and (B) shoot across
maize local landraces (L1–L4). Each boxplot represents the median and interquartile range, with
whiskers extending to the minimum and maximum values of three independent biological replicates
(n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h); T3 (20 ◦C,
24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters above the
boxplots indicate statistically significant differences for the treatment–landrace interaction according
to Tukey’s HSD test (p ≤ 0.05).

Evaluation of DPPH-based radical scavenging activity (RSA) within the seedling root
demonstrates a widespread trend, with most hydropriming treatments (T1, T3, T5, and
T6) eliciting a predominant, moderate increase in antioxidant capacity. In contrast, the T2
treatment reveals a highly genotype-specific response pattern across the landraces, whereas
T4 prompts a uniform, slight-to-moderate increase that consistently reinforces root radical
quenching capacity. Concurrently, the shoot fraction exhibits a highly coordinated, slight-
to-moderate increase in antioxidant potential under the elevated temperature treatments
(T4–T6), resulting in a uniform RSA increase across all investigated landraces. Conversely,
lower-temperature hydropriming treatments (T1–T3) induce an inconsistent response
within this vegetative fraction, characterised by widespread reductions peaking at ~25%
under T3 (Figure 8, Table S1).

Hydropriming treatments exert a pronounced, temperature-dependent influence on
the photosynthetic pigment profile (chlorophyll a, chlorophyll b, and total chlorophyll)
within seedling shoots. Across this metabolic pool, hydropriming under the elevated
temperatures (T4–T6) causes severe and consistent reductions across all evaluated landraces
compared to the unprimed control (T0). Averaged across the germplasm, treatments T4–T6
induce sharp declines of ~88% for chlorophyll a, ~66% for chlorophyll b, and ~81% for total
chlorophyll content, respectively. Conversely, hydropriming at lower temperature regimes
(T1–T3) elicits marked genotype-specific variations. Genotype L3 displays a consistent and
prominent accumulation, whereas L1 exhibits a continuous decline in all photosynthetic
fractions across these treatments. Furthermore, among these lower-temperature treatments,
T3 exerts the most pronounced positive effect, promoting peak pigment accumulation
across the majority of evaluated landraces. Under T3, peak increases in genotype L3 reach
~74%, ~96%, and ~79% for chlorophyll a, b, and total chlorophyll, respectively, while L2
displays corresponding increases of ~39%, ~47%, and ~41%. In contrast, genotype L4
shows no statistically significant changes under T3 (Figure 9, Table S1).
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Figure 8. Effects of hydropriming on DPPH radical scavenging activity in seedling (A) root and
(B) shoot across maize local landraces (L1–L4). Each boxplot represents the median and interquartile
range, with whiskers extending to the minimum and maximum values of three independent biological
replicates (n = 3). Treatments correspond to: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h);
T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). Different lowercase letters
above the boxplots indicate statistically significant differences for the treatment–landrace interaction
according to Tukey’s HSD test (p ≤ 0.05).

Figure 9. Effects of hydropriming on photosynthetic pigment contents: (A) chlorophyll a, (B) chloro-
phyll b, and (C) total chlorophyll in seedling shoots across maize local landraces (L1–L4). Each
boxplot represents the median and interquartile range, with whiskers extending to the minimum and
maximum values of three independent biological replicates (n = 3). Treatments correspond to: T0
(unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h); T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h);
and T6 (30 ◦C, 24 h). Different lowercase letters above the boxplots indicate statistically significant
differences for the treatment–landrace interaction according to Tukey’s HSD test (p ≤ 0.05).

2.2. Treatment-Driven Alterations in Parameter Coordination and Multivariate Profiling
2.2.1. Internal Correlation and Cross-Network Coordination of Morpho-Physiological and
Biochemical Parameters

Correlation analysis delineates distinct bivariate associations within and across the
evaluated morpho-physiological and biochemical parameter networks (Figure 10).

Hydropriming differentially regulates the alignment of germination capacity (GC) with
seedling elongation and biomass accumulation. Notably, T3 maximises the coordination
of GC with seedling biomass (r = 0.863 for RFW; r = 0.918 for SFW; r = 0.881 for SDW),
whereas T4 and T2 selectively enhance GC correlations with shoot length (SL; r = 0.832)
and root length (RL; r = 0.647), respectively; these associations collapse under T5, thereby
eliminating the significance of GC–biomass correlations. The coordination between root
and shoot parameters governing elongation and biomass accumulation further diverges
across regimes. Specifically, RL shifts from an uncorrelated baseline state (T0) to peak
biomass reliance under T2 (r = 0.840 for RFW; r = 0.896 for SDW) before aligning primarily
with SL under T3 (r = 0.663), while SL maintains a robust coordination with SFW under T1
and T3 (r = 0.934 and r = 0.855, respectively). Conversely, exposure to elevated temperature
regimes across all immersion intervals (T4–T6) induces a complete shift towards weaker
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or inverse correlations. Despite these variations, the investigated hydropriming regimes
maintain strong and uniform positive correlations between fresh and dry weights within
seedling vegetative fractions (r ≥ 0.879 for RFW vs. RDW; r ≥ 0.957 for SFW vs. SDW) and
between root and shoot tissues (r ≥ 0.899 for RFW vs. SFW; r ≥ 0.895 for RDW vs. SDW),
confirming that tissue biomass accumulation and partitioning remain strictly conserved
across all experimental conditions (Figure 10).

Figure 10. Pearson correlation matrix of morphological and biochemical parameters in maize local
landraces. The correlogram illustrates the strength and direction of associations between param-
eters across hydropriming treatments: T0 (unprimed control); T1 (20 ◦C, 8 h); T2 (20 ◦C, 16 h);
T3 (20 ◦C, 24 h); T4 (30 ◦C, 8 h); T5 (30 ◦C, 16 h); and T6 (30 ◦C, 24 h). The size and colour
of the circles indicate the magnitude and direction of the Pearson correlation coefficient (r), re-
spectively. Significance levels are indicated as follows: *—p < 0.05 (|r| ≥ 0.576), **—p < 0.01
(|r| ≥ 0.708), and ***—p < 0.001 (|r| ≥ 0.823) based on two-tailed critical values for a sample size of
n = 12. Non-significant correlations are displayed as empty spaces. Abbreviations: GC—germination
capacity; RL—root length; RFW—root fresh weight; RDW—root dry weight; SL—shoot length;
SFW—shoot fresh weight; SDW—shoot dry weight; Pphy—phytate phosphorus; GSH—reduced
glutathione; TOT PHENOL—total phenolics; YP—yellow pigment; RSA—radical scavenging activity;
Chl—chlorophyll; R_—root vegetative fraction; S_—shoot vegetative fraction.

Hydropriming likewise modulates the coordination between seedling elongation and
tissue metabolic markers across treatments. Under unprimed T0 conditions, baseline
elongation exhibits a positive reliance on constitutive root radical scavenging activity
(R_RSA) (r = 0.621 for RL; r = 0.720 for SL vs. R_RSA) and shoot photosynthetic pigments
(r ≥ 0.565). Hydropriming under the T1 treatment strengthens the coordination with
the photosynthetic apparatus, inducing peak positive correlations between elongation
and shoot chlorophylls for both RL (r ≥ 0.809) and SL (r ≥ 0.902), alongside a maximum
stimulatory alignment with shoot glutathione for SL (r = 0.956). In the T2 treatment, SL
maintains a strong positive correlation with photosynthetic pigments (r ≥ 0.738), whereas
RL shifts towards a primary reliance on root total phenolics (r = 0.864) and exhibits an
inverse correlation with phytate reserves (r = −0.813 with R_Pphy). Under the T3 and T4
treatments, positive metabolic drivers become constrained. SL retains a positive correlation
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with shoot glutathione in the T3 treatment (r = 0.798) but displays a distinct inverse
correlation with shoot radical scavenging activity (S_RSA) and total phenolics (r ≤ −0.819).
In the T4 treatment, RL exhibits a renewed positive dependence on root yellow pigment
(r = 0.678) and R_RSA (r = 0.634), whereas SL displays inverse correlations with Chl b
(r = −0.667) and root phenolics (r = −0.597). Finally, under medium-term and extended
immersion intervals at elevated temperature (T5–T6), RL exhibits a total loss of metabolic
responsiveness across all evaluated parameters (|r| < 0.576); conversely, SL bypasses this
physiological decline by redirecting its positive dependency onto the root glutathione pool
(r = 0.875 in the T5 treatment; r = 0.641 in the T6 treatment) and re-establishing a positive
alignment with Chl a (r = 0.752 in the T6 treatment).

Root biomass parameters exhibit distinct correlation profiles with tissue-specific bio-
chemical markers across hydropriming regimes. Under unprimed T0 conditions, both
RFW and RDW display significant inverse correlations with Pphy in root (r = −0.736 for
RFW; r = −0.721 for RDW vs. R_Pphy) and shoot (r = −0.755 for RFW; r = −0.718 for
RDW vs. S_Pphy) tissues, while demonstrating a positive reliance upon shoot reduced
glutathione (S_GSH; r = 0.661 for RFW; r = 0.794 for RDW). Hydropriming under lower
temperature regimes (T1–T3) intensifies metabolic coordination; the T1 treatment induces
a peak alignment between root mass and the GSH pool across both tissues (r ≥ 0.758 for
R_GSH; r ≥ 0.763 for S_GSH), shoot total phenolics (r ≥ 0.672), and shoot photosynthetic
pigments (r ≥ 0.650). In the T2 treatment, root biomass accumulation shifts towards a strong
reliance on root total phenolics (r = 0.825 for RFW; r = 0.746 for RDW) alongside a persistent
inverse alignment with phytate reserves (r ≤ −0.833 vs. R_Pphy). Under the T3 treatment,
root weight parameters achieve their maximum positive correlation with the S_GSH pool
(r = 0.924 for RFW; r = 0.920 for RDW), while maintaining an inverse relationship with root
yellow pigment (r = −0.895 for RFW; r = −0.879 for RDW). Exposure to T4–T6 disrupts
phytate-dependent root biomass regulation and weakens the coordination with S_GSH.
Specifically, the T5 treatment induces prominent inverse correlations of root weights with
S_RSA (r = −0.719 for RFW; r = −0.783 for RDW) and shoot Chl a (r = −0.616 for RFW;
r = −0.666 for RDW), while the T6 treatment elicits a marked negative association with
S_YP (r = −0.810 for RFW; r = −0.720 for RDW). Nevertheless, the T6 treatment triggers a
distinct secondary metabolic recovery, wherein both root weight parameters re-establish
significant positive alignments with R_GSH (r ≥ 0.735), S_GSH (r ≥ 0.663), and Chl a
(r ≥ 0.634).

Shoot biomass parameters (SFW and SDW) also exhibit distinct correlation profiles
with tissue-specific biochemical markers across regimes (Figure 10). Under unprimed T0
conditions, shoot biomass displays a strong inverse alignment with phytate reserves in
both root (r ≤ −0.796) and shoot (r ≤ −0.777) tissues, alongside shoot total phenolics
(r ≤ −0.699), while relying significantly upon S_GSH (r ≥ 0.682) and Chl a (r ≥ 0.647).
Hydropriming under lower temperature regimes (T1–T3) radically reshapes this metabolic
dependency; the T1 treatment induces peak positive correlations between shoot biomass
and all photosynthetic pigments (r ≥ 0.725) alongside shoot total phenolics (r ≥ 0.581),
whereas the T2 treatment shifts this reliance towards root total phenolics (r ≥ 0.806) un-
der persistent phytate suppression. Under the T3 treatment, shoot biomass accumulation
achieves its maximum positive correlation with the S_GSH pool (r = 0.915 for SFW; r = 0.961
for SDW), while establishing intense inverse associations against S_RSA (r ≤ −0.795) and
root yellow pigment (r ≤ −0.885). Concurrently, exposure to the T4–T6 treatments pre-
dominantly induces a pronounced metabolic uncoupling; under T4, phytate-dependent
regulation completely collapses, triggering a sharp inversion against Chl b (r ≤ −0.804)
despite maintaining a positive alignment with Chl a (r ≥ 0.727). Under T5, shoot biomass
exhibits a widespread loss of metabolic coordination across the majority of parameters,
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except for a persistent strong reliance upon shoot reduced glutathione (r ≥ 0.790). Finally,
T6 induces a systemic realignment wherein shoot biomass parameters re-establish signifi-
cant positive correlations with root and shoot glutathione pools (r ≥ 0.589) alongside the
alignment of SFW with R_RSA (r = 0.800), even while displaying intense inverse alignments
with root total phenolics (r ≤ −0.759) and yellow pigment extracted from both seedling
vegetative fractions (r ≤ −0.808) (Figure 10).

To evaluate the treatment-dependent restructuring of root and shoot metabolic net-
works, correlation patterns across the T1–T6 treatments are compared against the baseline
control (T0). Overall, hydropriming induces quantitative realignments and sign inversions
across nutrient reserve mobilisation (Pphy), primary cellular redox status (GSH), secondary
metabolites (total phenolics and yellow pigment), and radical scavenging activity (RSA),
ultimately modulating photosynthetic apparatus development (Figure 10).

Under the unprimed baseline condition (T0), nutrient mobilisation displays tight inter-
tissue coordination, evidenced by a near-perfect positive physiological association between
root and shoot Pphy (r = 0.983). Both phytate pools align strongly with shoot total phenolics
(r ≥ 0.862) whereas they exert a systemic suppression on tissue antioxidant capacity, S_GSH,
and the photosynthetic pigment complex (r ≤ −0.675), validating an active physiological
stimulus driven by efficient phytate mobilisation and hydrolytic reserve breakdown. Within
the root tissue, R_GSH correlates positively with root total phenolics (r = 0.737) and
S_GSH (r = 0.597), but inversely with shoot yellow pigment (r = −0.870). Concurrently,
R_RSA operates as the primary positive driver of the photosynthetic apparatus, exhibiting
exceptionally strong positive alignments with the chlorophyll pool (r ≥ 0.907) and S_RSA
(r = 0.703). Conversely, shoot total phenolics exhibit intense inverse associations with
chlorophyll accumulation (r ≤ −0.865), while photosynthetic pigments maintain stringent
internal collinearity (r ≥ 0.944).

Under T1–T3, the network undergoes internal realignment towards the glutathione
pool and photosynthetic pigments. In T1, the baseline inverse reliance on Pphy shifts
into localised negative alignments against R_GSH (r = −0.911) and S_RSA (r = −0.910),
while R_GSH correlates positively with root total phenolics, S_GSH, and S_RSA (r = 0.637,
r = 0.733, and r = 0.845, respectively), enabling S_GSH and shoot total phenolics to drive
photosynthetic pigments (r ≥ 0.798 and r ≥ 0.576). Under T2, root Pphy shifts into an
intense inverse correlation with root total phenolics (r = −0.935) and S_GSH (r = −0.663);
concurrently, R_GSH correlates strongly with S_GSH (r = 0.688) and shoot total phenolics
(r = 0.863), while S_GSH drives the chlorophyll pool (r ≥ 0.788) but inversely aligns with
S_RSA (r = −0.940). This coordination culminates under T3, where inter-tissue Pphy
coordination relaxes (r = 0.770), and root and shoot Pphy display inverse relationships with
S_GSH (r = −0.770 and r = −0.798, respectively) alongside R_Pphy vs. R_total phenolics
(r = −0.619). Concurrently, a prominent sign inversion occurs under T3, where shoot
yellow pigment aligns positively with the chlorophyll pool (r ≥ 0.782), whereas root total
phenolics (r ≤ −0.575) and S_RSA (r ≤ −0.647) display intense inverse associations with
the developing photosynthetic apparatus, while photosynthetic pigments preserve rigid
internal collinearity (r ≥ 0.960).

Under T4–T6, the network undergoes distinct sign inversions, inducing a pronounced
metabolic uncoupling. Under T4 and T5, the baseline inverse character of phytate com-
pletely collapses; root Pphy establishes strong positive correlations with root total phenolics
(r = 0.920 in T4) and R_RSA (r = 0.599 in T5) while exhibiting an extensive inverse correla-
tion with total chlorophyll under T5 (r = −0.614), reflecting severe tissue-level stress. In
T4, this transition is preceded by a temporary disruption in photosynthetic collinearity
via a Chl a vs. Chl b inversion (r = −0.577), alongside a sharp inversion against Chl b
(r ≤ −0.804) despite maintaining a positive alignment with Chl a (r ≥ 0.727). Simulta-
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neously, under T5, shoot biomass exhibits a widespread loss of metabolic coordination
across the majority of markers, except for a persistent strong reliance upon shoot reduced
glutathione (r ≥ 0.790), while R_GSH displays intense inverse relationships with root total
phenolics (r = −0.729) and shoot yellow pigment (r = −0.738), while R_RSA correlates
negatively with Chl a (r = −0.796) and total chlorophyll (r = −0.750), leaving S_GSH as a
strong anchor that correlates negatively with shoot yellow pigment (r = −0.705). Finally, T6
triggers a compensatory secondary metabolic realignment. Within the root tissues, R_GSH
re-establishes dominant positive control, aligning strongly with R_RSA (r = 0.758), S_GSH
(r = 0.706), and Chl a (r = 0.764), whereas root total phenolics inversely align with R_RSA
(r = −0.627) and R_YP displays intense negative alignments with R_RSA (r = −0.867) and
S_GSH (r = −0.886). Concurrently, shoot S_GSH and S_RSA form a coordinated positive
defence barrier, achieving robust correlations with Chl b (r = 0.805 and r = 0.858) and
total chlorophyll (r = 0.844 and r = 0.873), while shoot biomass parameters re-establish
strong positive correlations with root and shoot glutathione pools (r ≥ 0.589) alongside
SFW and R_RSA (r = 0.800). This realignment occurs even while shoot total phenolics
correlate positively with Chl b (r = 0.790), R_RSA inversely aligns with shoot yellow pig-
ment (r = −0.624), and photosynthetic markers display intense inverse alignments with
root yellow pigment (r ≤ −0.584 for Chl b; r ≤ −0.686 for total chlorophyll) (Figure 10).

2.2.2. Multivariate Profiling and Hydropriming-Driven Separation of Target Parameters

To complement bivariate correlations and identify the primary drivers of variability,
an integrated Principal Component Analysis (PCA) resolves the multivariate network
coordination of morpho-physiological and biochemical variables governing hydropriming
responses across the evaluated maize landraces. This multivariate synthesis yields two
principal components (PC1 and PC2) with eigenvalues greater than 1.0 for both seedling
root and shoot datasets, which cumulatively account for 65.92% and 83.00% of the total
tissue-specific morpho-physiological and biochemical variance, respectively (Table 1).

Table 1. Principal component analysis (PCA) factor loadings of integrated morpho-physiological and
biochemical profiles in seedling (A) root and (B) shoot tissues across unprimed and hydroprimed
maize landraces.

(A)

Seedling Root

Parameters PCA1 PCA2

Eigenvalues 3.15 1 2.76
Variance (%) 34.98 30.94

Cumulative variance (%) 34.98 65.92

Traits (Factor Loadings)

Germination capacity (GC) 0.634 0.539
Root length (RL) −0.289 0.732

Root fresh weight (RFW) 0.849 0.402
Root dry weight (RDW) 0.822 0.404

Root phytate phosphorus (R_Pphy) −0.700 −0.029
Root total glutathione (R_GSH) 0.172 0.664

Root total phenolics (R_tot phenol) −0.582 0.710
Root yellow pigment (R_YP) −0.599 0.708

Root radical scavenging activity (R_RSA) −0.233 0.431
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Table 1. Cont.

(B)

Seedling Shoot

Parameters PCA1 PCA2

Eigenvalues 6.38 3.58
Variance (%) 53.18 29.82

Cumulative variance (%) 53.18 83.00

Traits (Factor Loadings)

Germination capacity (GC) 0.503 0.700
Shoot length (SL) 0.624 0.660

Shoot fresh weight (SFW) 0.603 0.722
Shoot dry weight (SDW) 0.572 0.728

Shoot phytate phosphorus (S_Pphy) −0.791 0.369
Shoot total glutathione (S_GSH) 0.495 0.725

Shoot total phenolics (S_tot phenol) 0.686 −0.573
Shoot yellow pigment (S_YP) 0.750 −0.614

Shoot radical scavenging activity (S_RSA) −0.794 0.304
Shoot chlorophyll a (S_Chl a) 0.937 −0.184
Shoot chlorophyll b (S_Chl b) 0.881 −0.257

Shoot total chlorophyll (S_Chltot) 0.927 −0.203
Factor loadings > |0.700| are shown in bold. 1 Principal components retained according to Kaiser’s
criterion (eigenvalue > 1); minus signs (−) denote negative correlations.

The resulting PCA plots delineate integral multivariate patterns, revealing both treatment-
dependent clustering and landrace-specific metabolic divergence across the assessed morpho-
physiological and biochemical markers of root and shoot tissues (Figure 11).

Figure 11. PCA biplot illustrating the correlation between morpho-physiological and biochemical
parameters in seedling (A) root and (B) shoot tissues across unprimed and hydroprimed maize
landraces. Each individual plot symbol represents the mean value of a specific Genotype × Treatment
(G × T) interaction; vectors indicate factor loadings for the integrated morpho-physiological and
biochemical variables; colour coding distinguishes hydropriming treatments (Treatments T0–T6);
dashed ellipses delineate 95% confidence clustering patterns across the G × T interactions. Abbrevi-
ations: Prefixes R_ and S_ denote root and shoot tissue parameters, respectively. GC–germination
capacity; RL/SL–root/shoot length; FW–fresh weight; DW–dry weight; Pphy–phytic phosphorus;
GSH–reduced glutathione; tot phenol–total phenolics; YP–yellow pigment; RSA–radical scavenging
activity; Chl–chlorophyll (a, b, tot).
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In the seedling root tissue, PC1 represents the primary axis of variation, accounting
for 34.98% of the total variance (eigenvalue 3.15) (Table 1A and Table S2A). This axis
delineates an inverse correlation between structural biomass accumulation and Pphy
retention. Specifically, PC1 exhibits strong positive co-alignments for RFW (0.849) and
RDW (0.822), in sharp contrast to a strong negative correlation with R_Pphy (−0.700). PC2
accounts for an additional 30.94% of the root variance (eigenvalue 2.76) and captures a
coupled metabolic cascade linking early root elongation to non-enzymatic antioxidant
synthesis, defined by strong positive co-alignments among RL (0.732), R_tot phenol (0.710),
and R_YP (0.708).

In the seedling shoot tissue, PC1 accounts for 53.18% of the overall variance (eigen-
value 6.38) and reflects a tightly coupled coordination between photosynthetic pigment
accumulation and cellular metabolic reallocation during shoot development (Table 1B and
Table S2B). Highly pronounced positive co-alignments exceeding the selection threshold
occur for S_Chl a (0.937), S_Chltot (0.927), S_Chl b (0.881), and S_YP (0.750). In sharp
contrast, S_RSA (−0.794) and S_Pphy (−0.791) exert strong inverse correlations along PC1,
underscoring a prominent tissue-specific metabolic shift. Meanwhile, PC2 accounts for
29.82% of the shoot variance (eigenvalue 3.58) and governs structural seedling vigour and
redox homeostasis, being strictly defined by the tightly coordinated alignment of SDW
(0.728), S_GSH (0.725), SFW (0.722), and GC (0.700).

The spatial alignment of root functional parameters across the PC1 vs. PC2 coordinate
space (Figure 11A) reveals a clear gradient of physiological responses driven by hydroprim-
ing efficacy, structured into four metabolically distinct domains. The upper-right quadrant
defines the optimal vigour and biomass accumulation domain, characteristically driven
by co-orientated, elongated vectors for GC, RFW, RDW, and robust redox buffering via
reduced glutathione (R_GSH). Genotype L1 demonstrates absolute physiological plasticity
in response to hydropriming, maintaining heightened metabolic reactivity and structural
vigour across all temperature regimes and immersion intervals (1.0–1.6). Genotype L3 con-
verges upon this high-vigour trajectory exclusively under the most intensive regime (3.6),
indicating that extended immersion at the elevated temperature (30 ◦C, 24 h) is required to
overcome metabolic latency and drive maximal biomass deposition in this plane.

The upper-left quadrant functions as the root elongation and secondary metabolic
defence domain, governed by maximal-length vectors for RL, R_RSA, R_tot phenol, and
R_YP. This vector alignment reflects a coordinated physiological transition towards cellular
elongation (RL) coupled with an enhanced secondary metabolic and antioxidant defence
response (R_tot phenol, R_YP, and R_RSA) induced by hydropriming under the elevated
temperature (30 ◦C). Ordered along this response gradient, this protective trajectory is
most prominently activated in genotype L4 (4.5, 4.6, and 4.4), which exhibits the greatest
magnitude of metabolic shift along the negative PC1 axis, extending markedly farther
leftward along the same horizontal plane than the configuration observable in genotype L2
(2.6 and 2.4). Concurrently, the spatial displacement exhibited by genotype L3 (3.5 and 3.4)
anchors the apex of this domain, displaying the strongest R_RSA response and aligning
directly with maximum physiological root elongation responses.

The lower-right quadrant represents the quiescent baseline and metabolic decoupling
domain. Along a decreasing physiological response gradient, this domain transitions from
the moderate physiological responses of genotype L3 (3.3, followed by 3.2 and 3.1) and
genotype L4 (4.2) under lower-temperature regimes towards the strictly unprimed controls
shown by genotypes L3, L2, and L4 (3.0, 2.0, and 4.0). The spatial displacement of these
interactions away from the primary biomass and redox vector cluster indicates a physio-
logical decoupling of early germination events from active root structural development.
Lower temperature regimes (20 ◦C) preserve basic structural attributes, thereby failing to
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impart a sufficient metabolic stimulus to trigger enhanced tissue expansion or antioxidant
system activation.

The lower-left quadrant captures the phytate phosphorus retention and metabolic
latency domain, dominated by the horizontal vector for R_Pphy along the negative PC1 axis.
Alignment along this trajectory denotes unmobilised phytate phosphorus fractions resulting
from minimal phytate cleavage. Ordered along this response gradient by decreasing
magnitude of reserve retention, this latent state is most prominently expressed by genotype
L2 under a medium immersion duration at the elevated temperature regime (2.5), which
occupies the transition boundary along this margin. This is followed by the responses of
genotype L2 (2.3, 2.2, and 2.1) and genotype L4 (4.3 and 4.1) under lower temperature
regimes, which cluster deeper within this domain, demonstrating a state of delayed reserve
mobilisation under non-stimulating priming conditions.

The spatial distribution of shoot physiological parameters across the PC1 vs. PC2
coordinate space (Figure 11B) captures the shoot-specific metabolic and structural re-
configuration driven by hydropriming, partitioning performance into four distinct
metabolic domains.

The upper-right quadrant defines the optimal growth, vigour, and biomass accumula-
tion domain, strongly governed by co-oriented, elongated vectors for SL, SFW, SDW, GC,
and S_GSH. This domain consolidates the highly responsive developmental trajectories of
genotype L1 and genotype L3 under unprimed baseline and lower-temperature regimes,
spanning treatments 1.0–1.3 and 3.0–3.3 along the biomass accumulation gradient. These
spatial positions demonstrate that both genotype 1 and genotype 3 possess high intrinsic
shoot vigour, allowing both the inherent baseline potential and lower-temperature priming
regimes (20 ◦C for 8 h, 16 h, and 24 h) to effectively sustain shoot structural expansion
while maintaining a robust redox buffering capacity.

The upper-left quadrant functions as the thermally induced metabolic adjustment and
phytate phosphorus retention domain, anchored by prominent vectors for S_Pphy and
S_RSA. Immersion at elevated temperature (30 ◦C) systematically shifts genotypes into this
space, ordered along the physiological response gradient by decreasing intensity: from the
co-positioned apex activation exhibited by genotype L3 under prolonged exposures (co-
clustering 3.5 and 3.6), through the configuration observable in genotype L1 at maximum
immersion (1.6, exhibiting a lower PC1 coordinate combined with a higher PC2 elevation
relative to 3.4), followed by intermediate exposures across genotype L3 and genotype L1
(1.5, 3.4, and 1.4), to moderate engagement shown by genotype L4 (4.5), and an initial
defensive pivot manifested in genotype L2 under short exposure (2.4), extending to the
quadrant boundary at 4.6. This spatial alignment indicates an active metabolic pivot
away from primary biomass deposition, driven by a thermally induced shift towards
the enhancement of radical scavenging capacity and a concurrent retention of phytate
phosphorus reserves.

The lower-right quadrant represents the specialised photosynthetic pigment and
secondary metabolite accumulation domain, defined by extended vectors for S_Chl a,
S_Chl b, S_Chltot, S_tot phenol, and S_YP. Within this domain, genotype L2 demonstrates
the highest secondary metabolite responsiveness, with its treatments distributed along
the phenolic accumulation gradient from prolonged immersion at 20 ◦C (2.3) and the
unprimed control (2.0), extending to the spatial displacement exhibited by genotype L4
under medium-term immersion (4.2). Positioned along these vectors, 2.3 and 2.0 represent
the hallmark of phenolic and pigment accumulation, reflecting a metabolic priority towards
secondary metabolite synthesis rather than active early shoot growth.

The lower-left quadrant marks the metabolic latency and suppressed vigour domain,
situated opposite to the primary biomass expansion vectors. This domain defines a gradi-

https://doi.org/10.3390/plants15213479

https://doi.org/10.3390/plants15213479


Plants 2026, 15, 3479 17 of 38

ent of physiological unresponsiveness, sharply differentiating lower temperature-induced
latency from elevated temperature-induced inhibition. Genotype 4 primarily reflects physi-
ological inertia under lower temperature regimes (20 ◦C); its baseline control (4.0) alongside
short and extended 20 ◦C immersion (4.1 and 4.3) remains at the lower boundary of this
domain due to an absence of developmental triggering. Conversely, genotype L2 demon-
strates a marked sensitivity to priming conditions, transitioning from lower-temperature
latency at 20 ◦C (2.1 and 2.2) to pronounced thermal inhibition of shoot development under
the elevated temperature regimes at 30 ◦C (2.5 and 2.6), which aligns with the constrained
response observable in genotype L4 (4.4). Clustering within this domain highlights an in-
ability of these specific genotype-treatment combinations to translate hydropriming stimuli
into active shoot elongation and biomass deposition.

2.2.3. Hierarchical Predictor Importance Governing Seedling Responses

To evaluate the relative influence of individual experimental factors on root develop-
ment and metabolism, an artificial neural network (ANN) analysis was conducted to parti-
tion model variance across each measured parameter (Figure 12, Tables S3 and S4). Geno-
typic identity emerges as the overwhelmingly predominant determinant of total variance
across nearly all measured parameters, including germination capacity (GC), root length
(RL), and the evaluated biochemical markers (R_GSH, R_Pphy, R_RSA, R_TOT_PHENOL,
and R_YP), where its relative contribution continuously exceeds 75%. This overarching
genetic dominance is selectively modulated by specific hydropriming parameters. Most no-
tably, immersion duration operates as a highly critical secondary regulator for root biomass
allocation, accounting for ~50% of the model variance for root dry weight (RDW) and ~25%
for root fresh weight (RFW). Conversely, priming temperature exhibits a minimal direct
contribution to variance partitioning across the measured root parameters, indicating that
thermal adjustments within the evaluated windows trigger a highly uniform physiological
plane that does not structurally reorganise the underlying factor-level hierarchy.

To further quantify these non-linear contributions of individual experimental factors
and rank their systemic influence on root morpho-physiological parameters and metabolic
markers, the artificial neural network (ANN) relative predictor importance analysis delin-
eates a highly detailed, input-level importance hierarchy (Figure S1), closely echoing the
physiological trajectory observed in the PCA biplot (Figure 11A). In full agreement with
the factor-level variance partitioning, genotype identity emerges as the primary driver of
overall variance in root parameters, predominantly outranking individual hydropriming
regimes. Specifically, genotype L1 exhibits the highest relative importance score (~17.0),
reflecting its continuous positioning across the high-vigour and redox-buffering domain.
This is followed by treatment T0 (~11.3) and genotype L4 (~11.1), while genotype L3 (~9.7)
and genotype L2 (~8.4) display intermediate-to-high scores.

Among the evaluated treatment factors, the unprimed baseline state (treatment T0)
exerts the highest predictive weight (~11.3), underscoring a distinct baseline-dependent
tissue sensitivity. This aligns with the spatial distribution in the PCA biplot, where the
unprimed controls (2.0, 3.0, and 4.0) cluster at the bottom of the lower-right quadrant,
whereas the control sample of genotype L1 (1.0) inherently resides within the upper-
right high-vigour domain. Active hydropriming regimes, comprising treatments T5, T3,
T2, and T1, demonstrate moderate predictive contributions (~8.1, ~7.0, ~6.0, and ~5.2,
respectively), whereas treatments T6 and T4 register the lowest relative importance scores
within the root system (~1.6 and ~1.1, respectively), indicating that elevated temperature
conditions (30 ◦C) drive a uniform protective adjustment that reduces factor-level predictive
resolution (Figure S1).
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Figure 12. Relative factor importance across measured root parameters. Factor importance scores
extracted from the artificial neural network model quantify the non-linear relative contribution of inde-
pendent experimental factors to total model variance across individual root morpho-physiological pa-
rameters and metabolic markers. Parameter codes: GC—germination capacity; R_GSH—glutathione;
R_Pphy—phytate phosphorus; R_RSA—radical scavenging activity; R_TOT_PHENOL—total water-
soluble phenolics; R_YP—yellow pigment; RDW—root dry weight; RFW—root fresh weight; RL—
root length. The stacked bar chart delineates the percentage contribution of three discrete exper-
imental inputs—Genotypic Identity (dark blue-navy bars), Immersion Duration (mid-grey bars),
and Priming Temperature (light grey bars)—to the total model variance explained via a multi-layer
perceptron (MLP) model.

For shoot parameters, variance partitioning reveals highly distinct factor-level dy-
namics compared to the root system (Figure 13, Tables S3 and S5). Genotypic identity
remains the primary determinant of model variance across the majority of measured traits,
including germination capacity (GC), shoot length (SL), phytate phosphorus (S_Pphy),
total water-soluble phenolics (S_TOT PHENOL), yellow pigment (S_YP), and the photosyn-
thetic pigment pools (S_Chl_a, S_Chl_b, and S_Chl_tot). However, a profound metabolic
divergence is observed for shoot glutathione content (S_GSH), where priming temperature
operates as the dominant regulatory factor, accounting for ~59% of the total variance,
whilst also contributing ~24% to the variance in shoot radical scavenging activity (S_RSA).
Furthermore, immersion duration exhibits selective control over shoot biomass alloca-
tion, regulating ~25% of the variance in shoot fresh weight (SFW) and ~22% in shoot dry
weight (SDW).

To further quantify these non-linear contributions at the input level, the relative
predictor importance analysis ranks the specific influence of individual landraces and
hydropriming regimes (Figure S2), mirroring the physiological clustering observed in the
PCA biplot (Figure 11B). Genotype identity remains the predominant driver of overall
variance, with genotype L3 demonstrating the highest relative importance score (~20.8),
which aligns with its pronounced phenotypic plasticity across the optimal growth, vigour,
and biomass accumulation domain. This is followed by treatment T3 (~10.0) and genotype
L4 (~8.3). The elevated predictive weight of T3 confirms that extended immersion at
lower temperatures (20 ◦C for 24 h) represents the critical physiological threshold for shoot
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metabolic differentiation. Genotypes L2 and L1 display intermediate scores (~7.2 and
~7.0, respectively).

Figure 13. Relative factor importance across measured shoot parameters. Factor importance scores
extracted from the artificial neural network model quantify the non-linear relative contribution of in-
dependent experimental factors to total model variance across individual shoot morpho-physiological
parameters and metabolic markers. Parameter codes: GC (germination capacity); S_Chl_a (chloro-
phyll a); S_Chl_b (chlorophyll b); S_Chl_tot (total chlorophyll); S_GSH (glutathione); S_Pphy (phytate
phosphorus); S_RSA (radical scavenging activity); S_TOT_PHENOL (total water-soluble phenolics);
S_YP (yellow pigment); SDW (shoot dry weight); SFW (shoot fresh weight); SL (shoot length). The
stacked bar chart delineates the percentage contribution of three discrete experimental inputs—
Genotypic Identity (dark navy bars), Immersion Duration (mid-grey bars), and Priming Temperature
(light grey bars)—to the total model variance explained via a multi-layer perceptron (MLP) model.

Among the evaluated treatment factors, treatments T1 and T2 exhibit moderate pre-
dictive contributions (~4.3 and ~4.1, respectively), mirroring their role in maintaining
moderate vigour accumulation along the positive PC1 axis under short- and medium-term
immersion intervals at lower temperatures. Conversely, treatments T5 and T4, alongside
the unprimed baseline state (T0), display lower predictive weights (~3.3, ~2.8, and ~2.4,
respectively). Treatment T6 registers the lowest overall predictor importance score within
shoot parameters (~0.3), indicating that exposure to the most intense regime (30 ◦C for 24 h)
induces a generalised physiological suppression that diminishes its capacity to resolve
genotype-specific performance differences (Figure S2).

3. Discussion
3.1. Hydration Dynamics and Physiological Thresholds for Seedling Homeostasis

The maintenance of a moderate baseline germination capacity across unprimed con-
trols precludes structural-level tissue necrosis; instead, it indicates a finely tuned, physio-
logical tolerance threshold regarding the conditions required for subsequent active seedling
growth. Within a uniform dent morphotype shared by all four evaluated landraces, where
the highly porous endosperm matrix characteristically accelerates hydraulic influx [43],
the resulting germination capacity is determined by the individual cellular coordination
and initial membrane integration status across the evaluated germplasm. As germina-
tion capacity reflects the embryo’s successful transition from metabolic quiescence to
active autotrophic development, efficient hydration establishes intracellular water potential
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equilibrium, coupling moisture availability with repair pathways and macromolecular
reserve mobilisation required to complete the germinative process [44]. Conversely, when
seeds encounter prolonged immersion at lower temperature regimes, this environmen-
tal constraint triggers a highly distinct, homeostatic threshold response. According to
Rolletschek et al. [45], such prolonged saturation shifts the cellular microenvironment to-
ward restricted oxygen diffusion, establishing a state of transient intracellular hypoxia.
Within the context of the evaluated germplasm, this mild, temporary hypoxia is proposed
to operate as a protective, rate-limiting physiological mechanism that potentially precludes
respiratory oxygen shock, thereby allowing sufficient time for orderly cellular membrane
repair and subsequent downstream enzyme activation prior to radicle emergence [46].
Crucially, the efficiency of this homeostatic threshold is strictly genotype-dependent; for
more responsive landraces, such as the genotype L3, this protective brake acts as an optimal
eustress checkpoint—a trigger of adaptive, stimulatory defence and repair pathways—that
maximises the final germination capacity, whereas for less responsive configurations with
delayed signalling activation, like the genotype L2, the same interval marks the upper
limit of metabolic tolerance prior to the onset of hypoxic stagnation, thereby limiting their
germinative output. This species-specific dynamic window stands in stark contrast to other
major cereals; for instance, wheat hydropriming typically peaks within a much narrower
8–12 h window at moderate temperatures (20–25 ◦C) before triggering cellular damage [16],
whilst rice requires an extended 24–48 h saturation period due to a rigid hull morphology
that restricts initial hydraulic influx [47]. For the evaluated maize landraces, the highly
porous endosperm matrix of the dent morphotype creates a unique physiological plane,
where the 24 h at 20 ◦C threshold successfully balances rapid initial hydration against the
critical limits of hypoxic stagnation. Ultimately, this precise homeostatic alignment safely
drives the germination capacity toward an optimised physiological plane, meaning that
any variation in the final germination responses merely reflects a transient metabolic lag
before achieving full metabolic alignment within the hydration-to-activation dynamics,
thereby demonstrating a highly stimulatory hydropriming response.

During early seedling development, axial organ elongation drives the coordinated
balance between meristematic cell division and cellular expansion—processes tightly mod-
ulated by internal resource partitioning and hormonal signalling. Specifically, short-term
and medium-term immersion under elevated temperature regimes acts as a thermody-
namic stimulus where the specific hydrothermal combination of hydration interval and
thermal energy accelerates the rate of metabolic flux; this coordinated response poten-
tially enhances membrane fluidity, thereby presumably boosting plasma membrane proton
pump (H+-ATPase) activity to drive radicle cell elongation via acid-growth-induced cell
wall extensibility [48]. In contrast, shoot elongation at these hydrothermal conditions is
constrained by a physiological sink–source imbalance, wherein rapid radicle expansion
establishes a dominant metabolic sink that prioritises anchorage and hydraulic acquisition
while restricting reserve mobilisation to the embryonic shoot apices [49].

Beyond morphological dimensions, biomass accumulation provides an integrative
measure of tissue hydration and structural reserve allocation, where fresh weight reflects
cellular water retention and hydrostatic turgor pressure, whereas dry weight indexes net
structural biomass derived from reserve mobilisation. The observed inhibitory effects on
biomass stem directly from solute leaching and accelerated respiratory depletion during
immersion, wherein rapid water entry across porous dent structures may force uncontrolled
cellular rehydration prior to the complete restoration of membrane semi-permeability,
resulting in the potential loss of low-molecular-weight soluble reserves via imbibitional
damage [50]. Concurrently, intensified mitochondrial respiration potentially exhausts
internal carbohydrate pools, leaving insufficient structural building blocks for anabolic
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cell wall deposition [41]. Nevertheless, the confinement of positive responsiveness to the
specific medium-term immersion intervals indicates a distinct physiological threshold
where optimal enzyme activation and membrane integrity restoration converge, facilitating
efficient nutrient mobilisation and increased biomass accumulation.

3.2. Metabolic Adjustments and Antioxidant Defence

The metabolic configuration of young seedlings undergoes systemic biochemical shifts
during the post-priming phase, transitioning from early reserve mobilisation through
primary and secondary protective networks towards the functional development of the
photosynthetic apparatus. Hydropriming regimes alter the temporal coordination of
these sequential processes, imposing tissue-specific metabolic adjustments that dictate
seedling establishment.

The enzymatic hydrolysis of phytic acid (PA) initiates the mobilisation of stored seed
reserves during early germination [51,52]. As the primary intracellular reservoir of phos-
phorus and chelated mineral cations, PA operates as a critical metabolic regulator, with
its phytate phosphorus (Pphy) fraction serving as a valuable indicator of reserve status;
however, it reflects a steady-state pool size governed by the balance between synthesis,
hydrolysis, and transport, rather than a direct measure of enzyme kinetics. Its hydrolysis
by endogenous phytases is a fundamental prerequisite to liberate inorganic phosphate
for ATP synthesis and plasma-membrane H+-ATPase activity [53,54]. The pronounced
elevation in Pphy accumulation observed across tissues under hydropriming at the el-
evated temperature regimes indicates a severe kinetic uncoupling between accelerated
initial imbibition and steady-state downstream phosphorylation. This thermal accumu-
lation suggests that the elevated temperature regime severely hinders efficient reserve
mobilisation, potentially creating an enzymatic bottleneck wherein accelerated water influx
outpaces the rate of structural mineral utilisation, leaving essential phosphorus resources
temporarily constrained within cellular compartments and presumably withholding energy
pools from active cell wall deposition [55]. While this thermal accumulation may reflect
impaired phytic acid degradation under heat stress, direct phytase activity measurements
are ultimately required to substantiate this mechanism.

Concurrently, the rapid influx of oxygen upon rehydration activates mitochondrial
respiration, generating an immediate ROS flux that threatens cellular integrity. The primary
intracellular line of defence against this oxidative surge relies on the primary thiol redox
buffering capacity of reduced glutathione (GSH)—a low-molecular-weight non-enzymatic
antioxidant that preserves cellular redox homeostasis, maintains protein thiol groups in a
functional state, and detoxifies lipid peroxides [56,57]. The substantially higher accumula-
tion of GSH within the seedling root compared with the shoot underscores the heightened
spatial sensitivity of root tissue to hydropriming-induced enhanced metabolic activity and
thermal strain. This genotype-specific response—led by the consistent, high accumulation
in the more responsive accessions, specifically the genotype L3, during short-term and
medium-term immersion intervals under elevated temperature regimes—represents a ro-
bust, coordinated mode of cellular defence. Conversely, the continuous decline of GSH in
genotypes exhibiting a more constrained capacity for thiol accumulation, such as genotype
L1, which manifests early under lower-temperature treatments and persists across the
remaining hydrothermal configurations, indicates a progressive exhaustion of the primary
thiol pool, leaving cellular structures vulnerable to oxidative degradation [58,59].

When primary thiol lines are strained, seedlings deploy secondary protective systems
consisting of water-soluble phenolics and a lipophilic yellow pigment pool. Phenolics act
as potent secondary non-enzymatic antioxidants capable of chelating transition metals
and reinforcing cell wall polymers [60], whereas the yellow pigment pool functions as a
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structural membrane stabiliser that scavenges singlet oxygen and shields lipid bilayers
from photo-oxidation [61]. Hydropriming induces contrasting, tissue-specific reallocations
of these compounds. The significant surge of total phenolics and yellow pigment in the root
system under medium-term and prolonged immersion intervals at elevated temperatures
represents a strategic metabolic prioritisation aimed at shielding radicle apical meristems
from thermal and oxidative degradation, a phenomenon observed across all configurations
but most prominently expressed in the highly responsive genotypes L3 and L4. Conversely,
the sharp, severe decline of both parameters in the seedling shoot under these same
intense hydrothermal regimes reflects a metabolic trade-off. This shoot-specific depletion
demonstrates that elevated temperatures combined with extended immersion intervals
selectively reorganise metabolic priorities, with priming temperature capturing exactly
~59% of the total model variance for shoot glutathione content and contributing ~24% to
shoot radical scavenging activity. This regulatory shift presumably redirects isoprenoid
and phenylpropanoid pathways preferentially toward the root axis, imposing a sink-driven
depletion and a transient environmental vulnerability in the shoot tissue [62,63].

The collective efficiency of these individual hydrophilic and lipophilic antioxidant
fractions culminates in total radical scavenging activity. Measured via the DPPH assay,
RSA indexes the total tissue capacity to neutralise free radicals and prevent oxidative
chain reactions. The uniform elevation of root RSA under all immersion intervals at ele-
vated temperatures confirms that the coordinated accumulation of glutathione, phenolics,
and yellow pigment successfully translates into an enhanced anti-oxidative shield within
the root system [64]. However, the inconsistent response in the shoot—culminating in
widespread reductions under a prolonged immersion interval—exposes a critical metabolic
suppression. A prolonged immersion interval under lower-temperature regimes exhausts
the total scavenging capacity of the shoot, indicating that extended hydration without
thermal acceleration potentially fails to stimulate antioxidant enzymes adequately, leaving
the shoot tissue in a state of compromised metabolic readiness [65].

The ultimate functional destination of this entire metabolic cascade is the synthe-
sis of the photosynthetic pigment pool, which establishes the autotrophic potential and
light-harvesting capacity of the seedling shoot. All immersion intervals at the elevated
temperature regime cause a severe collapse across the entire photosynthetic pigment pool,
demonstrating that thermal priming stress likely induces photo-oxidative degradation of
plastids or severely disrupts chlorophyll biosynthetic pathways [66]. This physiological sup-
pression confirms that rapid, thermally driven elongation of the root system occurs at the di-
rect expense of shoot pigmentation, forcing the seedling to delay its autotrophic transition.

Conversely, the deployment of lower-temperature hydropriming regimes uncovers dis-
tinct, genotype-specific thresholds for photosynthetic development. The capacity of specific,
more responsive genotypes, namely genotype L3, to achieve peak accumulation within the
photosynthetic pigment pool under a prolonged immersion interval demonstrates precise
metabolic alignment. At this optimal threshold, the steady, regulated mobilisation of re-
serves and the maintenance of a stable antioxidant status presumably allow the seedling to
successfully bypass oxidative stress and channel available nutrients into the configuration
of a robust light-harvesting apparatus [67]. This tissue-specific differentiation highlights
that successful hydropriming relies on selecting protocols that stimulate post-storage
metabolic reactivation and avoid the thermal downregulation of chlorophyll synthesis,
thereby ensuring a swift and efficient transition to independent autotrophic growth.

3.3. Integrative Metabolic Plasticity and Genotypic Constraints of Seed Recovery and Subsequent
Seedling Performance

The structural transition from seed quiescence to active seedling development relies on
a strict, cell-level coordination that requires dynamic homeostatic plasticity and profound
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reconfiguration of embryonic metabolic pathways [68]. Under constitutive, unprimed
conditions, this functional alignment operates under rigid, reserve-dependent control,
where successful seed recovery and early seedling growth are strictly constrained by
hydrolytic reserve breakdown and initial membrane stabilisation [52]. The strong linear
alignment between unmobilised phytate reservoirs across root and shoot tissues confirms
that nutrient retention in dent maize germplasm is governed by a tight, embryo-wide
spatial integration [69]. Both phytate pools exert systemic control over the biosynthetic
network—their intense negative correlation with the photosynthetic pigment complex
provides definitive physiological proof that phytate consumption directly fuels de novo
chlorophyll synthesis and plastid differentiation [70].

Within the radicle tissues, a strong positive co-dependency between GSH and total
phenolics confirms a shared reliance of the nascent root on the pentose phosphate pathway
for early metabolic reinforcement [71,72]. Crucially, this root-zone reinforcement operates
via a strict cross-tissue metabolic trade-off: the intense inverse relationship between root
GSH and shoot yellow pigment indicates that preferential allocation of redox resources to
support radicle cell stabilisation temporarily suppresses pigment accumulation within the
embryonic shoot [73]. This asymmetric biomass and resource allocation is quantitatively
driven by specific priming parameters, with immersion duration accounting for ~50% of
the total model variance for root dry weight and ~25% for root fresh weight, compared
to ~22% and ~25% for shoot dry and fresh weights, respectively. Concurrently, within the
shoot structure, a highly stringent inverse alignment between total phenolics and chloro-
phyll accumulation reveals a pronounced intra-tissue precursor competition, i.e., resource
investment in cell wall phenolics restricts immediate assembly of the light-harvesting
apparatus [63]. When this baseline state remains intact, radicle protrusion and initial
biomass accumulation directly couple with constitutive radical scavenging activity and
light-harvesting potential. Under conditions free of restrictive environmental pressures, this
rigid coordination maximises structural anabolism, directly channelling reserve breakdown
products into cell wall deposition and apical growth [74].

The deployment of hydropriming regimes at a lower temperature transforms this
baseline dependency by transitioning metabolic control from raw reserve depletion to
active primary thiol buffering and structural pigment organisation [24]. On a cellular
level, a controlled imbibition rate relaxes the rigid spatial coordination of phytate pools,
allowing the embryonic axis to execute a steady metabolic transition from strict reserve
limitations. This shift reconfigures embryonic metabolic pathways, wherein primary thiol
pools assume direct control over the cellular microenvironment. During the initial phase
of hydration, the rapid activation of mitochondrial respiration and the upregulation of
the phenylpropanoid pathway successfully couple early germination capacity and tissue
elongation with enhanced shoot total phenolic accumulation, confirming the immediate
induction of essential antioxidant protection while chloroplasts initiate chlorophyll biosyn-
thesis [75]. As hydration progresses to an intermediate threshold, the physiological focus
transitions towards radicle emergence; metabolic energy is preferentially directed into the
incorporation of total phenolics within root cell walls to facilitate turgor-driven elongation
and structural reinforcement [76], while the simultaneously observed retention of phytate
phosphorus points toward a potential kinetic lag in de novo phytase synthesis during this
short developmental phase [77].

The intense alignment between seedling biomass accumulation and the GSH pool
under these optimal conditions reveals a crucial stabilisation phase. This metabolic re-
configuration reaches its physiological culmination under a prolonged immersion at the
lower-temperature regime, which extends Phase II of germination. This extension provides
embryonic cells with sufficient time for complete pre-germinative metabolic restoration
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and de novo synthesis of hydrolytic enzymes. Consequently, upon transitioning into Phase
III, which is marked by radicle protrusion and subsequent coleoptile emergence, the ac-
celerated activation of endogenous phytases facilitates efficient phytic acid cleavage and
liberates inorganic phosphate to potentially support rapid ATP synthesis [77], establishing
a conceptual energy surplus that is proposed to fuel the extensive expansion of the GSH
pool across both vegetative structures [20]. Since this primary defence system effectively
detoxifies ROS, the lipophilic shoot yellow pigment and newly synthesised chlorophyll
components are completely preserved from photo-oxidative degradation and efficiently
integrated into the thylakoid membranes [58,59]. Consequently, by successfully mitigating
oxidative damage through this metabolically prioritised antioxidant shield, the embryonic
cells conform to the expected model of metabolic alignment by channelling available re-
sources into the configuration of a robust photosynthetic apparatus, effectively converting
mobilised nutrients into functional light-harvesting pool synthesis and yellow pigment
preservation [67].

Conversely, exposure to elevated temperature regimes prompts a progressive shift
in metabolic control across immersion intervals, driving embryonic metabolic pathways
from acute early strain and comprehensive exhaustion into an alternative survival strategy.
Elevated temperature conditions severely disrupt the functional synergy between storage
reserve mobilisation and structural early seedling growth. Thermally accelerated imbi-
bition kinetics induce transient intracellular hypoxia as reported by Veselova et al. [78],
potentially precipitating a profound metabolic disruption wherein downstream oxidative
phosphorylation cannot sustain the energetic demands of rapid hydration. This putative
impairment of cellular respiration is proposed to elicit severe homeostatic destabilisation,
directly reflected in downstream alterations within subsequent biochemical cascades.

Short-term immersion imposes an immediate energy deficit that halts chlorophyll
biosynthesis and arrests the transition of etioplasts to functional chloroplasts, driving a
temporary inversion in photosynthetic co-linearity through antagonistic chlorophyll a
and chlorophyll b positioning [66]. Concurrently, structural seedling elongation ceases,
potentially reflecting a severe depletion within available ATP pools, which leads to a ki-
netic uncoupling between accelerated imbibition and downstream phosphorylation. To
cope with this inferred metabolic uncoupling, the embryo manifests a stringent metabolic
trade-off in precursor partitioning. This early stress response triggers an immediate ac-
cumulation of yellow pigment directly within the radicle apical meristems, forming a
protective antioxidant shield against temperature-induced oxidative damage [79]. Further-
more, this metabolic shift strongly correlates with the retention of the unmobilised phytate
phosphorus pool and its rigid alignment with root total phenolics.

Moreover, medium-term immersion-imposed intensified stress accelerates cellular
exhaustion: the unmitigated retention of phytate phosphorus limits the availability of
inorganic phosphate required for energetic processes, contributing to the decline in total
chlorophyll development, while severe intracellular anoxia, as reported for maize under
low-oxygen stress, is hypothesised to disrupt root-to-shoot nutrient translocation, thereby
imposing a profound systemic constraint on the developing photosynthetic pigment com-
plex [80]. Concurrently, this putative respiratory failure is proposed to drive root GSH into
an intense inverse relationship with root total phenolics and shoot yellow pigment across
both structures. This ultimate functional divergence confirms that severe hydrothermal
stress forces the embryonic cells to permanently halt chloroplast development and divert all
available intracellular resources into an immediate, compensatory survival response within
the expanding tissue. In this context, our findings are in line with the classic concept of the
plant dilemma, which dictates that growth and defense function as two strictly opposed,
energy-consuming aspects of plant survival [81].
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Crucially, this prolonged immersion bypasses the thermal inhibition and ensures cell
viability under intense hydration limits by triggering an intricate secondary metabolic
recovery. Within the root tissues, primary thiol pools re-establish dominant control, as
the activated R_GSH pool drives a robust positive alignment with local radical scaveng-
ing activity (R_RSA) and chlorophyll a synthesis [32]. This coordination indicates that
the embryonic cells successfully stabilise the baseline redox status within the elongation
zone, effectively shielding radicle apical meristems from oxidative degradation. Simul-
taneously, within the shoot tissue, S_GSH and S_RSA form a coordinated, compensatory
defence barrier that assumes direct control over biomass accumulation, indicating that
autonomous activation of tissue-specific protective mechanisms successfully preserves
newly synthesised chlorophyll b and total chlorophyll complexes from photo-oxidative
breakdown [58]. This systemic redirection demonstrates that under extreme environmen-
tal pressure, the embryonic cells orchestrate precise, tissue-specific resource partitioning.
Inductions of strong negative correlations with shoot total phenolics and yellow pigment
pools across both vegetative fractions confirm that the embryo strategically suppresses
secondary phenolic synthesis and unintegrated yellow pigment accumulation. This shift is
highly indicative of a remarkably plastic survival strategy wherein cellular energy is strictly
redirected to maintain the primary integrity of the cellular repair machinery and protect the
vegetative meristems at the direct expense of developing light-harvesting systems. Such a
strategic trade-off conceptually aligns with the mechanism of retrograde redox signalling
from the plastids, which is proposed to actively suppress the synthesis and expansion of
light-harvesting complexes to prevent photo-oxidative damage [82].

This functional seedling compartmentalisation expresses itself fully through the coor-
dinated divergence of distinct tissue-specific developmental pathways. In the root tissue,
the spatial organisation reveals a prominent axis of trade-off wherein structural biomass
accumulation stands in direct physiological opposition to phytate phosphorus retention,
indicating that biomass deposition remains strictly constrained by the primary energy
requirements and structural building blocks necessary to sustain cellular expansion [83].
This root-specific dry matter partitioning is quantitatively validated by our predictive
model, demonstrating that whilst immersion duration exercises a powerful control over
radicle biomass determination—accounting for ~48% of the total model variance for root
dry weight—its regulatory influence on root biochemical markers remains under 12%, con-
firming that dry matter deposition operates under separate physiological dynamics. Simul-
taneously, a separate metabolic cascade links active cell elongation directly to tissue-specific
non-enzymatic antioxidant synthesis, implying that radicle expansion under shifting hy-
dration dynamics is directly coupled with immediate localised scavenging capacity [84].
Conversely, the shoot tissue channels its primary developmental energy into a tightly
linked coordination between photosynthetic pigment accumulation and cellular metabolic
reconfiguration, separating these light-harvesting components from integrated seedling
vigour and primary thiol homeostasis, which suggests a strict prioritisation mechanism
governing precursor allocation between structural chloroplast differentiation and defensive
redox shielding [56]. This shoot-specific prioritisation is mathematically substantiated
by the fact that priming temperature dictates up to ~59% of the total variance for shoot
glutathione allocation, while exerting a negligible influence on vegetative shoot elonga-
tion. The integration of such predictive neural network frameworks to model non-linear
physiological pathways aligns with the expanding application of digital technologies and
intelligent algorithms in modern precision agriculture to decode multifaceted plant stress
responses [85].

When mapped across these tissue-specific developmental trajectories, the performance
profiles partition into distinct functional domains that delineate the homeostatic strategy
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of each genotype. The domain of optimal vigour and biomass accumulation represents
the functional anabolic trajectory, wherein a controlled imbibition rate successfully pairs
substantial cell wall deposition and rapid structural tissue expansion with a robust primary
thiol and redox buffering capacity, a physiological pathway fully exemplified by geno-
types L1 and L3. More responsive genotypes sustain this high-vigour pathway natively,
demonstrating an exceptional physiological plasticity that maintains an active metabolism
and strong cell turgor pressure across diverse shifting hydration dynamics [86]. Less re-
sponsive genotypes require prolonged immersion intervals under the lower-temperature
regime to overcome intrinsic metabolic latency and enter this high-vigour plane, indicating
that less responsive germplasm faces higher intracellular constraints related to metabolic
repair windows and delayed de novo enzyme activation during the early phases of seed
hydration [87].

When environmental parameters shift towards elevated-temperature regimes, the
metabolic pathways transition into the domain of enhanced cell elongation and secondary
metabolic defence. Within the root, this reflects a highly coordinated metabolic redirec-
tion wherein resources divert away from net weight accumulation and channel into rapid
axial elongation, coupled with a massive upregulation of total water-soluble phenolics,
yellow pigment, and radical scavenging mechanisms, confirming the preferential activation
of phenylpropanoid and isoprenoid pathways locally within the radicle [63,88,89]. This
localised response shields the radicle apical meristems from thermal and oxidative degrada-
tion, demonstrating that lipophilic yellow pigment functions to stabilise membrane bilayers
against temperature-induced fluidity while soluble phenolics reinforce the extending cell
wall matrix, a protective phenomenon observable in genotypes L3 and L4 [90]. Within
the shoot tissue, this same thermal stimulus forces a complete metabolic pivot away from
primary vegetative growth and chlorophyll synthesis, systematically channelling metabolic
energy into defensive antioxidant mobilisation and an intense unmitigated retention of
reserves, validating a profound tissue-specific energetic uncoupling that is prominent in
genotypes L1 and L3. This systemic arrest is strongly consistent with the thermal down-
regulation of endogenous phytase transcription under hydrothermal strain [91], while
simultaneously conforming to the expected model of transient tissue hypoxia that trig-
gers the induction of defensive antioxidant mechanisms [92] at the absolute expense of
light-harvesting biosynthetic pathways. This tissue-specific partitioning implies that under
thermal strain, the seedling prioritises immediate localised survival and accepts a transient
downregulation of its light-harvesting potential.

In sharp contrast, the limits of homeostatic plasticity demonstrate the consequences
of suboptimal activation and pronounced thermal strain. The quiescent baseline and
metabolic decoupling domain define a state of physiological inertia typically observed
under lower-temperature regimes without thermal acceleration, as observable in genotypes
L3 and L4. Under these conditions, the seedling preserves basic structural attributes
but fails to receive a sufficient tissue-specific metabolic trigger to initiate rapid tissue
expansion, leading to a distinct physiological uncoupling wherein early germination events
remain completely disconnected from active structural root development, demonstrating
that lower-temperature profiles fail to provide the thermodynamic stimulus required to
activate critical enzymatic activation thresholds, which subsequently implies that the
overall metabolic dynamics remain below the critical threshold necessary to trigger the
transition into Phase III developmental expansion [93,94].

This state of developmental stagnation deepens within the domain of reserve retention
and metabolic latency, which stands in direct physiological opposition to the pathways
of primary biomass expansion. Here, the metabolic pathways enter a state of severe la-
tency characterised by a total failure of phytate cleavage and a complete loss of metabolic
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responsiveness across all evaluated parameters, confirming that essential mineral and
organic resources remain structurally constrained within the cellular matrix. Under lower-
temperature regimes, this domain captures developmental dormancy due to an absence
of an exogenous triggering stimulus, as exhibited by genotype L4 [95]. However, under
extreme conditions, this domain transitions into a zone of pronounced thermal inhibition,
wherein less responsive genotypes experience a severe functional impairment of cellular
respiration and a total collapse of shoot development, as shown in genotype L2. The distinct
separation of these trajectories provides mechanistic proof that when the shifting hydration
dynamics are misaligned with the internal rate of enzymatic activation, the seedling enters
a state of structural and tissue-specific metabolic suppression that permanently blocks its
autotrophic transition, revealing that accelerated water influx combined with persistent
thermal strain induces an irreversible ROS accumulation that exhausts the primary glu-
tathione pool, thereby potentially initiating lipid peroxidation and arresting mitogenesis
within the embryonic shoot axis [96].

To understand the underlying regulatory mechanisms wherein successful pre-
germinative seed recovery induces enhanced seedling performance, evaluating the entire
developmental network is essential to establish whether the final phenotypic outcome is
governed by intrinsic genetic programming or driven by external hydrothermal stimuli.
In this regard, a systemic evaluation establishes that intrinsic genotypic architecture oper-
ates as the primary determinant of total developmental plasticity across both vegetative
structures [97]. The genetic predominance of particular accessions—namely genotype
L1 within the root tissue and genotype L3 within the shoot tissue—demonstrates that
the underlying genetic identity defines the strict operational boundaries of structural re-
configuration and homeostatic buffering. Physiologically, this genotypic dominance is
hypothesized to reflect an inherent capacity to maintain mitochondrial membrane integrity
under hydrothermal pressure, which is proposed to prevent electron leakage and support a
stable ATP supply required for active cellular division, radicle elongation, and subsequent
biomass accumulation [75].

Furthermore, the dominant regulatory influence of the unprimed baseline state in roots
confirms a distinct baseline-dependent tissue sensitivity, implying that the initial metabolic
condition and embryonic membrane integrity preserved during ex situ storage dictate the
substrate thresholds for subsequent reactivation [98]. Crucially, when hydration is properly
managed through lower-temperature hydropriming, the radicle tissues successfully escape
the physical disruptions, accelerated imbibition damage, and the respiratory restriction
and oxygen limitation typically associated with elevated temperatures [99]. This metabolic
preservation presumably allows for unhindered oxidative phosphorylation, which appears
to support the timely mobilisation of phytate phosphorus reserves [100]. Consequently, this
energetic efficiency fuels the immediate biosynthesis and accumulation of GSH and total
phenolics, effectively establishing a robust non-enzymatic antioxidant shield that mitigates
early oxidative stress during radicle elongation [24].

In the shoot, the critical role played by prolonged immersion at lower-temperature
regimes (24 h at 20 ◦C) confirms that this precise threshold appears to operate as a critical
physiological turning point for embryonic shoot expansion and chloroplast differentiation,
potentially accelerating the metabolic activation of hydrolytic enzymes to drive pigment
retention and biomass deposition [101,102]. By maintaining imbibition at this optimal 20 ◦C
threshold, the embryonic tissues successfully maintain membrane integrity and presumably
limit excessive ROS accumulation. This metabolic stability conceptually aligns with the pro-
tective role of heat shock proteins (HSPs) and late embryogenesis abundant (LEA) proteins,
which are proposed to systematically stabilise the emerging photosynthetic apparatus [103].
This protective mechanism potentially prevents the degradation of the yellow pigment and
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chlorophyll pools, while concurrently maintaining cellular redox homeostasis through the
well-regulated coordination of GSH pools and phenolic compounds within the developing
shoot structures [104].

3.4. Relevance to Ex Situ Conservation: Methodological Boundaries and Limitations

According to the framework established by Fabrissin et al. [105], integrating pre-
sowing hydration protocols into ex situ conservation involves a critical physiological trade-
off between accelerated germination vigour and long-term seed longevity. In routine gene
bank operations, managing the risk of accelerated decline during the back-drying phase
represents a critical physiological bottleneck. Consequently, the hydrothermal priming
protocol presented herein is strictly recommended as a targeted, pre-sowing intervention
for specific regeneration plots, rather than a method for long-term re-storage. Because
the desiccation stress associated with post-priming back-drying can compromise cellu-
lar integrity, restoring these primed accessions under standard medium-term gene bank
conditions (at +4 ◦C) is highly discouraged until long-term viability post-back-drying is
systematically quantified.

The application of this protocol must be evaluated based on the specific requirements
of individual seed lots. While hydrothermal priming provides exceptional cost-efficiency by
relying solely on water and precise temperature control, its routine application is bounded
by the high inter- and intra-specific variability of seed germplasm. Our experimental matrix
was restricted to four distinct accessions belonging to a single morphotype. Given that
pericarp permeability, imbibition kinetics, and hydrothermal sensitivity vary significantly
across disparate maize groups, implementing this protocol requires prior, morphotype-
specific optimisation. Furthermore, whilst our investigation was specifically designed to
capture the cumulative physiological and metabolic profiles of fully established, 7-day-old
seedlings, a comprehensive operational optimisation of this priming protocol must also
integrate early-stage germination kinetics—specifically the germination rate, synchrony,
and mean germination time—which remain highly contingent upon genotypic variations.
Therefore, this protocol constitutes a conceptual baseline for targeted interventions rather
than a universal standard. To transition this experimental optimisation into actionable
conservation strategies, future investigations must delineate the exact operational bound-
aries between metabolic rejuvenation and physiological decline during the regeneration of
low-viability germplasm.

4. Materials and Methods
4.1. Plant Materials

The Maize Research Institute Zemun Polje (MRIZP) Gene Bank active maize collection
is maintained under medium-term storage conditions at +4 ◦C, an approximate relative
humidity of 40%, and a seed moisture content of 11%, in strict compliance with international
guidelines for the effective management of germplasm collections [106]. This extensive
repository comprises 5806 accessions, out of which 2217 are traditional local landraces,
thereby representing a highly valuable and diverse reservoir of genetic resources.

Routine viability monitoring of the stored accessions revealed that germination in
certain accessions had declined below the prescribed gene bank standards, falling below
the critical threshold of 85%. Consequently, for the present study, four traditional landraces
originating from diverse agro-ecological groups were selected to evaluate the efficacy of pre-
sowing hydropriming in stimulating post-storage germinative reactivation and subsequent
seedling development. Information regarding the evaluated germplasm is summarised
in Table 2. Prior to the experiment, seeds were manually screened to ensure physical
uniformity, and any broken, shrivelled, or mechanically damaged kernels were eliminated.
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Table 2. Passport data, historical storage viability profile, and kernel morphotypes of the evaluated
traditional maize landraces. Legend: GO (CS)—Geographic Origin (Collection Site); AG—Agro-
ecological Group; YLR—Year of Last Regeneration; SD—Storage Duration (years); IGC—Initial
Germination Capacity (%); CGC—Control Germination Capacity (%); ET—Endosperm Texture;
BIH—Bosnia and Herzegovina; HR—Croatia; SRB—Serbia; SLO—Slovenia.

Sample Accession ID Vernacular Name GO (CS) AG YLR SD IGC (%) CGC (%) ET

L1 MRIZP01877 Cadjo BIH Bosnian early dents 2002 25 100 81 dent
L2 MRIZP01917 Osmak HR Eight-rowed soft dents 2002 25 97 68 dent
L3 MRIZP01766 Zlatni zuban SRB Dents of USA Corn Belt 2002 25 99 77 dent
L4 MRIZP01986 Avgustnik zuti SLO Dents of southern USA 2002 25 98 64 dent

4.2. Experimental Design and Hydropriming Protocols

To evaluate the interactive effects of genotype, priming temperature, and immersion
intervals, the hydropriming treatments were structurally designated based on their respec-
tive parameters as T1 (20 ◦C, 8 h), T2 (20 ◦C, 16 h), T3 (20 ◦C, 24 h), T4 (30 ◦C, 8 h), T5
(30 ◦C, 16 h), and T6 (30 ◦C, 24 h). For each accession, an unprimed, dry seed lot directly
retrieved from storage was maintained without water immersion to serve as the baseline
control (T0). For every individual treatment regime and accession, assays were performed
utilising three independent biological replicates consisting of 50 physically uniform seeds
each (n = 3).

Prior to treatment, seeds were surface-sterilised with a 1% (v/v) sodium hypochlo-
rite solution for 10 min, followed by thorough rinsing with distilled water. Seeds were
subsequently submerged in individual glass vessels containing exactly 200 mL of sterile
distilled water, ensuring a constant water-to-seed ratio and complete immersion under
dark conditions in thermostatic chambers configured to either 20 ± 0.5 ◦C or 30 ± 0.5 ◦C
according to the designated immersion intervals (8 h, 16 h, or 24 h).

Upon completion of each specified time interval, primed seeds were retrieved, gently
blotted with lint-free filter paper to eliminate surface-adhered moisture, and immediately
subjected to a precise, controlled dehydration (post-priming back-drying) process. Seeds
were spread in a single layer on absorbent analytical paper sheets and maintained under
controlled ambient laboratory conditions (20–22 ◦C, ~50% RH). Seed lots were period-
ically monitored and weighed until reverting precisely to their initial baseline weight,
corresponding to a moisture content equilibrium state of ~11%. This dehydration phase
effectively arrested active metabolic progression and prevented premature radicle protru-
sion, while successfully preserving the metabolic preconditioning state and establishing a
stable priming memory prior to subsequent germination testing and biochemical analyses.

4.3. Germination Testing and Seedling Growth Metrics

Following the completion of the hydropriming regimes and post-priming back-drying
procedures, standard germination tests were conducted on all experimental seed lots in
strict accordance with International Seed Testing Association (ISTA) Rules [107] using
the between-paper method to evaluate germination capacity (GC%). The primed and
unprimed control seeds were arranged uniformly on pre-moistened germination papers,
rolled, and placed into sealed polyethylene bags to maintain constant relative humidity.
Incubation was conducted in a precision climate chamber (MLR-352H, Panasonic, Osaka,
Japan) configured to an alternating temperature regime of 20/30 ◦C under a strict 8/16 h
light/dark photoperiod (with a light intensity of 1600 lx) for 7 days.

Germination evaluation followed strict ISTA morphological criteria based on the
synchronised growth of essential embryonic structures. Seedlings exhibiting structural
abnormalities (such as deformed coleoptiles, spiral mesocotyls, or stunted primary roots)
were classified as abnormal and excluded from the total counts. Normal seedlings were
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identified by the emergence of the first foliage leaf from the coleoptile and a well-developed
root system comprising the primary root and lateral secondary roots. Following ISTA
protocols, GC (representing the potential of seeds to develop into normal seedlings) was
evaluated on the 7th day (final count). The percentage of GC was calculated according to
Zhang et al. [108]:

GC (%) = (
Nnorm

Ntotal
) × 100 (1)

where Nnorm represented the number of normally germinated seedlings evaluated on Day 7,
and Ntotal was the total number of tested seeds per replicate (Ntotal = 50).

Immediately following the final germination count on the 7th day, ten representative
normal seedlings per replicate were randomly selected for morphometric and biomass
evaluations. Root length (RL) was measured from the scutellar node to the tip of the
primary root, while shoot length (SL) was recorded from the scutellar node to the apex of
the longest foliage leaf. Seedlings were subsequently dissected into root and shoot fractions
to evaluate biomass allocation. Root fresh weight (RFW) and shoot fresh weight (SFW)
were immediately determined on a digital analytical balance. Subsequently, the separated
root and shoot tissues were oven-dried at 40 ◦C for 12 h until reaching a constant weight
before being re-weighed to record root dry weight (RDW) and shoot dry weight (SDW).

4.4. Biochemical Assays

Biochemical evaluations were conducted on fresh tissue samples pooled from the ten
randomly selected normal seedlings per replicate (previously subjected to morphometric
and fresh biomass measurements), which were harvested from the separated roots and
shoots of 7-day-old maize seedlings across all treatment regimes and controls. For each bio-
logical replicate, the harvested fresh tissues were thoroughly homogenised into a uniform
matrix, and separate aliquots of this fresh homogeneous tissue sample were immediately
weighed for each specific assay described below to ensure biological consistency across all
measurements. To eliminate confounding effects resulting from variable tissue hydration
following hydropriming, the content of biochemical markers was calculated and expressed
on a dry weight (DW) basis using the tissue moisture content determined from parallel
oven-dried representative seedling samples comprising the remaining normal seedlings
from the same biological replicate. All assays were performed in three independent bio-
logical replicates (n = 3), each conducted in three technical replicates. Centrifugation steps
across all procedures were executed at 14,000× g for 15 min at 4 ◦C using a Model Velocity
18R Versatile Centrifuge equipped with a TA15-24-2 rotor (Dynamica Scientific, Livingston,
UK), and spectroscopic measurements were performed using a Biochrom Libra S22 UV/Vis
spectrophotometer (Biochrom, Cambridge, UK).

The contents of phytate phosphorus (Pphy) and total water-soluble phenolics were
quantified from identical aliquots of fresh tissue (200 mg) homogenised and extracted with
1.5 mL of double-distilled water, which served as the common aqueous extraction matrix.
Following centrifugation to secure clear supernatants, the Pphy content was quantified
directly from the aqueous extract in accordance with the colorimetric method described by
Dragičević et al. [109] utilising the Wade reagent. Aliquots of the water extract were reacted
with the Wade reagent, which comprised 0.03% FeCl3·6H2O and 0.3% sulfosalicylic acid,
and the reduction in the intensity of the pink colour, generated by the reaction between ferric
ions and sulfosalicylic acid, was recorded at λ = 500 nm. Total glutathione (GSH) content
(representing the total acid-soluble sulfhydryl pool) was estimated spectrophotometrically
according to the protocol proposed by Sari-Gorla et al. [110], utilising fresh tissue aliquots
(200 mg) extracted from the same homogenised sample pool with 1.5 mL of 5% (w/v)
trichloroacetic acid (TCA) to ensure protein precipitation. For this assay, aliquots of the
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clear TCA supernatant were treated with 0.2 M potassium phosphate buffer (pH = 8.0)
and 10 mM 5,5′-dithio(2-nitrobenzoic acid) (DTNB) dissolved in the buffer matrix. The
reaction between DTNB and the thiol groups quickly yields the yellow-coloured 5-thio-2-
nitrobenzoic acid (TNB) product, after which the absorbance was recorded at λ = 415 nm.
Quantitative data for both biochemical markers were calculated using their respective
standard calibration curves constructed with sodium phytate and reduced glutathione,
respectively, and the final results were expressed on a dry weight basis as mg of Pphy and
µg of GSH per g of dry matter (mg g−1 d.m. and µg g−1 d.m., respectively).

The quantification of total water-soluble phenolics was conducted using the modified
Prussian blue method described by Simić et al. [111] from the same homogenised fresh
tissue matrix. In brief, identical aliquots of fresh tissue (200 mg) were homogenised with
1.5 mL of double-distilled water. Following centrifugation to yield a clear supernatant,
aliquots of this extract were reacted with 0.05 M FeCl3·6H2O dissolved in a 0.1 M HCl
matrix, followed by the immediate addition of 0.008 M K3Fe(CN)6 to initiate the chemical
formation of the stable Prussian blue complex. Following a 25-min incubation period at
room temperature in the dark, the absorbance was recorded at λ = 722 nm. Quantitative
data were extrapolated from a ferulic acid standard calibration curve, and the results
were expressed on a dry weight basis as µg of ferulic acid equivalent per g of dry matter
(µg FAE g−1 d.m.).

The contents of yellow pigment (YP, representing the total lipophilic carotenoid pool)
and photosynthetic pigments, including chlorophyll a (Chl a), chlorophyll b (Chl b), and
total chlorophyll (Chltot), were determined spectrophotometrically from the fresh tissues in
accordance with the specific absorption coefficient equations proposed by Lichtenthaler
and Buschmann [112] without external standard curves. In brief, identical aliquots of fresh
tissue (200 mg) were further homogenised and extracted with 80% (v/v) aqueous acetone,
which served as the extraction solvent matrix. To facilitate cellular disruption and prevent
enzymatic pigment degradation, a small quantity of quartz sand and calcium carbonate
(CaCO3) was introduced during the homogenisation step. Following centrifugation at
14,000× g for 15 min at 4 ◦C to secure a completely clear supernatant, absorbance values
were recorded at λ = 440 nm for the YP estimation, in conjunction with the chlorophyll
absorption maxima at λ = 662 nm for Chl a and λ = 644 nm for Chl b, utilising 80% (v/v)
acetone as the blank matrix. Quantitative data were calculated using the corresponding
extinction coefficients, and the results were expressed on a dry weight basis as mg of the
respective pigment per g of dry matter (mg g−1 d.m.).

The total radical scavenging activity (RSA) of the root and shoot tissues was deter-
mined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical assay in accordance
with the method proposed by Brand-Williams et al. [113]. In brief, aliquots of the fresh
tissue extracts, obtained via extraction with 70% (v/v) aqueous acetone, were mixed with a
0.1 mM DPPH radical solution prepared in methanol. The reaction mixture was vortexed
and subsequently incubated in the dark at room temperature for 30 min to facilitate the
reduction of the free radicals. Following the incubation period, the decrease in absorbance
was recorded spectrophotometrically at λ = 517 nm against a pure solvent blank to zero
the instrument, where an untreated control mixture containing DPPH and the extraction
solvent served as the reference point for estimating total radical scavenging performance.
The radical scavenging activity was calculated and expressed as the percentage of DPPH
radical inhibition based on the absorbance difference between the blank control and the
sample containing the plant extract.
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4.5. Statistical Analysis

The consolidated dataset was statistically analysed using a two-way factorial analysis
of variance (ANOVA) within a randomised complete block design (RCBD) to evaluate the
main effects of genotype (G), hydropriming treatment (T), and their interaction (G × T).
The F-statistics, associated significance levels, and experimental precision expressed as the
coefficient of variation (CV, %) for all evaluated physiological and biochemical traits are
presented in Table S1. Significant differences between treatment and genotype means were
determined by Tukey’s honestly significant difference (HSD) test, with differences at the
p ≤ 0.05 probability level considered significant.

To avoid pseudoreplication, correlation matrices and multivariate models were exe-
cuted on a dataset comprising n = 12 independent biological observations
(4 landraces × 3 biological replicates) per hydropriming treatment. Linear relationships
among seedling growth parameters and biochemical markers were evaluated via Pear-
son’s correlation matrices, with the statistical significance of Pearson’s r determined
at df = n − 2 = 10 degrees of freedom. Furthermore, a Principal Component Analysis
(PCA) was performed on the matrix of mean values for the N = 28 Genotype × Treat-
ment (G × T) combinations to assess structural patterns and identify primary sources
of variation utilising the R software environment. Prior to conducting the PCA, all
variables were standardised using z-score transformation to eliminate the effects of
different measurement units among the morpho-physiological and biochemical param-
eters. Additionally, 95% confidence ellipses were constructed based on the bivariate
normal distribution of the factor scores corresponding to these N = 28 G × T interaction
means. The contributions of variables (%) to the principal components (PCs) within the
integrated PCA biplots are provided in Supplementary Table S2.

To capture complex non-linear interactions and assess the relative contribution of
experimental factors, an artificial neural network model was constructed separately for
root and shoot datasets. The experimental factors—comprising genotypic identity (the
four evaluated landraces) and experimental treatments (the unprimed control T0 and
hydropriming regimes T1–T6)—served as input categorical predictors, whilst the evaluated
morpho-physiological and biochemical parameters constituted the model outputs, formally
designated as target outputs. Architecturally, the neural estimation was deployed utilizing
a single-hidden-layer Multilayer Perceptron (MLP) framework structurally constrained
to exactly three hidden neurons (size = 3) to prevent over-parameterisation and ensure
optimal generalisation given the compact nature of the dataset (N = 28 treatment-genotype
means), as formally detailed in Supplementary Table S3. Prior to network execution, all
continuous variables underwent automated Z-score standardisation mapping to achieve
variance equilibrium among parameters.

Relative predictor importance scores were extracted from the trained root and shoot
models to rank the systemic influence of landrace divergence versus treatment effects across
both tissue fractions via non-linear relative importance partitioning (varImp). To guarantee
complete mathematical reproducibility, a fixed random initialization seed (set.seed = 42)
was enforced. The prediction accuracy and internal stability of the networks were rigorously
evaluated through a 4-fold cross-validation scheme (k = 4), which iteratively partitioned the
dataset into a training subset of exactly 21 observations (75%) and an independent testing
subset of 7 observations (25%) per fold. Synaptic weights were tightly regulated via an L2
regularisation penalty (weight decay = 0.05) to suppress stochastic noise, and final model
validation was quantified using the Coefficient of Determination (R2), Root Mean Square
Error (RMSE), and Mean Absolute Error (MAE). The resulting performance metrics and
relative predictor importance percentages are fully reported in Supplementary Table S4
for the root system and Supplementary Table S5 for the shoot system, with their corre-
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sponding factor variance partitions visually illustrated in Supplementary Figure S1 and
Supplementary Figure S2, respectively.

All statistical computations, model fittings, multivariate modelling, and data visuali-
sations were executed within the R software environment (R version 4.5.3) [114].

5. Conclusions
Given that large-scale germplasm collections manage thousands of maize accessions

that lack comprehensive biochemical characterisation regarding pericarp structure and
endosperm texture, and inherently exhibit variable water imbibition dynamics, the de-
ployment of highly individualised protocols is practically unfeasible. In response to this
challenge, our findings delineate that exposure to elevated temperatures of 30 ◦C should
be stringently avoided, as this treatment severely constrains early vegetative development.
Conversely, short-term hydration windows at lower temperatures remain insufficient to
fully overcome structural latency. The evaluation of accessions from diverse agro-ecological
origins effectively demonstrates that hydropriming, set at a prolonged immersion period of
24 h strictly maintained at 20 ◦C, provides a highly effective and operationally viable stimu-
latory framework. By safely stimulating post-storage germinative reactivation and seedling
development in the investigated germplasm under controlled conditions, this specific pro-
tocol increases early seedling growth and protects the developing photosynthetic apparatus
during the critical heterotrophic-to-autotrophic transition. However, given the limited
number of genotypes evaluated in this study, the observed response patterns must be
interpreted as trait- and genotype-specific. Further studies under dynamic field conditions
across wider genetic diversity panels covering different endosperm textures and ecotypes
are required to monitor subsequent plant growth until maturity and to fully evaluate the
efficiency of this pre-sowing treatment during routine germplasm regeneration.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants15213479/s1, Table S1: Two-way analysis of variance
(ANOVA) F-statistics, significance levels, and coefficients of variation (CV) for the evaluated morpho-
physiological and biochemical traits in local maize landraces under hydropriming treatments;
Table S2: Contribution of variables (%) to the first two principal components (PC1 and PC2) for:
(a) seedling root and (b) seedling shoot; Table S3: Artificial Neural Network architecture and data
partitioning; Table S4: Performance metrics and relative predictor importance (%) of the Multi-Layer
Perceptron (MLP) neural network models governing maize root responses under hydropriming
regimes; Table S5: Performance metrics and relative predictor importance (%) of the Multi-Layer
Perceptron (MLP) neural network models governing maize shoot responses under hydropriming
regimes; Figure S1: Relative predictor importance for root parameters; Figure S2: Relative predictor
importance for shoot parameters.
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Abbreviations
The following abbreviations are used in this manuscript:

GC germination capacity
RFW root fresh weight
RDW root dry weight
RL root length
SFW shoot fresh weight
SDW shoot dry weight
SL shoot length
Pphy phytate phosphorus
GSH reduced glutathione
YP yellow pigment
DPPH 2,2-diphenyl-1-picrylhydrazyl
ROS Reactive Oxygen Species
ATP adenosine triphosphate
MRIZP Maize Research Institute Zemun Polje
ISTA International Seed Testing Association
PCA Principal Component Analysis
ANN Artificial Neural Network
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42. Ermiş, S.; Öktem, G.; Gökdaş, Z.; Demir, I. Hydropriming affects seed germination and seedling performance in sweet corn
cultivars. In Proceedings of the III. Balkan Agriculture Congress, Edirne, Turkey, 29 August–1 September, 2021.

43. Marques, B.C.; Jorge, L.M.M.; Jorge, R.M.M. Hydration kinetics, physicochemical composition, and textural changes of transgenic
corn kernels of flint, semi-flint, and dent varieties. Food Sci. Technol. 2014, 34, 88–93. [CrossRef]

44. Nonogaki, H.; Bassel, G.W.; Bewley, J.D. Germination—Still a mystery. Plant Sci. 2010, 179, 574–581. [CrossRef]
45. Rolletschek, H.; Borisjuk, L.; Gómez-Álvarez, E.M.; Pucciariello, C. Advances in seed hypoxia research. Plant Physiol. 2024, 197,

kiae556. [CrossRef] [PubMed]
46. Corbineau, F. Markers of seed quality: From present to future. Seed Sci. Res. 2012, 22, S61–S68. [CrossRef]
47. Farooq, M.; Basra, S.M.A.; Afzal, I.; Khaliq, A. Optimization of hydropriming techniques for rice seed invigoration. Seed Sci.

Technol. 2006, 34, 507–512. [CrossRef]
48. Hager, A. Role of the plasma membrane H+-ATPase in auxin-induced elongation growth: Historical and new aspects. J. Plant Res.

2003, 116, 483–505. [CrossRef] [PubMed]
49. Aoki, N.; Scofield, G.N.; Wang, X.D.; Offler, C.E.; Patrick, J.W.; Furbank, R.T. Pathway of sugar transport in germinating wheat

seeds. Plant Physiol. 2006, 141, 1255–1263. [CrossRef] [PubMed]
50. Duke, S.H.; Kakefuda, G. Role of the testa in preventing cellular rupture during imbibition of legume seeds. Plant Physiol. 1981,

67, 449–456. [CrossRef] [PubMed]
51. Hussain, S.M.; Hanif, S.; Sharif, A.; Bashir, F.; Iqbal, H. Unrevealing the sources and catalytic functions of Phytase with

multipurpose characteristics. Catal. Lett. 2022, 152, 1358–1371. [CrossRef]
52. Pompelli, M.F.; Jarma-Orozco, A.; Rodriguez-Páez, L.A. Imbibition and Germination of Seeds with Economic and Ecological

Interest: Physical and Biochemical Factors Involved. Sustainability 2023, 15, 5394. [CrossRef]
53. Haruta, M.; Sussman, M.R. The effect of a genetically reduced plasma membrane protonmotive force on vegetative growth of

Arabidopsis. Plant Physiol. 2012, 158, 1158–1171. [CrossRef] [PubMed]
54. Takahashi, K.; Hayashi, K.; Kinoshita, T. Auxin activates the plasma membrane H+-ATPase by phosphorylation during hypocotyl

elongation in Arabidopsis. Plant Physiol. 2012, 159, 632–641. [CrossRef] [PubMed]
55. Haruta, M.; Gray, W.M.; Sussman, M.R. Regulation of the plasma membrane proton pump (H+-ATPase) by phosphorylation.

Curr. Opin. Plant Biol. 2015, 28, 68–75. [CrossRef] [PubMed]
56. Foyer, C.H.; Noctor, G. Redox homeostasis and antioxidant signaling: A metabolic interface between stress perception and

physiological responses. Plant Cell 2005, 17, 1866–1875. [CrossRef] [PubMed]
57. Foyer, C.H.; Noctor, G. Oxidant and antioxidant signaling in plants: A re-evaluation of the concept of oxidative stress in a

physiological context. Plant Cell Environ. 2005, 28, 1056–1071. [CrossRef]
58. Zechmann, B. Compartment-specific importance of glutathione during abiotic and biotic stress. Front. Plant Sci. 2014, 5, 566.

[CrossRef] [PubMed]
59. Hasanuzzaman, M.; Nahar, K.; Anee, T.I.; Fujita, M. Glutathione in plants: Biosynthesis and physiological role in environmental

stress tolerance. Physiol. Mol. Biol. Plants 2017, 23, 249–268. [CrossRef] [PubMed]
60. Lattanzio, V. Relationship of Phenolic Metabolism to Growth in Plant and Cell Cultures Under Stress. In Plant Cell and Tissue

Differentiation and Secondary Metabolites, 1st ed.; Reference Series in Phytochemistry; Ramawat, K.G., Ekiert, H.M., Goyal, S., Eds.;
Springer: Cham, Switzerland, 2021; pp. 837–868. [CrossRef]

61. Maoka, T. Carotenoids as natural functional pigments. J. Nat. Med. 2020, 74, 1–16. [CrossRef] [PubMed]
62. Khaleghnezhad, V.; Yousefi, A.R.; Tavakoli, A.; Farajmand, B. Interactive effects of abscisic acid and temperature on rosmarinic

acid, total phenolic compounds, anthocyanin, carotenoid and flavonoid content of dragonhead (Dracocephalum moldavica L.). Sci.
Hortic. 2019, 250, 302–309. [CrossRef]

63. Di, X.; Hu, R.; Gao, Y.; Schaller, H.; Madhujith, T.; Hao, G.; Hemmerlin, A.; Liao, P. Bridging Metabolic Pathways: Coordinated
Regulation of Isoprenoid and Phenylpropanoid Metabolism in Plants. J. Exp. Bot. 2026, 22, erag199. [CrossRef] [PubMed]

64. Amarowicz, R.; Peggb, R.B.; Rahimi-Moghaddamc, P.; Barld, B.; Weil, J.A. Free-radical scavenging capacity and antioxidant
activity of selected plant species from the Canadian prairies. Food Chem. 2004, 84, 551–562. [CrossRef]

65. Chugh, V.; Kaur, N.; Kumar Gupta, A.; Rai, A. The seed biochemical signature as a potent marker for water logging tolerance in
maize. Plant Stress 2022, 4, 100085. [CrossRef]

66. Kumar Tewari, A.; Charan Tripathy, B. Temperature-stress-induced impairment of chlorophyll biosynthetic reactions in cucumber
and wheat. Plant Physiol. 1998, 117, 851–858. [CrossRef] [PubMed]

67. Odoom, A.; Ofosu, W. Role of Phosphorus in the Photosynthetic Dark Phase Biochemical Pathways. In Phosphorus in Soils and
Plants, 3rd ed.; Anjum, N.A., Masood, A., Umar, S., Khan, N.A., Eds.; IntechOpen: London, UK, 2024; 162p. [CrossRef]

https://doi.org/10.3390/plants15213479

https://doi.org/10.15835/nbha48111806
https://doi.org/10.1007/978-1-4614-4693-4
https://doi.org/10.1590/S0101-20612014000100013
https://doi.org/10.1016/j.plantsci.2010.02.010
https://doi.org/10.1093/plphys/kiae556
https://www.ncbi.nlm.nih.gov/pubmed/39471319
https://doi.org/10.1017/S0960258511000419
https://doi.org/10.15258/sst.2006.34.2.25
https://doi.org/10.1007/s10265-003-0110-x
https://www.ncbi.nlm.nih.gov/pubmed/12937999
https://doi.org/10.1104/pp.106.082719
https://www.ncbi.nlm.nih.gov/pubmed/16766668
https://doi.org/10.1104/pp.67.3.449
https://www.ncbi.nlm.nih.gov/pubmed/16661692
https://doi.org/10.1007/s10562-021-03752-z
https://doi.org/10.3390/su15065394
https://doi.org/10.1104/pp.111.189167
https://www.ncbi.nlm.nih.gov/pubmed/22214817
https://doi.org/10.1104/pp.112.196428
https://www.ncbi.nlm.nih.gov/pubmed/22492846
https://doi.org/10.1016/j.pbi.2015.09.005
https://www.ncbi.nlm.nih.gov/pubmed/26476298
https://doi.org/10.1105/tpc.105.033589
https://www.ncbi.nlm.nih.gov/pubmed/15987996
https://doi.org/10.1111/j.1365-3040.2005.01327.x
https://doi.org/10.3389/fpls.2014.00566
https://www.ncbi.nlm.nih.gov/pubmed/25368627
https://doi.org/10.1007/s12298-017-0422-2
https://www.ncbi.nlm.nih.gov/pubmed/28461715
https://doi.org/10.1007/978-3-030-30185-9_8
https://doi.org/10.1007/s11418-019-01364-x
https://www.ncbi.nlm.nih.gov/pubmed/31588965
https://doi.org/10.1016/j.scienta.2019.02.057
https://doi.org/10.1093/jxb/erag199
https://www.ncbi.nlm.nih.gov/pubmed/42017303
https://doi.org/10.1016/S0308-8146(03)00278-4
https://doi.org/10.1016/j.stress.2022.100085
https://doi.org/10.1104/pp.117.3.851
https://www.ncbi.nlm.nih.gov/pubmed/9662527
https://doi.org/10.5772/intechopen.112573
https://doi.org/10.3390/plants15213479


Plants 2026, 15, 3479 37 of 38

68. Considine, M.J.; Foyer, C.H. Metabolic regulation of quiescence in plants. Plant J. 2023, 114, 1132–1148. [CrossRef] [PubMed]
69. Nadeem, M.; Mollier, A.; Morel, C.; Shahid, M.; Aslam, M.; Zia-ur-Rehman, M.; Wahid, M.A.; Pellerin, S. Maize seedling

phosphorus nutrition: Allocation of remobilized seed phosphorus reserves and external phosphorus uptake to seedling roots and
shoots during early growth stages. Plant Soil 2013, 371, 327–338. [CrossRef]

70. Carstensen, A.; Herdean, A.; Schmidt, S.B.; Sharma, A.; Spetea, C.; Pribil, M.; Husted, S. The impacts of phosphorus deficiency on
the photosynthetic electron transport chain. Plant Physiol. 2018, 177, 271–284. [CrossRef] [PubMed]

71. Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363–383. [CrossRef] [PubMed]

72. Lin, D.; Huang, Y.; Zhao, J.; Wu, Z.; Liu, S.; Qin, W.; Wu, D.; Hong Chen, H.; Zhang, Q. Evaluation of seed nitrate assimilation and
stimulation of phenolic-linked antioxidant on pentose phosphate pathway and nitrate reduction in three feed-plant species. BMC
Plant Biol. 2020, 20, 267. [CrossRef] [PubMed]

73. Figueroa-Macías, J.P.; García, Y.C.; Núñez, M.; Díaz, K.; Olea, A.F.; Espinoza, L. Plant Growth-Defense Trade-Offs: Molecular
Processes Leading to Physiological Changes. Int. J. Mol. Sci. 2021, 22, 693. [CrossRef] [PubMed]

74. Li, Q.; Tong, Y.; Tong, H. Regulation of root-to-shoot ratio in plant resource allocation by external and internal cues. J. Genet.
Genom. 2026, in press. [CrossRef] [PubMed]

75. Nietzel, T.; Mostertz, J.; Ruberti, C.; Née, G.; Fuchs, P.; Wagner, S.; Moseler, A.; Müller-Schüssele, S.J.; Benamar, A.; Poschet, G.;
et al. Redox-mediated kick-start of mitochondrial energy metabolism drives resource-efficient seed germination. Proc. Natl. Acad.
Sci. USA 2020, 117, 741–751. [CrossRef] [PubMed]

76. Liu, J.; Shao, Y.; Feng, X.; Otie, V.; Matsuura, A.; Irshad, M.; Zheng, Y.; An, P. Cell Wall Components and Extensibility Regulate
Root Growth in Suaeda salsa and Spinacia oleracea under Salinity. Plants 2022, 11, 900. [CrossRef] [PubMed]

77. Sung, H.G.; Shin, H.T.; Ha, J.K.; Lai, H.-L.; Cheng, K.-J.; Lee, J.H. Effect of germination temperature on characteristics of phytase
production from barley. Bioresour. Technol. 2005, 96, 1297–1303. [CrossRef] [PubMed]

78. Veselova, T.V.; Veselovskii, V.A.; Usmanov, P.D.; Usmanova, O.V.; Kozar, V.I. Hypoxia and Imbibition Injuries to Aging Seeds.
Russ. J. Plant Physiol. 2003, 50, 835–842. [CrossRef]

79. Li, F.; Vallabhaneni, R.; Wurtzel, E.T. PSY3, a new member of the phytoene synthase gene family conserved in the Poaceae and
regulator of abiotic stress-induced root carotenogenesis. Plant Physiol. 2008, 146, 1333–1345. [CrossRef] [PubMed]

80. Striker, G.G.; Yamauchi, T.; Mollard, F.P.O. Maize physiology under waterlogging: Shoot and root adaptive responses to mitigate
low oxygen stress. J. Exp. Bot. 2025, 77, 6815–6827. [CrossRef] [PubMed]

81. Herms, D.A.; Mattson, W.J. The dilemma of plants: To grow or defend. Q. Rev. Biol. 1992, 67, 283–335. [CrossRef]
82. Foyer, C.H.; Noctor, G. Redox regulation in photosynthetic organisms: Signaling, acclimation, and practical implications. Antioxid.

Redox Signal. 2009, 11, 861–905. [CrossRef] [PubMed]
83. Amthor, J.S. The McCree–de Wit–Penning de Vries–Thornley Respiration Paradigms: 30 Years Later. Ann. Bot. 2000, 86, 1–20.

[CrossRef]
84. Bailly, C. Active oxygen species and antioxidants in seed biology. Seed Sci. Res. 2004, 14, 93–107. [CrossRef]
85. Tyagi, S.; Tyagi, P.K.; Kumar, A.; Yadav, R.K. Artificial Intelligence and Digital Technologies for Smart Farming and Precision

Agriculture. Phytores. Tech. 2026, 1, 4. [CrossRef]
86. Bradford, K.J. A water relations analysis of seed germination rates. Plant Physiol. 1990, 94, 840–849. [CrossRef] [PubMed]
87. Bai, B.; Sikron, N.; Gendler, T.; Kazachkova, Y.; Barak, S.; Grafi, G.; Khozin-Goldberg, I.; Fait, A. Ecotypic Variability in the

Metabolic Response of Seeds to Diurnal Hydration–Dehydration Cycles and its Relationship to Seed Vigor. Plant Cell Physiol.
2012, 53, 38–52. [CrossRef] [PubMed]

88. Laule, O.; Fürholz, A.; Chang, H.-S.; Zhu, T.; Wang, X.; Heifetz, P.B.; Gruissem, W.; Lange, B.M. Crosstalk between cytosolic and
plastidial pathways of isoprenoid biosynthesis in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2003, 100, 6866–6871. [CrossRef]
[PubMed]

89. Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of Phenylpropanoid Pathway and the Role of
Polyphenols in Plants under Abiotic Stress. Molecules 2019, 24, 2452. [CrossRef] [PubMed]

90. Tognetti, V.; Bielach, A.; Hrtyan, M. Redox regulation at the site of primary growth: Auxin, cytokinin and ROS crosstalk: Apical
meristems plasticity in response to stress. Plant Cell Environ. 2017, 40, 2586–2605. [CrossRef] [PubMed]

91. Belgaroui, N.; Lacombe, B.; Rouached, H.; Hanin, M. Phytase overexpression in Arabidopsis improves plant growth under
osmotic stress and in combination with phosphate deficiency. Sci. Rep. 2018, 8, 1137. [CrossRef] [PubMed]

92. Bailly, C.; Bogatek-Leszczynska, R.; Come, D.; Corbineau, F. Changes in activities of antioxidant enzymes and lipoxygenase
during growth of sunflower seedlings from seeds of different vigour. Seed Sci. Res. 2002, 12, 47–55. [CrossRef]

93. Bradford, K.J. Applications of hydrothermal time to quantifying and modeling seed germination and dormancy. Weed Sci. 2009,
50, 248–260. [CrossRef]

94. Smolikova, G.; Medvedev, S. Seed-to-Seedling Transition: Novel Aspects. Plants 2022, 11, 1988. [CrossRef] [PubMed]

https://doi.org/10.3390/plants15213479

https://doi.org/10.1111/tpj.16216
https://www.ncbi.nlm.nih.gov/pubmed/36994639
https://doi.org/10.1007/s11104-013-1689-x
https://doi.org/10.1104/pp.17.01624
https://www.ncbi.nlm.nih.gov/pubmed/29540590
https://doi.org/10.1038/s41580-020-0230-3
https://www.ncbi.nlm.nih.gov/pubmed/32231263
https://doi.org/10.1186/s12870-020-02453-w
https://www.ncbi.nlm.nih.gov/pubmed/32517649
https://doi.org/10.3390/ijms22020693
https://www.ncbi.nlm.nih.gov/pubmed/33445665
https://doi.org/10.1016/j.jgg.2026.07.010
https://www.ncbi.nlm.nih.gov/pubmed/42521009
https://doi.org/10.1073/pnas.1910501117
https://www.ncbi.nlm.nih.gov/pubmed/31871212
https://doi.org/10.3390/plants11070900
https://www.ncbi.nlm.nih.gov/pubmed/35406880
https://doi.org/10.1016/j.biortech.2004.10.010
https://www.ncbi.nlm.nih.gov/pubmed/15734318
https://doi.org/10.1023/B:RUPP.0000003283.24523.82
https://doi.org/10.1104/pp.107.111120
https://www.ncbi.nlm.nih.gov/pubmed/18162592
https://doi.org/10.1093/jxb/eraf424
https://www.ncbi.nlm.nih.gov/pubmed/41002234
https://doi.org/10.1086/417659
https://doi.org/10.1089/ars.2008.2177
https://www.ncbi.nlm.nih.gov/pubmed/19239350
https://doi.org/10.1006/anbo.2000.1175
https://doi.org/10.1079/SSR2004159
https://doi.org/10.67443/pt-2026-01010004
https://doi.org/10.1104/pp.94.2.840
https://www.ncbi.nlm.nih.gov/pubmed/16667786
https://doi.org/10.1093/pcp/pcr169
https://www.ncbi.nlm.nih.gov/pubmed/22156384
https://doi.org/10.1073/pnas.1031755100
https://www.ncbi.nlm.nih.gov/pubmed/12748386
https://doi.org/10.3390/molecules24132452
https://www.ncbi.nlm.nih.gov/pubmed/31277395
https://doi.org/10.1111/pce.13021
https://www.ncbi.nlm.nih.gov/pubmed/28708264
https://doi.org/10.1038/s41598-018-19493-w
https://www.ncbi.nlm.nih.gov/pubmed/29348608
https://doi.org/10.1079/SSR200197
https://doi.org/10.1614/0043-1745(2002)050[0248:AOHTTQ]2.0.CO;2
https://doi.org/10.3390/plants11151988
https://www.ncbi.nlm.nih.gov/pubmed/35956466
https://doi.org/10.3390/plants15213479


Plants 2026, 15, 3479 38 of 38

95. Finch-Savage, W.E.; Leubner-Metzger, G. Seed dormancy and the control of germination. New Phytol. 2006, 171, 501–523.
[CrossRef] [PubMed]

96. Wawrzyniak, M.K.; Kalemba, E.M.; Ratajczak, E.; Chmielarz, P. Oxidation processes related to seed storage and seedling growth
of Malus sylvestris, Prunus avium and Prunus padus. PLoS ONE 2020, 15, e0234510. [CrossRef] [PubMed]

97. Arenas, S.; Djabali, Y.; Rincent, R.; Cubry, P.; Martin, M.L.; Blein-Nicolas, M.; Laplaze, L.; Schneider, H.; Grondin, A. Modeling
plant phenotypic plasticity and its underlying genetic architecture: A comparative study. J. Exp. Bot. 2025, 76, 2239–2251.
[CrossRef] [PubMed]

98. Boss, W.F.; Sederoff, H.W.; Im, Y.J.; Moran, N.; Grunden, A.M.; Perera, I.Y. Basal signaling regulates plant growth and development.
Plant Physiol. 2010, 154, 439–443. [CrossRef] [PubMed]

99. Bello, P.; Bradford, K.J. Single-seed oxygen consumption measurements and population-based threshold models link respiration
and germination rates under diverse conditions. Seed Sci. Res. 2016, 23, 199–221. [CrossRef]

100. Azeke, M.A.; Egielewa, S.J.; Eigbogbo, M.U.; Ihimire, I.G. Effect of germination on the phytase activity, phytate and total
phosphorus contents of rice (Oryza sativa), maize (Zea mays), millet (Panicum miliaceum), sorghum (Sorghum bicolor) and wheat
(Triticum aestivum). J. Food Sci. Technol. 2011, 48, 724–729. [CrossRef] [PubMed]

101. Dastanpoor, N.; Fahimi, H.; Shariati, M.; Davazdahemami, S.; Hashemi, S.M.M. Effects of hydropriming on seed germination and
seedling growth in sage (Salvia officinalis L.). Afr. J. Biotechnol. 2013, 12, 1223–1228.

102. Bibi, R.; Elahi, N.N.; Danish, S.; Alahmadi, T.A.; Ansari, M.J. Enhancing germination and growth of canola (Brassica napus L.)
through hydropriming and NaCl priming. Sci. Rep. 2024, 14, 14026. [CrossRef] [PubMed]

103. Abreu, V.M.; Silva Neta, I.C.; Von Pinho, E.V.; Naves, G.M.; Guimarães, R.M.; Santos, H.O.; Von Pinho, R.G. Heat-resistant protein
expression during germination of maize seeds under water stress. Genet. Mol. Res. 2016, 15, gmr.15038535. [CrossRef] [PubMed]

104. Meng, A.; Wen, D.; Zhang, C. Maize Seed Germination Under Low-Temperature Stress Impacts Seedling Growth Under Normal
Temperature by Modulating Photosynthesis and Antioxidant Metabolism. Front. Plant Sci. 2022, 13, 843033. [CrossRef] [PubMed]

105. Fabrissin, I.; Sano, N.; Seo, M.; North, H.M. Ageing beautifully: Can the benefits of seed priming be separated from a reduced
lifespan trade-off? J. Exp. Bot. 2021, 72, 2312–2333. [CrossRef] [PubMed]

106. FAO. Genebank Standards for Plant Genetic Resources for Food and Agriculture, Rev. ed.; Food and Agriculture Organization of the
United Nations: Rome, Italy, 2014.

107. International Seed Testing Association (ISTA). ISTA Handbook on Seedling Evaluation, 4th ed.; Don, R., Ducournau, S., Eds.;
International Seed Testing Association: Bassersdorf, Switzerland, 2018.

108. Zhang, T.; Fan, S.; Xiang, Y.; Zhang, S.; Wang, J.; Sun, Q. Non-destructive analysis of germination percentage, germination energy
and simple vigour index on wheat seeds during storage by Vis/NIR and SWIR hyperspectral imaging. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 2020, 239, 118488. [CrossRef] [PubMed]

109. Dragičević, V.; Sredojević, S.; Perić, V.; Nišavić, A.; Srebrić, M. Validation study of a rapid colorimetric method for the determina-
tion of phytic acid and inorganic phosphorus from seeds. Acta Per. Tech. 2011, 42, 11–21. [CrossRef]

110. Sari-Gorla, M.; Ferrario, S.; Rossini, L.; Frova, C.; Villa, M. Developmental expression of glutathione-s-transferase in maize and its
possible connection with herbicide tolerance. Euphytica 1993, 67, 221–230. [CrossRef]

111. Simić, A.; Sredojević, S.; Todorović, M.; Ðukanović, L.; Radenović, C. Studies on the relationship between the content of total
phenolics in exudates and germination ability of maize seed during accelerated aging. Seed Sci. Technol. 2004, 32, 213–218.
[CrossRef]

112. Lichtenthaler, H.K.; Buschmann, C. Chlorophylls and carotenoids: Measurement and Characterization by UV-VIS spectroscopy.
Curr. Protoc. Food Anal. Chem. 2001, 1, F4.3.1–F4.3.8. [CrossRef]

113. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. Food Sci. Technol. 1995,
28, 25–30. [CrossRef]

114. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2026. Available online: https://www.R-project.org/ (accessed on 17 August 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15213479

https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://www.ncbi.nlm.nih.gov/pubmed/16866955
https://doi.org/10.1371/journal.pone.0234510
https://www.ncbi.nlm.nih.gov/pubmed/32555619
https://doi.org/10.1093/jxb/eraf013
https://www.ncbi.nlm.nih.gov/pubmed/39812577
https://doi.org/10.1104/pp.110.161232
https://www.ncbi.nlm.nih.gov/pubmed/20921159
https://doi.org/10.1017/S0960258516000179
https://doi.org/10.1007/s13197-010-0186-y
https://www.ncbi.nlm.nih.gov/pubmed/23572811
https://doi.org/10.1038/s41598-024-63948-2
https://www.ncbi.nlm.nih.gov/pubmed/38890414
https://doi.org/10.4238/gmr.15038535
https://www.ncbi.nlm.nih.gov/pubmed/27525950
https://doi.org/10.3389/fpls.2022.843033
https://www.ncbi.nlm.nih.gov/pubmed/35310673
https://doi.org/10.1093/jxb/erab004
https://www.ncbi.nlm.nih.gov/pubmed/33512455
https://doi.org/10.1016/j.saa.2020.118488
https://www.ncbi.nlm.nih.gov/pubmed/32470809
https://doi.org/10.2298/APT1142011D
https://doi.org/10.1007/BF00040624
https://doi.org/10.15258/sst.2004.32.1.22
https://doi.org/10.1002/0471142913.faf0403s01
https://doi.org/10.1016/S0023-6438(95)80008-5
https://www.R-project.org/
https://doi.org/10.3390/plants15213479

	Introduction 
	Results 
	Effects of Hydropriming on Germination Capacity, Early Seedling Growth, and Tissue-Specific Biochemical Profiles 
	Treatment-Driven Alterations in Parameter Coordination and Multivariate Profiling 
	Internal Correlation and Cross-Network Coordination of Morpho-Physiological and Biochemical Parameters 
	Multivariate Profiling and Hydropriming-Driven Separation of Target Parameters 
	Hierarchical Predictor Importance Governing Seedling Responses 


	Discussion 
	Hydration Dynamics and Physiological Thresholds for Seedling Homeostasis 
	Metabolic Adjustments and Antioxidant Defence 
	Integrative Metabolic Plasticity and Genotypic Constraints of Seed Recovery and Subsequent Seedling Performance 
	Relevance to Ex Situ Conservation: Methodological Boundaries and Limitations 

	Materials and Methods 
	Plant Materials 
	Experimental Design and Hydropriming Protocols 
	Germination Testing and Seedling Growth Metrics 
	Biochemical Assays 
	Statistical Analysis 

	Conclusions 
	References

