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Abstract

This study aimed to develop seed-based priming techniques for the conservation and medicinal uses of
Scrophularia striata. Seeds were collected from two ecotypes and subjected to untreated (control), hydropriming
(H), hot water soaking (HW), gibberellic acid (GA), potassium nitrate (KN), salicylic acid (SA), and UV-B exposure
treatments. A comprehensive assessment of germination and initial seedling growth parameters was conducted to
compare the efficacy of applied treatments. Results showed that GA treatments markedly improved germination
speed and uniformity, leading to an 80.8% increase in the coefficient of velocity of germination, compared

to the control. Moderate GA concentrations (75 and 150 mg/L) also enhanced seedling growth by up to 90%

and increased final germination by more than 50%, compared to the control. Hydropriming for 72 h effectively
accelerated germination onset, shortening the first day of germination by 56.7% compared to the control.
Multivariate analysis using metric multidimensional scaling (MDS) clearly distinguished treatment responses,

with a very low stress value for the two ecotypes (0.0334 for Lizan and 0.0184 for Pahleh), indicating an excellent
model fit. The MDS plots highlighted GA as the most effective priming method, while H showed moderate but
consistent improvement, clustering near the control and indicating partial enhancement of germination traits.
Conversely, KN and heat-based treatments were less effective. The two ecotypes differed in their responses: Lizan
was more sensitive to GA concentration and H duration, whereas Pahleh exhibited more uniform enhancement
across treatments. Therefore, the study outcomes will provide fundamental and practical insights into the efficiency
of germination-enhancing methods across ecotypes and provide valuable insights for optimizing pre-sowing
strategies in medicinal plant cultivation.
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Introduction

Seed germination is a critical phase in the plant life
cycle and strongly influences seedling establishment,
population dynamics, and crop productivity [1]. In
many species, germination is restricted by physiologi-
cal or endogenous dormancy, which delays or prevents
radicle emergence even under favorable environmental
conditions [2]. Seed priming, a controlled pre-sowing
physiological technique that partially hydrates seeds
and activates early metabolic processes, without allow-
ing radicle emergence, has been widely recognized as an
effective strategy to overcome dormancy and improve
germination performance [3]. Properly optimized prim-
ing treatments can accelerate germination, enhance
uniformity, and promote early seedling vigor, thereby
contributing to plant establishment and subsequent
growth. Primed seeds resume cellular activities more
rapidly due to reduced imbibition time, leading to syn-
chronized radicle emergence, improved early growth,
and better-developed root and shoot systems [4, 5].
These effects are associated with enhanced enzyme activ-
ity, more efficient mobilization of stored reserves, and
improved cellular repair mechanisms during the early
stages of germination [6]. Owing to its simplicity, effec-
tiveness, low-cost, and minimal environmental risk tech-
nique, seed priming has been increasingly applied in both
agricultural and ecological contexts as a practical means
of improving plant performance (7, 8].

A wide range of physical, chemical, and hormonal
priming methods has been developed to enhance seed
germination [8]. Hydropriming (H), which involves
soaking seeds in water for a defined period, is the most
accessible and environmentally sustainable approach,
with no specialized inputs. Osmopriming using com-
pounds such as potassium nitrate (KN) has also been
extensively applied; nitrate ions not only serve as a nutri-
ent source but also function as a signaling molecule that

stimulates germination-related metabolic pathways and
helps alleviate seed dormancy. Hormonal priming with
gibberellic acid (GA) plays a critical role in germina-
tion regulation by promoting the synthesis of hydrolytic
enzymes that facilitate the mobilization of endosperm
reserves required for embryo growth. Gibberellic acid
may regulate plant height and shoot biomass in a bal-
ance with cytokinin and auxin [6]. However, the effects
of GA are concentration-dependent, and excessive levels
may negatively affect germination or subsequent seed-
ling development [9]. Physical priming methods, includ-
ing thermo-priming, hot water (HW) treatment, and
radiation priming represents another effective method
for improving seed germination, particularly for species
exhibiting physical or physiological dormancy [10]. Expo-
sure to elevated temperatures can soften or disrupt the
seed coat structure, increase permeability, and enhance
water uptake and gas exchange. Additionally, HW treat-
ment may reduce surface-borne pathogens and inhibitory
substances, indirectly contributing to improved germi-
nation [11]. Chemical priming with signaling molecules
such as salicylic acid (SA) has also gained attention due
to its role in regulating plant physiological responses and
redox homeostasis [12]. During germination, SA prim-
ing may enhance antioxidant capacity, reduce oxidative
damage, and improve seedling establishment, particu-
larly under suboptimal conditions [13]. Moreover, ultra-
violet (UV) radiation, as a physical priming agent, has
been proposed to stimulate moderate oxidative signaling
through the generation of reactive oxygen species (ROS),
such as hydrogen peroxide (H,0,) and superoxide (O,"),
which can activate stress-responsive pathways, occasion-
ally resulting in beneficial physiological responses [14].
Plants ecotypes originating from different geo-
graphical and environmental conditions often exhibit
distinct genetic backgrounds and physiological character-
istics that influence dormancy mechanisms, germination
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behavior, and early seedling growth. As a result, the effec-
tiveness of seed priming treatments is not universal and
may vary substantially even among ecotypes. Ecotype-
specific responses reflect differences in metabolic activ-
ity, hormone sensing, and adaptive strategies shaped
by local environmental pressures [15]. Understanding
the interaction between ecotype and priming treatment
(Ecotype x Priming) and ecotype-specific responses to
seed priming is essential for optimizing germination
strategies and improving seedling establishment. It can
provide valuable insights into adaptive traits and physi-
ological plasticity. Despite its importance, comparative
evaluation of ecotype-dependent responses to various
priming methods remains limited, particularly in medici-
nal plant species.

Scrophularia striata (Scrophulariaceae) is a medicinal
plant of considerable pharmacological interest, known
for its anti-inflammatory, antioxidant, and antimicrobial
effects. Successful propagation of S. striata is constrained
by low and inconsistent germination due to endogenous
dormancy. Previous studies have shown that treatments
such as scarification (physical or mechanical), moist
chilling, and soaking in GA can partially overcome dor-
mancy and improve germination in this species [16, 17].
However, these studies have generally focused on individ-
ual treatments and have not addressed potential variabil-
ity among ecotypes or the combined effects of different
priming strategies.

Most existing research on seed priming has evaluated
single methods in isolation and relied primarily on uni-
variate statistical analyses. Such approaches may over-
look complex, multidimensional relationships among
germination traits and treatment responses, particu-
larly when multiple priming methods and ecotypes are
involved. Multivariate statistical techniques, including
multidimensional scaling (MDS), clustering, and princi-
pal component analysis (PCA) provides powerful tools
for simultaneously analyzing multiple traits and visualiz-
ing patterns of similarity or divergence among treatments
and ecotypes [18]. These methods can reveal interac-
tion effects and response syndromes that are not read-
ily apparent through single-trait comparisons [19]. MDS
is used for the visualization and exploratory analysis of
multidimensional data. It aims to represent the structure
of a set of objects based on their pairwise dissimilarities
in a low-dimensional space, typically two or three dimen-
sions [20]. MDS is used to discover structures within data
by displaying variations among pairs of elements as dis-
tances between points in a low-dimensional space. MDS
is broadly utilized for representing complex data sets in a
more readable form and facilitates recognizing patterns
and structures within the data [21, 22].

Therefore, the present study was designed to provide
a comprehensive evaluation of physical, chemical, and
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combined seed priming strategies using a multivari-
ate analytical framework to show new insights into S.
striata seed germination. By using multivariate statisti-
cal analysis, this research presents a novel aspect of their
effectiveness alone or integrated with other treatments
cause a valuable perspective to break seed dormancy
and improve germination rate. Therefore, we aim to sys-
tematically examine the effects of multiple seed priming
methods, including H, GA, KN, SA, SA integrated UV-B
exposure, and HW treatments, on germination and early
seedling performance across different ecotypes of S.
striata.

It was hypothesized that seed priming would sig-
nificantly enhance germination performance and seed-
ling vigor, compared to untreated seeds. Moreover, the
magnitude and direction of these responses would dif-
fer among ecotypes due to inherent genetic and physi-
ological variation. Moreover, multivariate analyses would
reveal ecotype-specific response patterns and treatment
groupings that cannot be fully resolved using single-trait
comparisons. By identifying ecotype-dependent priming
responses, this study aimed to provide a scientific basis
for optimizing propagation strategies and improving the
cultivation and utilization of S. striata. This study repre-
sents the first comprehensive multivariate comparison of
physical and chemical priming strategies across distinct
ecotypes of S. striata.

Materials and methods

Experimental site

S. striata is predominantly distributed in the province
of Ilam, a mountainous region, in the western part of
Iran [23]. To choose the sampling location, habitats of
the species were identified through field surveys. Subse-
quently, regarding distinct ecological elements including
temperature, soil, and latitude, two regions, namely Lizan
(Longitude: 46° 8’ 19.42” E; Latitude: 33° 34’ 2.16” N)
and Pahleh (Longitude: 46° 50’ 43.16"E; Latitude: 33° 2
27.28" N), located approximately 149 km apart from each
other, were chosen [17].

Plant material

Seeds of S. striata were gathered from two locations in
Ilam province: Lizan and Pahleh. The collection of sam-
ples was carried out under national and scientific guide-
lines as described by Esmaeili et al. (2020) [24], and was
based on International Standards for Sustainable Wild
Collection of Medicinal and Aromatic Plants (ISSC-
MAP) (Version 1.0), according to the Medicinal Plant
Specialist Group Species Survival Commission of [IUCN
(The World Conservation Union). The permission to
collect plants from wild natural resources was obtained
from the Iranian Organization of Forests and Rangeland
(Government Organization). After collection, seeds were
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cleaned to remove debris and were air-dried before stor-
ing. Seeds from the two ecotypes were stored in a cool,
dry, and dark environment with adequate ventilation.
During collection, about 20 mother bushes were desig-
nated to represent the seed sources of the local popula-
tions [25, 26].

Treatments

In this experiment, seeds from two different ecotypes
were examined under various treatments to evaluate ger-
mination and initial growth parameters. The treatments
included H for different durations of 24, 48, and 72 h at
room temperature to assess the impact of water absorp-
tion on germination and initial growth indices. Addition-
ally, gibberellic acid (GA) was applied at concentrations
of 75, 150, 300, 600, and 1200 mg/L to examine its role
in promoting seed germination. Potassium nitrate (KN)
treatments were also applied at 50, 250, 450, 650, and 850
mM. Seeds were soaked in the respective solutions for 24
h with aeration. For each concentration, 90 seeds were
used. Following treatment, seeds were removed from
the solution and immediately transferred to Petri dishes
without washing or drying. Furthermore, seeds were sub-
jected to hot HW (80-85 °C) soaking treatments for 1, 3,
and 5 min to assess the influence of temperature on ger-
mination potential. Seeds were taken out of the HW and
immediately transferred to Petri dishes without drying.
To explore the interactive effects of SA and UV-B radia-
tion (20 W/m?), seeds were treated with SA at concen-
trations of 0.1, 0.25, and 0.5 mM both with and without
UV-B exposure. The treatment was performed first by
UV-B exposure, followed by soaking them in the SA solu-
tions. The UV-B lamp was bought from the M.M.G.S.
company, and the manufacturing factory was Philips,
Germany (Voltage: 59 V; Power: 20 W; Current: 370 mA).
The distance between the source and the sample was
20 c¢m, and the seeds were exposed to radiation for 30
min. Distilled water was used as a control treatment. All
experiments were carried out using seeds from the two
distinct ecotypes, Lizan and Pahleh.

Germination assessment

The experiments were conducted in Petri dishes within
a growth room under controlled light and temperature
conditions. Whatman Grade 1 porous filter paper was
located in Petri dishes, humidified with distilled water,
and periodically rehydrated. For each treatment, seeds
from both ecotypes of S. striata were used with three
replicates consisting of 30 seeds per Petri dish, totaling
90 seeds per treatment. Seeds placed in Petri dishes were
kept in a phytotron (1300 STC Mod, Noor-Sanat-Ferdows
Company, Karaj, Iran) at 25°C, with a light intensity of
4000 Ix and a 16-h photoperiod. The dishes were checked
daily. Germination was monitored for up to 10 days,
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and the number of germinated seeds was recorded. At
the conclusion of the experiment, both germinated and
ungerminated seeds were counted. A seed was consid-
ered germinated when the radicle had emerged to grow
at least 2 mm [27, 28]. For each treatment, all germinated
seedlings in a Petri dish were measured. Each Petri dish
served as a single replicate. The mean of the seedlings
within each dish was calculated and reported as the rep-
licate value for that treatment. The data collected daily
were used to compute ten different germination param-
eters, including final germination percentage (FGP) [29],
mean germination time (MGT) (the mean time taken by
the overall seeds to complete the mechanism of germi-
nation [30]), mean germination rate (MGR) [31], germi-
nation rate index (GRI) [29], germination index (GI), the
first day of germination (FDG) (time for the first germi-
nation to occur), last day of germination (LDG) (time for
the last germination to occur), coefficient of the veloc-
ity of germination (CVG), [32, 33], Timson’s germina-
tion index (TGI), and time spread of germination (TSG)
(the difference between the time for last germination and
time for first germination) [29, 31, 34—37]. Root and stem
sizes were quantified by ruler, and seedlings’ fresh and
dry weights were measured by a 4-digit scale [38]. All for-
mulas and their explanations are shown in Supplemen-
tary Table 1.

Statistical analysis

The study was conducted using a completely random-
ized design (CRD), with each treatment replicated three
times. Statistical significance was evaluated using a
two-way analysis of variance (ANOVA) followed by the
Duncan test. All data were analyzed using IBM SPSS
statistical software (v. 21), and mean comparisons were
performed with Duncan’s test at a 5% significance level.
The relationships between treatments and germination
indices were examined through PCA, with Pearson’s cor-
relation coefficient used to indicate associations. PCA
was also conducted using IBM SPSS (v. 21). Clustering
analysis was performed using RStudio (2024.12.0 Build
467) using the three packages, including factoextra, clus-
ter, and tidyverse. Hierarchical clustering with Ward’s
method was applied to scaled data based on Euclidean
distance. PCA was performed to identify dominant pat-
terns of variation and evaluate contributions of individ-
ual germination and seedling traits. MDS was applied as
a complementary distance-based ordination method to
visualize treatment-level similarities. Metric MDS was
preferred over NMDS because the data were continuous,
quantitative, and well-behaved, allowing the preserva-
tion of actual distances among treatments. The very low
MDS stress value (0.0334) confirms an excellent fit of the
ordination.
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Results

Seed germination indices of S. striata ecotypes

The FGP varied significantly among priming treatments
and ecotypes (Fig. 1la). H for 24 h increased the FGP
value by 10% in Lizan, and H for 72 h increased FGP by
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90% in Pahleh, compared to the control. The Lizan eco-
type exhibited the highest germination rates (>95%)
under GA treatments (75-600 mg/L), surpassing those
of the Pahleh ecotype. In contrast, KN (50-850 mM)
and SA (0.1-0.5 mM) treatments, regardless of UV-B
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Fig. 1 Germination parameters of S. striata ecotypes (Lizan and Pahleh) under the studied treatments (a) Final germination percentage (FGP), b Mean
germination time (per day) (MGT), ¢ Germination index (Gl), and d First day of germination (FDG). e Last day of germination (LDG), and f Time spread of
germination (TSG). 24, 48, and 72 h hydropriming (H); 75, 150, 300, 600, and 1200 mg/L gibberellin (GA); 50, 250, 450, 650 and 850 mM potassium nitrate
(KN); 1-, 3- and 5-min soaking in hot water (HW) and 0.1, 0.25 and 0.5 mM salicylic acid (SA) with and without UV-B exposure. Statistical significance was
evaluated using a two-way ANOVA followed by Duncan test. Groups denoted by identical letters did not differ significantly, whereas groups assigned
different letters exhibited statistically significant differences at P<0.05. Data are expressed as means+ SE (n=3)
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exposure, yielded minimal effects on germination of both
ecotypes (<5%). HW soaking resulted in moderate ger-
mination, comparable to the control. The control treat-
ment demonstrated significantly lower germination rates
in both ecotypes than in GA treatments (Fig. 1a). Mean
germination time was generally shorter in the Lizan eco-
type than in the Pahleh across most priming treatments
(Fig. 1b). GA and HW treatments showed MGT val-
ues statistically identical to those observed in the con-
trol. No germination was recorded under KN (250-850
mM) and SA +UV-B treatments This inhibition could
be related to osmotic stress or hormonal imbalance, but
this requires further physiological verification (Fig. 1b).
GA treatments (75, 150, 300, and 600 mg/L) significantly
increased the germination indices (GI) in both ecotypes,
especially in Lizan (Fig. 1c), highlighting its effective-
ness as a germination promoter. SA treatments (regard-
less of UV-B exposure), and KN treatments (250-850
mM) had a significantly adverse effect on the GI value
germination index, suggesting inhibitory properties at
these compounds (Fig. 1c). Interestingly, 72 h H signifi-
cantly reduced the FDG of Lizan ecotype compared to
the control, making it the only effective treatment in
FDG that exhibited a statistically significant difference.
No germination was observed under KN (250-850 mM)
treatments. In contrast, the lowest KN concentration
(50 mM) did not affect seed germination in both eco-
types, indicating the negative impact of KN, especially in
high concentrations. Similarly, all SA treatments, except
for 0.25 mM, resulted in no germination, suggesting a
potential inhibitory effect of SA on seed germination.
While 75-600 mg/L of GA treatments were compa-
rable with the control treatment in these two ecotypes.
To achieve faster germination (lower FDG), 72 h of H
and low to moderate concentrations of GA appear to be
promising strategies (Fig. 1d).

The TGI revealed significant variation among treat-
ments, with GA (75-600 mg/L) demonstrating the high-
est germination performance. In contrast, SA+UV-B
and KN treatments yielded markedly low germination
indices, approaching zero. No significant differences
were observed between HW treatments and the control
(Fig. 2a). The Lizan ecotype exhibited the highest mean
germination rate under GA treatments (75-600 mg/L)
compared to the control. In contrast, HW resulted in
lower germination rates than GA treatments, poten-
tially due to excessive thermal exposure causing protein
denaturation or cellular damage. The complete inhibition
of germination observed in SA and KN treatments sug-
gests possible ion toxicity or osmotic stress at the applied
concentrations, which may have impeded water uptake
or disrupted hormonal signaling pathways (Fig. 2b). Cal-
culations of the germination rate index revealed that H
for 72 h and most of GA concentrations (75-600 mg/L)
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accelerated and synchronized seed germination in both
ecotypes compared with the control. In contrast, the
other treatments exerted no positive effect on the ger-
mination rate index (Fig. 2c). The CVG data indicated
that GA treatments ranging from 75 to 600 mg L were
the most effective in accelerating seed germination and
reducing potential dormancy constraints (Fig. 2d).

Initial growth performance of S. striata ecotypes under the
studied treatments

Fresh weight exhibited a differential response to prim-
ing treatments between the Lizan and Pahleh ecotypes.
The Lizan ecotype demonstrated the highest fresh weight
under GA treatments, with GA 75 and 150 mg/L result-
ing in increases of 89.22% and 90.32%, respectively,
compared to the control (Fig. 3a). A distinct pattern in
dry weight variation was observed across priming treat-
ments and ecotypes. The Lizan ecotype exhibited signifi-
cantly higher dry weight under most treatments. Notably,
the highest dry weight in Lizan was recorded under GA
75 mg/L, with a 187.86% increase compared to the con-
trol, while in the Pahleh ecotype, GA 600 mg/L resulted
in the highest dry weight, increased almost nine times.
Among H treatments, only the 24-h treatment in the
Lizan ecotype resulted in a significant increase, with a
153.88% rise compared to the control (Fig. 3b). Among
GA treatments, GA at 75 mg/L in Pahleh resulted in a
214.28% increase in stem length compared to the con-
trol. Additionally, KN 50 in Lizan led to a statistically
significant increase of 129.54% (Fig. 3c). HW treatment
(1 min) significantly increased stem length compared to
the control, with a rise of 78.41% in Lizan and 67.53% in
the Pahleh ecotype (Fig. 3c). GA, HW, and H treatments
had no significant effect on root length; however, specific
treatments, including KN, SA (regardless of UV-B appli-
cation), and GA at 600-1200 mg L}, exerted a negative
impact on root length (Fig. 3d).

Principal component analysis of germination and initial
seedling growth performance of S. striata ecotypes

PCA analysis of the Lizan and Pahleh ecotypes revealed
that PC1 and PC2 together explained 81.1% and 80% of
the total variance, with PC1 alone accounting for 60.7%
and 60.2%, respectively. In Lizan (Fig. 4a, b), root length
loaded strongly on PC1, while stem length dominated
PC2, reflecting their distinct contributions. Fresh weight,
dry weight, and final germination percentage clustered
closely, indicating strong positive correlations, whereas
mean germination time (MGT) and first day of germi-
nation (FDG) showed independent effects. In Pahleh
(Fig. 4c, d), PC1 primarily captured variation in root
length, fresh weight, dry weight, and germination indi-
ces such as final germination percentage (FGP) and Tim-
son’s germination index (TGI), while PC2 reflected stem
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Fig. 2 a Timson germination index (TGl), b Average germination rate (per day) (MGR), ¢ Germination rate index (GRI), and d Coefficient of velocity of
germination (CVG) of S. striata ecotypes under the studied treatments including: 24, 48, and 72 h hydropriming (H); 75, 150, 300, 600, and 1200 mg/L gib-
berellin (GA); 50, 250, 450, 650 and 850 mM potassium nitrate (KN); 1, 3 and 5 min soaking in hot water (HW) and 0.1, 0.25 and 0.5 mM salicylic acid (SA)
with and without UV-B exposure. Statistical significance was evaluated using a two-way ANOVA followed by Duncan test. Groups denoted by identical
letters did not differ significantly, whereas groups assigned different letters exhibited statistically significant differences at P < 0.05. Data are expressed as

means+SE (n=3)

length, mean germination rate (MGR), and FDG. This
pattern suggests that Pahleh displayed more uniform
contributions across multiple germination and seedling
traits compared with Lizan. Correlation circles (Fig. 4a,
¢) and biplots (Fig. 4b, d) consistently highlighted root
length, stem length, and germination-related traits as
major drivers of variance, identifying the traits most rel-
evant to early seedling vigor and growth potential.

Clustering analysis of Lizan and Pahleh ecotypes

Hierarchical clustering of the Lizan ecotype revealed
four distinct clusters (C1-C4) based on the similarity
of germination and seedling traits (Fig. 5a). Cluster C1
included treatments such as L _GA_1200, L_H_ 48, and
L_control, forming a compact group with high similar-
ity. Within C1, a smaller subgroup, L_KN_50, was closely
associated with HW_1 and HW_5 but slightly separated
from the main subcluster. Cluster C3 contained treat-
ments such as L_GA_150, L_GA_300, and L_GA_600,

showing moderate separation from L_GA_75 in the other
subgroup. Cluster C4 included a broader range of treat-
ments, including L_SA_0.25, L_SA_0.1, and L_KN_850,
indicating greater variability within this cluster. The
height of dendrogram branches reflects the degree of
dissimilarity between clusters, with C1 and C4 being the
most distinct. Cluster C1 was tightly grouped, potentially
representing a baseline set of treatments with more con-
sistent traits, while C2 formed a distinct subgroup, and
C3 showed moderate divergence. Cluster C4 was the
most heterogeneous, suggesting higher variability among
the treatments. Overall, the clustering patterns reveal
clear differences in treatment responses across the Lizan
ecotype, which may have implications for germination
performance and early seedling growth.

For the Pahleh ecotype (Fig. 5b), hierarchical clustering
revealed five main clusters (C1-C5) among the priming
treatments. Cluster C1 included control, low KN, short
H, and short HW treatments, forming a compact group
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differences at P<0.05. Data are expressed as means +SE (n=3)

with similar germination responses. Cluster C2, consist-
ing of longer H durations, was separated slightly from
C1, reflecting the distinct effects of extended soaking on
seed germination and early seedling growth. Cluster C3,
representing high and low GA concentrations, showed
moderate separation from other clusters, while cluster
C4, containing moderate GA treatments, formed a dis-
tinct subgroup. Cluster C5 included SA treatments (with
and without UV-B) and higher KN concentrations, rep-
resenting the most heterogeneous responses. The branch
heights indicate that C1 and C5 are the most distinct
clusters, with clusters C2, C3, and C4 at intermediate
distances. Overall, the clustering structure reveals clear
differences in treatment responses among priming strate-
gies in Pahleh, which may have implications for optimiz-
ing germination and early seedling growth.

Multidimensional scaling analysis indicating the
effectiveness of germination enhancement treatments
Germination enhancement was classified based on the
percentage change in final germination percentage (FGP)
relative to the control. Treatments resulting in>30%
increase were classified as very good, 20-30% increase as
good, 0-19% increase as fair, and values below the con-
trol as poor.

The MDS plot of Lizan and Pahleh ecotypes illustrates
the relationships among various seed treatments based
on their effectiveness in enhancing germination. Treat-
ments are color- and shape-coded to denote different
categories of germination enhancement, as explained in
the legend. In Lizan's MDS plot, the stress value of 0.0334
indicates an excellent fit of the two-dimensional projec-
tion to the original distance matrix, ensuring high con-
fidence in the visual representation of the data (Fig. 6a).
Each treatment is represented by a labeled point in the
MDS space, with positions determined by the similarity
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or dissimilarity in germination enhancement outcomes.
According to clustering patterns, treatments grouped by
proximity in the MDS space reflect similar germination
enhancement responses. Treatments with "poor" germi-
nation enhancement) included L_ HW_1, L_ HW_3, L_
HW_5, L_KN_50, L_GA_1200, and L_H_72, indicating
their mutual similarity in achieving suboptimal results.
Moreover, "fair" germination enhancement, including
L_H_24 and L_H_48 points centrally located in the plot,
and clustered tightly around the L_control. The cluster-
ing of the "fair" treatments around the L_control sug-
gests that these treatments provide a modest benefit over

untreated seeds, but do not achieve the effectiveness of
more targeted growth regulator interventions. The group
of L_GA_300 and L_GA_600 on the right side of the plot
illustrates their intermediate performance in germination
improvement. L_GA_75 and L_GA_150 form a distinct
group, highlighting their superior germination improve-
ment in Lizan compared to other treatments. Even
though lower concentrations of GA in Lizan ecotype
(e.g, L_GA_75, L_GA_150) were associated with supe-
rior enhancement ("excellent"), high concentrations (e.g.,
L_GA_1200) or heat-based treatments (e.g, L_HW_1,
L_HW_5) tend to perform poorly. The low-stress value of
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0.0334 confirms that the two-dimensional representation
is a reliable simplification of the underlying relationships
among treatments. The separation of categories, the
observed clustering, and the spread within each category
can be used to infer treatment efficacy, consistency, and
potential avenues for optimizing germination enhance-
ment strategies (Fig. 6a). The MDS plot of the Pahleh
ecotype (stress=0.0184, indicating an excellent fit) illus-
trates the relationships among seed treatments based
on germination enhancement effectiveness. The plot
highlights distinct clustering patterns: "poor" treatments
(P_KN_50, P_SA_0.25) are isolated on the right, while
"excellent” treatments (P_GA_75, P_GA_150, P_GA_300,
P_GA_600) cluster tightly on the left. "Fair" treatments
(P_control, P_HW_1, P_HW_5, P_H_24, P_H_48) group
centrally, suggesting intermediate performance. The
"good" treatment (P_H_72) lies closer to the "excellent"
cluster, indicating higher enhancement potential. Shaded
polygons emphasize the cohesiveness of each category.
These results demonstrate clear distinctions among treat-
ments, with growth regulator-based methods (P_GA)
outperforming heat treatments (P_HW) and controls.
This visual provides robust insights for optimizing germi-
nation strategies. (Fig. 6b).

Discussion

The present study was designed to evaluate whether dif-
ferent seed priming strategies enhance germination and
early seedling performance of S. striata, and whether
these responses are ecotype-dependent. Overall, the
findings support our hypotheses that priming treatments

significantly modify both the capacity (FGP) and the
kinetics (FDG, MGT, MGR) of germination (Fig. 1, 2).
However, the magnitude and direction of these effects
vary according to the priming treatments and ecotypes,
suggesting that both the type of priming agent and
genetic background play critical roles in regulating ger-
mination behavior. Importantly, multivariate analyses
revealed coordinated shifts among germination capac-
ity, speed, and growth traits, highlighting structured
treatment-specific response patterns that would not have
been evident from single-trait analyses alone (Fig. 4-6).
GA plays an important role in seed germination by
alleviating dormancy and promoting embryo growth.
However, their regulatory effects are highly concentra-
tion-dependent and closely modulated through interac-
tions with other phytohormones, particularly ABA [39].
In the present study, high GA concentration (1200 mg/L,
Lizan ecotype) delayed germination and reduced FGP,
suggesting that excessive GA disrupt hormonal balance
and reduce germination efficiency (Fig. 1). The increase
in FDG and MGT under high GA further suggests
delayed metabolic activation and reduced synchrony
within the seed population (Fig. 1). In contrast, moderate
GA concentrations (75 and 150 mg/L) improved germi-
nation kinetics, reflected in reduced MGT and increased
MGR, indicating faster and more synchronized germina-
tion (Fig. 1, 2). These kinetic improvements were accom-
panied by increased dry biomass accumulation in the
Lizan ecotype, suggesting that optimal GA levels enhance
both reserve mobilization and post-germinative growth
(Fig. 3). A similar concentration-dependent pattern has
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been reported in dwarf schefflera, where appropriate GA
levels stimulated vegetative growth, whereas excessive
concentrations were inhibitory [40]. The promoting effect
of moderate GA concentrations likely reflects enhanced

a-amylase activity and improved starch mobilization,
which provide soluble sugars required for embryo growth
and rapid radicle protrusion [41-44]. However, the inhib-
itory effects observed at high concentrations emphasize
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that GA-mediated enhancement of germination is highly
dose-dependent and species-specific, as contrasting
biomass responses have been reported in tomato [45].
Collectively, these findings indicate that GA primarily
influenced both germination capacity (FGP) and germi-
nation speed (MGT, MGR), but only within the optimal
concentration window, emphasizing the importance of
optimizing GA concentrations in priming treatments.
Hydropriming (H) primarily influenced germination
timing rather than final capacity. In the Lizan ecotype,
H (72 h) significantly reduced FDG, indicating earlier
initiation of germination, while FGP remained relatively
stable (Fig. 1). This suggests that hydropriming acceler-
ated early metabolic reactivation without substantially
altering overall viability. The reduction in FDG and MGT
under H (Fig. 1) implies improved synchronization and
faster radicle emergence, likely due to enhanced water
uptake and activation of hydrolytic enzymes, such as
a-amylase, which facilitates the mobilization of seed
nutrient reserves [46]. Moreover, H induces biochemical
changes, including increased antioxidant enzyme activity
and improved metabolic function, ultimately support-
ing germination and subsequent seedling growth [46].
However, the limited change in FGP, especially in Lizan,
indicates that water uptake alone may not be sufficient to
overcome intrinsic dormancy constraints (Fig. 1). In con-
trast, HW soaking reduced germination rate, as reflected
by increased FDG and MGT, suggesting transient ther-
mal stress or partial damage during imbibition (Fig. 1,
2). Nevertheless, HW treatment (1 min) significantly
increased stem length in both ecotypes, indicating that
while early germination kinetics may have been slightly
delayed, subsequent seedling growth was stimulated.
Similar improvements in germination percentage and
seedling vigor following HW treatments have been docu-
mented in several species. For instance, water soaking at
~50°C for 30 min significantly improved seedling length,
dry weight, and vigor indices in Capsicum annuum [47].
Similarly, HW pre-treatment increased cumulative ger-
mination percentage in Falcataria falcata [48]. HW
treatment is thought to accelerate water uptake, thereby
initiating germination and enhancing metabolic activ-
ity, including the accumulation of amino acids, sugars,
and organic acids essential for seedling development [4].
In addition, HW can break physical dormancy, particu-
larly in seeds with hard coatings, which may explain its
positive effects in some species. However, the response
to HW treatment is not always consistent and depends
on species, ecotype, and exposure duration. While HW
soaking improved seedling emergence and early growth
in Leucaena leucocephala, it was less effective than acid
scarification [49]. Prolonged exposure (65°C for 30-90
min) negatively affected germination in Indigofera zollin-
geriana and did not significantly influence seedling
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height, indicating that excessive heat can be damaging
[50]. Likewise, in Platycodon grandiflorum, other soak-
ing treatments such as GA and KNO3 were more effec-
tive in promoting germination and seedling growth [51].
In contrast, HW treatment at 52°C for 30 min improved
biomass in Abelmoschus esculentus [52]. Overall, H mod-
erately improved germination parameters, but its effects
were less pronounced than those of chemical or physical
treatments, suggesting that water uptake alone may be
insufficient to induce the physiological changes required
for optimal germination. In addition, hydrothermal prim-
ing mainly modulates germination kinetics (FDG, MGT)
and post-germinative growth rather than substantially
altering FGP.

SA priming generally suppressed germination per-
formance in both ecotypes. Reductions in FGP under
most SA concentrations indicate decreased final ger-
mination capacity, suggesting impaired embryo viabil-
ity or inhibition of reserve mobilization. Increases in
FDG and MGT, together with reductions in MGR, fur-
ther indicate delayed and less synchronized germina-
tion. This inhibitory effect may result from SA-induced
enhancement of ABA signaling and suppression of GA-
mediated a-amylase activity, thereby limiting starch
hydrolysis and energy availability for the embryo [53,
54]. Elevated ROS levels, under high SA concentrations,
may further contribute to oxidative stress during early
imbibition. Consistent with the present findings, high
SA concentrations inhibited all growth processes in the
root of Arabidopsis thaliana [55], whereas lower con-
centrations (e.g., 0.025-0.05 mM) enhanced germination
indices in species such as chamomile and Tagetes spp.,
and higher concentrations (e.g., 0.2 mM) had inhibitory
effects, indicating a concentration-dependent impact
[56]. The positive response observed at 0.25 mM SA in
the Pahleh ecotype suggests genotype-specific sensitivity
thresholds. Similar to this positive response, in another
study, SA improved the length and dry weight of barley
species in addition to increasing the germination rate
and mean daily germination [55]. These positive effects
were associated with enhanced cell division, improved
nutrient mobilization, and better ionic balance during
early developmental stages, likely mediated by increased
H*-ATPase activity and improved K* uptake. Addition-
ally, SA contributes to membrane stability and antioxi-
dant regulation, supporting vigorous seedling growth.
This result emphasizes that the effect of SA treatment
is strongly dependent on the plant species [55]. SA also
interacts with other hormones to regulate germination,
and it has been reported to stimulate GA biosynthesis
under stress conditions, which may promote germina-
tion. In line with the dose-dependent inhibition observed
here, SA has been reported to suppress germination by
blocking GA-stimulated a-amylase production in barley,
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thereby preventing starch mobilization required for seed-
ling growth [40]. Similarly, higher SA concentrations
(100-500 uM) inhibited germination in Secale cereale L.,
with complete inhibition at 1000 uM, accompanied by
biochemical and developmental alterations [57]. SA has
also been reported to modulate GA biosynthesis under
stress conditions; however, excessive SA may disrupt the
ABA/GA balance necessary for coordinated germination,
which may explain the suppression observed in the cur-
rent study under SA treatments [58]. The variability of SA
effects among species and genotypes is further supported
by findings in wheat, where SA inhibited germination
more strongly than ABA without a clear genotype cor-
relation [59]. Therefore, the present results reinforce that
SA predominantly affected germination capacity (FGP)
and synchrony (MGT, MGR), with strong ecotype depen-
dence. However, contrasting results between the present
study and previous reports may arise from species- and
genotype-specific responses, as well as differences in
experimental conditions [60].

In most evaluated traits, KN application significantly
reduced germination performance relative to the control.
Decreases in FGP and increases in MGT indicate reduced
final capacity and slower germination under higher KN
concentrations (Fig. 1, 2). Similar results were observed in
tomato in suppressing germination parameters when > 1%
KN was applied [61], but an opposite result was observed
in Ocimum tenuiflorum [62]. However, at 50 mM, stem
length in the Lizan ecotype increased significantly, sug-
gesting that moderate nitrate levels may promote post-
germinative growth despite limited improvements in
germination kinetics. This observation is similar to those
on Amaranth [63]. The reduction in root length of both
ecotypes at this concentration (50 mM KN) suggests dif-
ferential allocation patterns between shoot and root tis-
sues and a negative effect of higher KN levels on root
development as observed in carrot seedlings [64]. Nitrate
is known to act as a signaling molecule that reduces dor-
mancy and promotes germination, likely through modu-
lation of hormonal pathways [65]. This effect is often
attributed to KN-mediated changes in ABA metabolism,
including increased GA levels and reduced ABA con-
centrations, which together lower the ABA/GA ratio
and enhance germination [66, 63]. Its promotive effects
are often associated with lowering the ABA/GA ratio,
thereby enhancing germination speed. Nevertheless,
excessive KN concentrations may create osmotic or ionic
stress, explaining the increased MGT and reduced FGP
observed here. Similar concentration-dependent effects
have been reported in tomato, carrot, and other species
[62, 67, 68]. Nitrogen helps seeds to synthesize proteins,
which affects the quality of seeds [62]. Although KN has
been shown to enhance antioxidant enzyme activities,
thereby protecting seeds from oxidative stress during
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germination and improve germination percentage in sev-
eral species [68-70], the present results indicate that in
S. striata, its effectiveness is strongly ecotype- and dose-
dependent. Collectively, these findings support the role
of nitrate as a signaling molecule that interacts with ABA
and GA pathways to promote germination [65]. Thus, KN
primarily modulated germination kinetics and early seed-
ling growth rather than consistently improving final ger-
mination capacity. Overall, the results of the multivariate
analyses indicated that the Lizan and Pahleh ecotypes
exhibited distinct responses to germination-enhancing
treatments. PCA revealed that most of the variation was
explained by traits associated with initial seedling vigor,
particularly root length, shoot length, biomass, and ger-
mination indices, although the relative importance of
these traits differed between ecotypes. In the Lizan eco-
type, trait effects were partially dissociated, whereas in
the Pahleh ecotype, responses were more coordinated
and integrated across germination and growth attributes.
Hierarchical clustering and MDS further clearly grouped
treatments according to their effectiveness, and the satis-
factory model fit confirmed the robustness of the results.
In both ecotypes, low to moderate concentrations of GA
yielded the best performance, whereas high GA con-
centrations, thermal treatments, and certain KN or SA
treatments generally exhibited weak or unstable effects.
Collectively, these findings highlight the importance
of root- and germination-related traits and underscore
the need to optimize priming treatments in an ecotype-
specific manner to improve early seedling establishment
in S. striata. This experiment highlights the importance
of selecting appropriate priming methods based on plant
species, ecotype, and seed physiology to optimize germi-
nation and seedling performance.

Conclusion

This research thoroughly examines different seed prim-
ing methods to improve the germination of S. striata
under a range of priming conditions. The results provide
valuable guidance for improving seed treatment strate-
gies in medicinal plants by combining chemical, physical,
and environmental priming methods. The study indicates
that priming treatments influence germination, either
positively or negatively, with effects varying depending
on the treatment type, plant ecotype, and concentration.
In addition, employing advanced statistical techniques
like MDS and cluster analysis offered fresh insights into
how different priming treatments influence germination
responses. This approach provides a clearer and more
precise understanding of seed behavior, supporting the
development of agricultural practices based on solid
data. With growing environmental challenges impacting
seed germination, the study highlights the importance
of combining seed priming strategies. Future research
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should delve deeper into the molecular and physiological
processes behind priming-driven improvements in ger-
mination, paving the way for more targeted and efficient
seed treatment techniques. Using these perspectives can
improve germination rate and plant establishment, and
help sustainable agriculture.
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