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Abstract

Rice (Oryza sativa) cultivation is highly relevant for global food security, yet germination
may be conditioned by the presence of the rice hull. Using hulled or dehulled rice seeds
can affect germination because the hull acts as both a physical barrier and a source of
inhibitory compounds. While dehulling may speed germination by improving water and
gas exchange and removing allelochemicals, it also increases vulnerability to damage
and pathogens. Specific seed treatments can help mitigate these challenges. This study
investigated the effects of mechanical dehulling and seed soaking with different elicitors,
including hydrogen peroxide (H2O2), Hammada scoparia extracts, and ferrous sulfate, on
Vialone Nano rice seed emergence and early vigor. Key findings revealed that dehulled
seeds presented better emergence compared to hulled seeds, likely due to the removal of
physical barriers and improved water uptake. However, hulled seeds were more responsive
to the treatments, showing marked improvements in emergence speed and seedling vigor.
The results demonstrate that while dehulling provides a natural advantage, seed treatments
with elicitors effectively bridges the performance gap for hulled seeds. These strategies
may offer sustainable approaches to improve crop establishment and overall productivity
in the local rice farming systems.
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1. Introduction
In recent years, growing pressure has been placed on the agri-food sector to ensure

global food security [1]. A primary driver is the degradation of arable land dedicated to
food production, triggered by rising soil erosion, aridity, salinization, and declining organic
carbon content [2]. This challenge is further aggravated by the climate change crisis and
increasing costs of farmers inputs, such as irrigation, fertilizer, and manual labor. These
factors need to be addressed to cope with challenges in food production particularly with
high value crops such as rice.

Rice (Oryza sativa) is a valued agricultural product since it is the third most cultivated
crop worldwide by both total tonnage and harvested surface area [3]. Consequently, it
serves as a staple food for over half of the global population [4]. Economically, its produc-
tion serves as the primary source of income and livelihood across producing countries.
In Europe, two-thirds of the rice production comes from Italy, where 41% is grown in the
Lombardy region [5,6]. The Vialone Nano variety is much preferred for consumption by
Italians, but it is characterized by high sensitivity to blast infection [7] and salinity stress
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conditions [8]. Moreover, it has also been known to have a low yield potential. Given its
cultural preference, considerable efforts have been made towards improving its yield.

High yield is a key indicator of a successful harvest. Numerous works have been
directed towards understanding and improving the reproductive stage as it is directly
link to yield [9,10]. However, germination should also be considered, since it dictates the
trajectory of all subsequent vegetative and reproductive phases. Superior germination
rates enhance seedling vigor, facilitating better field establishment and maximizing yield
potential [11].

Germination is initiated by water imbibition and progresses into a triphasic process [12,13].
The first phase is described as a rapid water uptake, followed by the second or lag phase that
spans from 20 to 48 h of imbibition in rice [12]. The lag phase is where key physiological
processes are initiated in preparation for the third phase. This is characterized by an additional
increase in water uptake, resulting in high turgor pressure within the embryo and endosperm.
This escalating turgor pressure operates in tandem with the enzymatic weakening of the seed
coat, inducing a mechanical rupture that permits radicle emergence [14]. To manage these
complex biochemical transitions, pre-sowing strategies such as seed priming can be used to
optimize germination kinetics and synchronize seedling emergence, ultimately safeguarding
final crop yield.

Seed priming can boost germination through controlled water uptake, which potenti-
ates the transcription and metabolic activities in the seed prior to radicle emergence [15].
Priming involves partial hydration followed by drying back to a moisture content suitable
for standard storage. Primed seeds exhibit faster stand establishment, improved competi-
tiveness against weeds, and often more tolerance to abiotic stresses, e.g., salinity, drought,
and low temperature [16–19]. Other user-friendly practices, specifically for farmers, in-
clude seed soaking approaches. While both techniques involve hydrating seeds to boost
metabolic activity, seed priming and soaking differ in their level of hydration control and
physiological outcomes. Unlike priming, seed soaking involves complete immersion in an
aqueous medium for a designated duration without a subsequent re-drying phase; while
this accelerates initial imbibition, the hydration step is less controlled, and the seeds cannot
be stored, so they need to be immediately sown [20,21].

In rice, the application of seed priming and soaking serves as a strategic intervention
to overcome some cultivation hurdles, like poor seedling establishment, asynchronous
emergence, and environmental stresses [22–24]. Additionally, the presence or removal of
the seed hull can influence the efficiency of these treatments and subsequent germination.
While hulled seeds are standard for field sowing to protect the embryo, the dehulled
ones are often used in laboratory settings to study physiological mechanisms or to bypass
dormancy. The hull serves as a protective layer but also acts as a primary regulator of the
lag phase, as it exerts a physical pressure that the emerging radicle must overcome via
increased internal turgor pressure and enzymatic softening [25]. The hull can also contain
germination inhibitors (such as abscisic acid or phenolic compounds) and restricts oxygen
diffusion to the embryo, which can maintain dormancy in certain genotypes [26]. Most
field-scale approaches (e.g., hydropriming and water soaking) are performed on hulled
seeds, as the presence of this layer helps to regulate the rate of water uptake, preventing
damage that can occur if the embryo is hydrated too rapidly. Removing the hull (dehulling),
although a more damaging approach for the seed, may be useful to eliminate the physical
and chemical barriers to germination, leading to distinct physiological changes. Without the
hull, water reaches rapidly the embryo, thus shortening the first phase of germination [12].
Dehulling is also a common technique to achieve high germination percentages in dormant
varieties, as it removes the source of many hull-borne inhibitors [26].

https://doi.org/10.3390/app16136429

https://doi.org/10.3390/app16136429


Appl. Sci. 2026, 16, 6429 3 of 15

Building on these premises, the present work aimed to investigate and potentially
improve the germination performance of Vialone Nano rice. Specifically, the work focused
on two complementary strategies: (1) the use of hulled and dehulled rice as sowing material
and (2) the development of variety-specific seed treatments. Because the Vialone Nano
variety is highly susceptible to seed-borne pathogens such as Magnaporthe oryzae (rice blast)
or the nematode Aphelenchoides besseyi, dehulling could serve as a mechanical phytosanitary
measure. The seed treatments to be tested in this work are based on previous findings
showing that 16 h pre-soaking in water or in ferrous sulphate solution improved rice
germination and tolerance to drought [18,27]. Here, additional agents, specifically hydrogen
peroxide (H2O2) and Hammada scoparia plant extract, were compared with conventional
water soaking and untreated seeds under controlled soil-based germination conditions.
The selection of H2O2 and H. scoparia extract is based on their synergistic antioxidant and
antimicrobial properties. H2O2 serves a dual purpose, acting as a signaling molecule to
promote germination and as a disinfectant for the seed surface [28]. The phytochemical
profile of H. scoparia, rich in phenolic and alkaloid compounds [29], provides a bio-based
antimicrobial barrier and enhances the radical scavenging capacity, thereby protecting it
from both oxidative damage and seed-borne pathogens.

2. Materials and Methods
2.1. Plant Materials

The experimental material consisted of Oryza sativa subsp. japonica, Vialone Nano
variety. Two categories of materials were tested, namely hulled (caryopses with lemma and
palea) and dehulled (with the outer hull mechanically removed) seeds. All seeds belong
to the same batch produced by Innova-Tech (Piedmont, Italy) during the 2023 growing
season. Seed were maintained in a storage room at controlled conditions (18 ◦C, dark, with
low relative humidity) until use (a few months). The moisture content of both hulled and
dehulled rice was 12%.

2.2. Experimental System and Treatments

The seed treatments were conducted following the protocol developed by Dueñas
et al. [27]. Briefly, 75 seeds/treatments (25 seeds/replicate) were soaked for 12 h in Petri
plates containing 5 mL of the following solutions (Figure 1):

• Water (W);
• Ferrous sulphate heptahydrate at 10 mM (FeSO4-10);
• Hydrogen peroxide at 75 mM and 100 mM concentrations (H2O2-75, H2O2-100);
• Hammada scoparia extract diluted to 1:2500 and 1:500 (Hs-1:2500 and Hs-1:500).

A set of non-treated (NT) hulled and dehulled seeds served as the control.
Subsequently, treated/untreated seeds were sown in well-watered soil trays (14.2 cm

length × width 20.2 cm) [18]. A total of 42 trays (3 replicates × 7 treatments × 2 seed types)
were prepared, each containing 80 g of unsterilized Semina BRM substrate (Vigorplant,
Fombio, Lodi, Italy). For each tray, 25 seeds were sown in a 5-column × 5-row arrangement.
A volume of 150 mL of tap water was uniformly supplied during sowing (0 DAS, days after
sowing) whereas 100 mL of water was supplied from the 1st (1 DAS) until the 14th day
(14 DAS) to sustain well-watered soil conditions. The trays were placed in a greenhouse
facility (GreenTechHouse, Department of Biology and Biotechnology, University of Pavia)
under the following conditions: 16/8 h light/dark, 22.4–30.3 ◦C, and 38–62% relative
humidity. The experimental system was monitored daily for 14 days (Figure 1).
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Figure 1. Overview of the experimental setup. NT, no treatment; W, water soaking; FeSO-10,
10 mM of ferrous sulphate heptahydrate; H2O2-75, 75 mM hydrogen peroxide; H2O2-100, 100 mM
hydrogen peroxide; Hs2500, 1:2500 dilution of Hammada scoparia extract; Hs500, 1:500 dilution of
Hammada scoparia.

2.3. Preparation and Characterization of the Hammada scoparia Extract

Hammada scoparia plant material was collected in Tunisia with the support of the
Institut des Régions Arides (IRA), Medenine, Tunisia. The plant material was authenticated
by botanist Dr. Mohammed Neffati according to the “Flora of Tunisia” catalogue, and
voucher specimens were deposited at the herbarium of the IRA. After collection, the plant
material was sun-dried and ground to a fine powder. For extract preparation, 250 g of
dried powdered plant material were macerated in 1 L of 50% methanol (v/v) for 24 h at
room temperature. After extraction, the liquid phase was recovered and filtered through
a 0.45 µm membrane filter. The filtered extract was then concentrated five-fold under
reduced pressure using a rotary evaporator (Rotavapor System R-300, Büchi Labortechnik
AG, Flawil, Switzerland) in order to remove methanol. The resulting concentrated aqueous
extract (pH 6.8) was finally filtered through a 0.22 µm membrane filter.

The prepared extract presented a total polyphenol content (TPC) of 70 ± 1.8 mg/g dry
weight (DW). This was determined using the Folin–Ciocalteu colorimetric method [30],
with minor modifications. Aliquots of the filtered extract were reacted with reagent, and
the absorbance was measured at 725 nm using a UV–Vis spectrophotometer. Gallic acid
was used to generate the calibration curve, and the total polyphenol content was expressed
as gallic acid equivalents (GAE).

2.4. Phenotyping Parameters

Seedling emergence data were collected at a 24 h interval. The emergence percentage
(E%), index (EI), speed (MET), peak values (PV), root to shoot ratio (R:S), and seedling
vigor index (SVI) were calculated, as indicated below.

The emergence percentage (E%) was calculated as the accumulative number of
emerged seedlings (defined as ≥1 mm above the soil surface) recorded on each day and
expressed as a percentage using the formula:

E% = (
number o f emerged seedlings
total number o f seeds sown

) × 100
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The mean emergence time (MET) was measured to indicate average speed of seedling
emergence, expressed as days, and was determined based on:

MET (days) = ∑[(N1 × 1) + . . . + (N14 × 14)]
∑(N1 + . . . + N14)

(1)

where N = the count of emerged seedlings at the day of recording.
The peak value (PV) was used to assess emergence vigor by integrating the speed and

magnitude of cumulative seedling emergence across the duration of assessment. It was
calculated according to the following equation:

PV (a.u.) =
Nn
Dn

(2)

where N = the number of germinated seeds on each day; D = the specific day when the
germinated seeds were counted; and a.u. = arbitrary units.

The emergence index (EI) is indicative of a weighted cumulative index. The index was
determined by summing the ratio of the number of newly emerged seedlings recorded at
each observation time to the corresponding day after sowing:

EI (a.u.) = ∑[(14 × N1) + (13 × N2) + · · · + (1 × N14)] (3)

where N = the number of germinated seeds on each day, and a.u. = arbitrary units.
At 14 days after sowing (DAS), five seedlings were randomly selected from each of

the three replicates for measuring seedling growth. Each tray was submerged in water to
loosen the soil attached to the roots and was carefully cleaned to avoid damage. Roots
and shoots were placed on a black cloth, and images were taken using a photo camera
(Apple iPhone 8Plus, California, CA, USA). The images were imported in the free online
software ImageJ version 1.54g (https://imagej.nih.gov/ij/download.html) for subsequent
processing and length measurements provided in millimeters (mm).

The root to shoot ratio (R:S) was determined by dividing the average root length by
the corresponding average shoot length. Values were expressed in arbitrary units (a.u.).
the seedling vigor index (SVI) was determined according to the following equation:

SVI (a.u.) = (shoot length + root length)× E% at 14DAS (4)

2.5. Statistical Analysis and Data Visualization

One-way and two-way ANOVAs with post hoc Duncan’s statistical test were conducted
using an online software (https://houssein-assaad.shinyapps.io/TableReport/, [31]).
Given the inherent structural differences between seed groups, one-way ANOVA was
used test to evaluate the effects of seed priming treatments within each seed group (hulled
and dehulled). The two-way ANOVA was subsequently used to assess the interaction effect
between seed type and treatment. Data normality and homoscedasticity were evaluated
prior to analysis using the Shapiro–Wilk and Levene tests in OriginPro 2026 Learning
Edition software (OriginLab Corporation, Northampton, MA, USA). Statistical significance
for all main effects and interactions was predetermined at a threshold of p < 0.05, and
subsequent mean comparisons were resolved using Duncan’s post hoc test.

Data visualization was conducted using OriginPro 2026, while heatmaps were gener-
ated using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/docs/Publications.xhtml).
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3. Results
3.1. Hulled and Dehulled Rice Showed Different Seedling Emergence After Seed Treatments

To evaluate the seedling emergence of hulled and dehulled seeds following treatments
with elicitors, E%, MET, and PV parameters were calculated (Figure 2, Tables S1 and S2).
Among the non-treated controls (NT), the maximum emergence (E%) of hulled rice was
significantly lower (46.67 ± 4.81%, Figure 2a) than that of the dehulled ones (74.67 ± 4.81%,
Figure 2b), as supported by the statistical analyses in Table S3 (see reported p-value for
seed type 0.001). Furthermore, the onset of emergence in hulled seeds occurred at 3 days
after sowing (DAS), whereas dehulling advanced the initiation of emergence to 2 DAS.

Figure 2. Evaluation of seedling emergence from hulled/dehulled rice seeds subjected to soaking
treatments with different elicitors. (a) Emergence percentage (E%) in hulled seeds. (b) Emergence (E%)
in dehulled seeds. (c) Mean emergence time (MET) values. (d) Peak value (PV). Statistical differences
(p < 0.05) were determined by one-way ANOVA with post hoc DUNCAN test, conducted separately
for hulled and dehulled seeds. Different letters indicate statistically significant differences among
samples. For E% and PV, all values and statistics are provided in Tables S1 and S2. NT, non-treated
control; W, water soaking; FeSO4-10 mM, treatment with 10 mM ferrous sulphate heptahydrate
solution; H2O2-75 mM, treatment with 75 mM hydrogen peroxide solution; H2O2-100 mM, treatment
with 100 mM hydrogen peroxide solution; Hs-1:2500, treatment with 1:2500 dilution solution of
Hammada scoparia extract; Hs-1:500, treatment with 1:500 dilution solution of Hammada scoparia extract;
a.u., arbitrary units.

Even if the applied treatment did not significantly improve E% at the end of the
monitoring period, emergence speed was accelerated as evidence by MET values. Untreated
hulled seeds required 7 days to emerge, while untreated dehulled rice only took an average
of 4 days (Figure 2c). In relation with the applied seed soaking, FeSO4-10 mM, Hs-1:2500,
and both H2O2 treatments were able to induce a faster emergence (≤ 6 days) in the hulled
seeds compared to their respective NT. However, this was not evidenced in the dehulled
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seeds. These data were further supported by the daily calculated peak value (PV). In hulled
seeds, PV was reached at 6 DAS, with the highest value recorded from seeds treated with
100 mM H2O2 (2.28 ± 0.39), whereas dehulled rice peaked at 4 DAS without any significant
difference among the treatments (Figure 2d, Table S2).

When considering the two-way ANOVA, taking into consideration both treatments
and seed type, significant p-values were registered mainly for the seed type (Table S3).
Therefore, removing the hull substantially impacted seedling emergence.

3.2. Seed Treatments Enhance Seedling Growth in Hulled Rice

The effect of the seed soaking with elicitors was also assessed at the seedling growth
level (Figure 3). To do so, the shoot and root length as well as the root to shoot ratio (R:S)
were calculated. All the treatments applied on hulled rice, except W, induced longer shoot
growth compared to NT (Figure 3a). This was most evident for the FeSO4-10 mM treatment,
which resulted in a significant increase in the root growth as well (Figure 3c). Seedling
growth from dehulled seeds showed no significant differences between the treated and
untreated groups (Figure 3b,d). The two-way ANOVA indicated that only shoot length
varied significantly based on seed type, treatment, and their interaction (Table S3). Seed
type exerted a considerable effect, as evidenced by the reduced growth of seedlings derived
from untreated hulled seeds (90.20 ± 27.10 mm; Figure 3a) compared to the dehulled ones
(234.18 ± 29.56 mm; Figure 3b). This can be attributed to the faster germination of the
dehulled seeds.

The root to shoot ratio (R:S) was calculated to investigate if the treatments may
have promoted a more balanced seedling growth and enhanced early root establishment
(Figure 3e). A higher R:S ratio was observed in seedlings obtained from hulled seeds
compared with dehulled rice. The treatments applied to hulled seeds promoted shoot
growth to a greater extent than root growth. In the case of the dehulled rice, water soaking
led to the highest R:S ratio (0.55 ± 0.05).

3.3. Seed Soaking with Elicitors Improved Vigor-Related Indices

The emergence index (EI) was evaluated among the treatments for both hulled and
dehulled seeds, as it indicates a weighted cumulative index of emergence (Figure 4a). As
evident from previous parameters, significant changes were only identified among the
treated hulled rice. In particular, seeds treated with 10 mM FeSO4 and H2O2 (75 mM
and 100 mM) displayed an improved EI, with the highest measured value registered for
100 mM H2O2.

Similar data were obtained regarding the seedling vigor index (SVI), calculated based
on the plant length and the E% at 14 DAS (Figure 4b). All the treatments applied to the
hulled seeds resulted in improved SVI values, thus potentially indicating an optimized
seedling establishment in the field. Alternatively, none of the treatments were able to
improve the SVI in dehulled seeds, but rather a negative effect was observed among the
materials obtained from the 1:2500 dilution of H. scoparia treatment. When considering
the two-way ANOVA, significant p-values were registered for all treatments, seed type,
and their interaction (Table S3). The untreated hulled seeds presented lower SVI values
compared with the dehulled seeds.
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Figure 3. Evaluation of seedling growth from hulled/dehulled rice seeds subjected to soaking
treatments with elicitors. (a) Shoot length in seedlings obtained from hulled seeds. (b) Shoot length
in seedlings obtained from dehulled seeds. (c) Root length in seedlings obtained from hulled seeds.
(d) Root length in seedlings obtained from dehulled seeds. (e) Root-to-shoot ratio (R:S). Statistical
differences (p < 0.05) were determined by one-way ANOVA with post hoc DUNCAN test, conducted
separately for hulled and dehulled seeds. Different letters indicate statistically significant differences
among samples. The box component of the box-and-whisker plot indicates the interquartile range
(25th–75th percentiles); the whiskers represent the 5th–95th percentiles; the “×” symbol denotes
the mean; the horizontal line within each box indicates the median; and each diamond represents a
data point. NT, non-treated control; W, water soaked; FeSO4-10 mM, treatment with 10 mM ferrous
sulphate heptahydrate solution; H2O2-75 mM, treatment with 75 mM hydrogen peroxide solution;
H2O2-100 mM, treatment with 100 mM hydrogen peroxide solution; Hs-1:2500, treatment with 1:2500
dilution solution of Hammada scoparia extract; Hs-1:500, treatment with 1:500 dilution solution of
Hammada scoparia extract.
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Figure 4. Violin plots representing emergence index (a) and seedling vigor index (b) of Vialone Nano
hulled and dehulled seeds subjected to soaking with elicitors. Statistical differences (p < 0.05) were
determined by one-way ANOVA with post hoc DUNCAN test, conducted separately for hulled and
dehulled seeds. Different letters indicate statistically significant differences among samples. The
white colored diamond within the violin plots indicates the mean values. NT, unprimed control;
W, water soaked; FeSO4-10 mM, treatment with 10 mM ferrous sulphate heptahydrate solution;
H2O2-75 mM, treatment with 75 mM hydrogen peroxide solution; H2O2-100 mM, treatment with
100 mM hydrogen peroxide solution; Hs-1:2500, treatment with 1:2500 dilution solution of Hammada
scoparia extract; Hs-1:500, treatment with 1:500 dilution solution of Hammada scoparia extract.

3.4. Integrative Phenotyping Analyses

An integrated analysis was performed to capture a global overview of the seed treat-
ments effect on the emergence of Vialone Nano hulled and dehulled seeds (Figure 5).
Specific data points were considered when generating the individual heatmaps to provide
a concise summary with low data noise. Only E% at 14 DAS was selected for the emergence
data, while PV from 4 to 6 DAS was used to capture the time points where the highest
number of emerged seedlings was recorded. These data points were combined with the EI,
MET, Root, Shoot, R:S, and SVI to highlight the seed vigor, emergence speed, and seedling
growth. For the hulled seeds (Figure 5a), two distinctive clusters were obtained based on
the applied treatments. Specifically, treatments with H2O2 (75 mM and 100 mM), 10 mM
FeSO4, and 1:2500 dilution of H. scoparia extract clustered together and separately from NT,
W, and 1:500 dilution of H. scoparia extract. While the first cluster is relative with specific
improvements, the second includes the controls and treatments that had few to no benefi-
cial effect. Among the positive treatments, 100 mM H2O2 showed highest improvements
in most of the analyzed parameters. In the case of the dehulled seeds (Figure 5b), the
clustering pattern was more variegated, indicating that some treatments (e.g., 100 mM
H2O2 and 1:500 dilution H. scoparia extract) presented negative effects compared to NT.
Alternatively, treatments that were able to slightly improve germination included 10 mM
FeSO4 and 75 mM H2O2.
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Figure 5. Summary heatmaps grouping the datasets obtained from hulled (a) and dehulled (b) rice
seeds. NT, no treatment; W, water soaked; FeSO4-10 mM, soaking with 10 mM ferrous sulphate
heptahydrate solution; H2O2-75 mM, soaking with 75 mM hydrogen peroxide solution; H2O2-
100 mM, soaking with 100 mM hydrogen peroxide solution; Hs-1:2500, soaking with 1:2500 dilution
solution of H. scoparia extract; soaking with 1:500 dilution solution of H. scoparia extract.

4. Discussion
Plant biostimulants, defined as substances or microorganisms that improve nutrient

use efficiency, plant growth, stress resilience, and crop quality, are gaining increased
attention within the sustainable agriculture approaches [32,33]. This is reflected also in the
global biostimulant market, which is undergoing rapid growth and a transition toward
more targeted, high-efficiency application methods to mitigate the impacts of climate
change [34].

Elicitors applied as seed soaking treatments can function as biostimulants by en-
hancing the physiological and metabolic processes that support germination and seedling
establishment [35–37]. Elicitors include (1) phytohormones and regulators (e.g., gibberellins,
abscisic acid, and melatonin), (2) minerals and chemical osmotic agents (e.g., KNO3, FeCl3,
and PEG), (iii3) nanomaterials and trace elements (e.g., selenium and zinc oxide nanoparti-
cles), and (4) biostimulants (natural extracts, iron chlorine, and PGPR) [35,36,38–41]. Inte-
grating biostimulants into seed treatments offers a more sustainable approach to optimize
germination performance, stress response, and subsequent yield. Among the diverse array
of biostimulating agents, natural extracts and biological derivatives have demonstrated
significant efficacy when applied as seed treatments [18,27,42]. Seaweed and microalgal
extracts (e.g., Ascophyllum nodosum and Ecklonia maxima), protein hydrolysates, amino
acids, humic substances, and plant waste extracts are among the most used [43–46]. These
agents trigger physiological and biochemical responses, accelerating starch metabolism via
α-amylase activation and enhancing osmotic adjustment and antioxidant systems [47–49].

While elicitors are traditionally recognized for their ability to activate plant defense and
stress-response pathways, increasing evidence indicates that when applied at appropriate
concentrations, they can also stimulate beneficial physiological responses during early
plant development [50–52]. Through controlled seed imbibition, these compounds may
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prime cellular metabolism and improve resource mobilization [53]. Such effects can lead to
faster and more uniform emergence, ultimately improving seedling establishment.

Although the application of seed treatments is commonly used, several drawbacks
are reported, inclusively the fact that they are species-, genotype-, and seed-lot depen-
dent [18,27,54]. This variability necessitates the systematic development and optimization
of tailored protocols for distinct genetic materials. Thus, the current work proposes treat-
ments specifically directed to improve seedling emergence in Vialone Nano, a key commer-
cial rice variety in Lombardy. Moreover, this research introduces a novel framework by
comparing the responses of hulled and dehulled seeds, an aspect previously underexplored
in this context. While the protective husk acts as a barrier against suboptimal conditions
and pathogens like Magnaporthe oryzae [7], it also enforces seed dormancy by restricting the
oxygen and water uptake essential for germination [26].

Based on the performed phenotypic analyses, the use of dehulled seeds significantly
accelerated the emergence under controlled soil conditions compared to hulled seeds. This
was reflected also in an improved root to shoot ratio and seedling vigor index. These
observations can be attributed to the removal of the hull, which acts as a mechanical and
chemical barrier. Hull removal facilitates water uptake, increases oxygen availability, and al-
leviates physical dormancy, collectively influencing early activation of the pre-germinative
metabolism [13].

With regard to the tailored seed soaking treatments applied in this work, the integra-
tive multivariate analysis revealed that utilizing FeSO4, H. scoparia extract, and exogenous
H2O2 significantly enhanced seedling emergence and early development compared to
untreated or water-soaked hulled seeds. For the dehulled seeds, these improvements
were minimal given the already enhanced parameters observed with this type of mate-
rials. While the efficacy of H2O2 and FeSO4 priming is well documented [27,54–56], the
innovative aspects of this work include the addition of H. scoparia plant extracts with
biostimulant activity. Mostly used as a medicinal plant [57–59], H. scoparia is abundant in
total phenolics, flavonoids, and specialized alkaloids that present potent antioxidant and
free-radical scavenging capabilities. Due to the high concentration of a multitude of sec-
ondary metabolites, these extracts need to be highly diluted in order to exert a stimulatory
activity. As demonstrated in this study, the application of the most diluted form (1:2500)
was beneficial for both hulled and dehulled seeds, while the less diluted solution (1:500)
reported negative effects specifically for the dehulled seeds. These results are in line with
other works underlining the concentration and duration effect for multiple agents (e.g.,
selenium, paclobutraziol) [60,61].

In rice, many studies have reported that soaking seeds in water or in nutrient so-
lutions, can speed germination, enhance emergence, and alter metabolism in ways that
strengthen early seedlings growths [35,39,60,62,63]. This is driven by a highly coordinated
sequence of physiological, metabolic, and biochemical events. For instance, seed soaking
has been shown to trigger metabolic activity via gibberellic acid (GA)-mediated signal-
ing pathways [64], mobilization and breakdown of endospermic starch into total soluble
sugars [53,65], and modification of the internal redox status and ROS homeostasis [40,66].
Treated seeds presented upregulation in the gene expression and activity of key enzymatic
scavengers, including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),
alongside higher accumulation of non-enzymatic osmoprotectants like free proline and
glutathione [67,68].

Taken together, these preliminary findings demonstrate that the integration of ex-
ogenous agents possessing biostimulant properties, specifically oxidizing agents (H2O2),
inorganic salts (FeSO4), and polyphenol-rich botanical extracts (Hammada scoparia), holds
significant potential to enhance rice seedling emergence kinetics and early vigor.
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5. Conclusions
The current study presents a novel, dual-action framework that couples mechanical

seed manipulation (via hull removal) with targeted physiological treatments (via seed
soaking). The findings of this study demonstrate that while dehulling accelerates seedling
emergence in Oryza sativa cv. ‘Vialone Nano’, the applied soaking treatments were more ef-
fective on the hulled seeds. Combining both hulled and dehulled seeds, the most promising
treatments were based on the application of FeSO4 and H2O2. Additionally, we demon-
strated that H. scoparia extracts can be used as botanical seed biostimulant. Its efficacy
is strictly concentration dependent; a highly diluted formulation (1:2500) significantly
enhanced germination in both hulled and dehulled seeds, whereas lower dilutions (1:500)
may exert phytotoxic effects, particularly on vulnerable, dehulled caryopses.

Overall, the convergence of seed treatments with elicitors represents a promising
approach for developing environmentally sustainable agricultural systems. While the
treatments developed in this study were tailored specifically to address specific constraints
of the Vialone Nano cultivar, their broader applicability remains to be further tested and
eventually assessed under field conditions.
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//www.mdpi.com/article/10.3390/app16136429/s1, Table S1. Mean values, standard deviations,
and significance regrading daily emergence data (E%) relative to the application of seed treatments
on hulled and dehulled seeds of Vialone Nano variety; Table S2. Mean values, standard deviations,
and significance regrading peak value (PV) data relative to the application of seed treatments on
hulled and dehulled seeds of Vialone Nano variety; Table S3. Phenotypic parameters analyzed via
two-way ANOVA.
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