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Abstract

Grape hybrid breeding is severely constrained by poor seed germination and non-uniform seedling establishment, particularly when 'Shine Muscat' is used
as the maternal parent, and a complete, reproducible pipeline from seed treatment to transplanting has not been established. In this study, we crossed
'Shine Muscat' with nine elite male parents and employed an Ly(3*) orthogonal design to optimize gibberellic acid (GA;) concentration, soaking duration,
and incubation temperature. The optimized parameters were verified across all hybrid combinations, and we analyzed the relationships among paternal
genotype, dynamic changes in endogenous abscisic acid (ABA) throughout germination, and seed germination traits. The optimal treatment (0.3 g/L GA3
soaking for 24 h followed by dark incubation at 25 °C) yielded a maximum germination rate of 92.5% for self-pollinated seeds, and two-way ANOVA revealed
a non-significant genotype x treatment interaction, confirming broad universality. The final germination percentage exhibited an extremely significant
negative correlation with the multi-stage average ABA content across all germination sampling stages. Paternal genetic background was significantly
associated with variations in ABA accumulation patterns and germination vigor, and exogenous ABA application confirmed a dose-dependent inhibitory
effect on germination, supporting a functional role for ABA in this process. The established full-cycle standardized system achieved an average transplant
survival rate of 85.6% and demonstrated excellent operational repeatability. This study provides a repeatable and scalable protocol to improve grape hybrid

breeding efficiency and offers a physiological basis for parental selection.
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Introduction

Grapes (Vitis spp.) are among the most economically valuable fruit
crops worldwide, with berries widely used for fresh consumption,
winemaking, and food processing!'-3l. Hybrid breeding is the
primary strategy for grape cultivar innovation, enabling the inte-
gration of desirable traits such as disease resistance, stress tolerance,
and superior fruit quality through genetic recombinationt-71,
However, breeding efficiency is severely constrained by poor seed-
to-seedling transition[®9. Grape hybrid seeds typically exhibit deep
physiological dormancy, with natural germination rates of only
30%-50%, seedling uniformity below 60%, and prolonged establish-
ment cycles!'9-12], These issues directly reduce hybrid population
sizes and the probability of selecting superior genotypes, repre-
senting a major bottleneck in grape breeding!> 3], Recent genomic
studies on grape hybridization have also highlighted the need to
monitor deleterious mutations in hybrid offspring, which may affect
their fitness!4,

'Shine Muscat' (Vitis labrusca x V. vinifera) is currently the
dominant table grape cultivar in Asian markets, characterized by
excellent fruit quality, unique muscat aroma, and high consumer
acceptance. Using 'Shine Muscat' as the maternal parent to breed
new cultivars combining large berry size, disease resistance, and
stress tolerance is a core direction in grape breeding!'>6l, Although
artificial pollination systems have been optimized and fruit set
rates significantly improved, a complete standardized system for
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germination and seedling establishment of 'Shine Muscat' hybrid
seeds remains lacking, severely restricting breeding progress!'7,

Exogenous gibberellic acid (GA;) soaking is a conventional
method to break seed dormancy, functioning via the classic anta-
gonistic GA-ABA regulatory module, which has been extensively
validated in model plants and crops!'8-29. At the molecular level,
bioactive GAs promote DELLA protein degradation to activate
germination-related genes, while ABA stabilizes DELLA proteins and
upregulates ABI5 to maintain dormancy!2'22, In grapevines, ABA
signaling also extends to secondary metabolism, as demonstrated
by the ABA-responsive transcription factor WwbZIP026, which
promotes anthocyanin biosynthesis23l, ABA governs the entire life-
cycle of seed dormancy, including induction during maturation,
maintenance during dry storage, and release during imbibition and
germination(2'.24l, During seed development, sustained ABA accu-
mulation promotes embryo maturation and prevents pre-harvest
sprouting; after imbibition, high ABA levels suppress radicle cell wall
loosening, inhibit energy metabolism, and block the transition from
dormancy to germination(2'25], In woody crops like grape, seeds
develop deeper dormancy than annual crops, and optimal hormone
treatment parameters vary widely across cultivars26:27],

ABA homeostasis—the dynamic balance of ABA biosynthesis,
catabolism, and signaling throughout germination—determines
seed dormancy status and germination performancel222428], The
coordinated downregulation of ABA and upregulation of bioactive
GAs are essential for radicle protrusion and seedling
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establishment(242529, Differences in endogenous GA-ABA balance
in ovules and immature embryos are the main drivers of variation in
embryo rescue efficiency across hybrid combinations!'23%, Exo-
genous ABA can counteract GAs-induced germination in a dose-
dependent manner, providing direct functional evidence for ABA's
dormancy-maintaining rolel2'l, However, grape seed response to
GA; remains highly genotype-dependent2627], and most existing
studies optimize parameters based on a single genotype without
systematic validation across diverse paternal backgrounds. More-
over, how paternal genotype regulates dynamic ABA changes
during germination in 'Shine Muscat' hybrid seeds remains unclear.

In this study, we selected 'Shine Muscat' as the female parent and
hybridized it with nine outstanding male grape varieties carrying
complementary agronomic traits. We carried out three core research
tasks: optimizing seed germination parameters via an Ly(3%) ortho-
gonal experiment, verifying the broad applicability of the optimized
protocol across hybrid progenies with distinct paternal back-
grounds, and revealing the linkages between paternal genotype,
dynamic ABA changes throughout germination and seed germi-
nation performance; we also supplemented exogenous ABA tests to
confirm ABA's physiological roles. Collectively, this work targets the
bottlenecks of low germination percentage and uneven seedling
growth in grape cross breeding, and delivers both operable tech-
nical schemes and physiological theoretical support to accelerate
new grape variety breeding.

Materials and methods

Plant materials and hybridization

The experiment was conducted at the Grape Germplasm
Resource Garden of Henan Institute of Science and Technology
(Xinxiang, Henan, China; 35°18' N, 113°54' E) from 2024 to 2025. The
female parent was 'Shine Muscat'. Nine elite male parents with
complementary agronomic traits were selected: 'Romantic Beauty',
'Moldova', 'Shenzhou Red', '‘Queen Nina', 'Giant Rose', 'Hotan Red',
'Sweet Sapphire', 'Zuijinxiang', and 'Gold Finger'. All plant materials
were cultivated cultivars collected from the institutional germplasm
garden, with no wild species involved. The collection and use of
these materials complied with institutional and national guidelines
for cultivated plant research in China.

A total of ten combinations were established: one self-pollinated
control (SO: 'Shine Muscat' self-pollination) and nine hybrid combi-
nations (C1 to C9, as detailed in Supplementary Table S1). Artificial
hybridization was performed following the standard protocol
described by Zhou et al.B"], Mature hybrid berries with soluble solids
content =18 °Brix were harvested in September 2024. Seeds
were manually extracted, cleaned of residual pulp, and air-dried at
22-25 °C for 7 d until moisture content (dry basis) stabilized at
12%-15% (w/w). To break primary dormancy, seeds were soaked in
distilled water for 24 h, mixed with sterilized moist sand (moisture
content 60%-70%), and subjected to cold stratification at 4 + 1 °C
for six months (until March 2025)110.11],

Orthogonal experimental design for germination
parameter optimization

Based on preliminary trials and references to previously reported
methods for grape seed germination2627], an Ly(34) orthogonal
design was used to optimize three key germination factors: GA;
concentration (A: 0.1, 0.2, 0.3 g/L), soaking duration (B: 24, 36, 48 h),
and incubation temperature (C: 20, 25, 30 °C). The nine treatment
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combinations (T1-T9) are listed (Supplementary Table S2). The initial
optimization was performed using self-pollinated 'Shine Muscat'
seeds. Stratified seeds were surface-sterilized with 75% (v/v) ethanol
for 15 min, rinsed three times with sterile distilled water, and then
soaked in the corresponding GA; solution. For each treatment, three
independent culture replicates were set up, with 50 seeds per
replicate. After soaking, seeds were placed in 90 mm Petri dishes
lined with two layers of moist absorbent cotton and one layer of
Whatman No. 1 filter paper, with a minimum spacing of 1 cm
between seeds. Dishes were sealed with Parafilm® (Bemis Company,
Inc.) and incubated in complete darkness in a constant-temperature
incubator. Germination was recorded daily. A seed was considered
germinated when the radicle emerged =2 mmU%11], The final germi-
nation rate was calculated on day 7 of incubation.

Universality validation of optimized parameters
across hybrid genotypes

To test whether the optimized parameters derived from self-
pollinated seeds apply to hybrid seeds with different paternal geno-
types, all nine hybrid combinations (C1-C9) were subjected to the
top three treatments (T7, T4, T2) from the orthogonal experiment.
For each hybrid combination and treatment, three biological repli-
cates of 50 seeds each were used. Germination rates were recorded
on day 7. A two-way analysis of variance (ANOVA) was used to
evaluate the interaction between genotype and treatment effect.

Evaluation of germination characteristics of
hybrid combinations

All nine hybrid combinations and the self-pollinated control were
germinated under the optimized parameters (T7 treatment: 0.3 g/L
GA; for 24 h, incubation at 25 °C in darkness). Three biological repli-
cates per combination with 50 seeds per replicate were used. Germi-
nation was recorded daily for 7 d. The following parameters were
calculated:

Germination vigor (%): cumulative germination percentage on
day 4.

Final germination rate (%): cumulative germination percentage
on day 7.

Germination index (Gl): GI = X(Gt/Dt), where Gt is the number
of germinated seeds on day t, and Dt is the number of days after
incubationl',

Mean germination time (MGT, d): MGT = X(Dt x Nt) / ZNt, where Nt
is the number of newly germinated seeds on day t.

Multi-stage quantification of endogenous ABA
content

To capture ABA homeostasis throughout germination rather than
at a single time point, five key stages were sampled based on the
characteristic morphological phases of radicle emergence observed
during germination: Stage 0 (dry mature seeds): untreated dry
seeds, cumulative time = 0 h (prior to GA; soaking); Stage 1: imme-
diately upon completion of the 24 h GA; soaking (cumulative time =
24 h from the start of soaking, before dark incubation); Stage 2:
after subsequent 48 h dark incubation following GA; soaking (cumu-
lative time = 72 h from the start of soaking); Stage 3 (initial radicle
protrusion, radicle 0.5 mm): sampled upon reaching this morpho-
logical phenotype with variable cumulative time; Stage 4 (optimal
sowing stage, radicle 1-2 mm): sampled upon reaching this morpho-
logical phenotype with variable cumulative time. For each hybrid
combination and the control, three independent biological
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replicates were set for each sampling stage, with 50 seeds pooled
per biological replicate, and three technical replicates were
performed for each sample. Approximately 0.5 g of fresh seed tissue
was collected for each replicate at each stage.

Samples were ground to a fine powder in liquid nitrogen.
ABA was extracted in pre-cooled 80% (v/v) methanol containing
1 mmol/L butylated hydroxytoluene (BHT) at 4 °C for 12 h. The
extract was centrifuged at 10,000 x g for 20 min at 4 °C. The super-
natant was purified using a C18 solid-phase extraction column,
dried under nitrogen, and redissolved in chromatographic
methanol. Endogenous ABA content was quantified via ultra-high-
performance liquid chromatography coupled with tandem mass
spectrometry (UPLC-MS/MS; Waters Xevo TQ-S, USA) operating
under electrospray ionization negative mode (ESI) and multiple
reaction monitoring (MRM) using an external standard method.
Chromatographic conditions: Waters ACQUITY UPLC BEH C18
column (2.1 mm x 100 mm, 1.7 pm); mobile phase: 0.1% formic
acid in water (A) and methanol (B) for gradient elution; flow rate
0.3 mL/min; column temperature 40 °C; injection volume 2 uL. Mass
spectrometry was performed in negative electrospray ionization
(ESI) and multiple reaction monitoring (MRM) mode. The method
recovery rate ranged from 89.2% to 94.6%, and the relative stan-
dard deviation (RSD) was < 5%. The average ABA content across the
five stages was calculated as an integrated indicator reflecting the
overall ABA accumulation pattern throughout germination. For
descriptive convenience, we operationally refer to this multi-stage
average ABA level as the multi-stage average ABA content in this
study?¥, which reflects the net outcome of dynamic ABA
metabolism during germination.

Exogenous ABA treatment assay

To directly verify the physiological role of ABA in regulating grape
seed germination2', exogenous ABA gradient treatments were
applied on top of the optimal GA; regime (0.3 g/L GA3; 24 h
soaking). Three representative groups were selected: SO (self-polli-
nated control), C1 (high germination vigor), and C9 (low germi-
nation vigor). Four ABA concentrations were tested: 0 (control),
5, 10, and 20 mg/L. Each treatment consisted of three biological
replicates with 50 seeds per replicate. After cold stratification and
surface disinfection, seeds were soaked in mixed solutions of 0.3 g/L
GA; and the respective ABA concentration for 24 h, then incubated
at 25 °Cin darkness. Final germination rates were recorded on day 7.

Sowing, transplanting, and post-transplant
management

Seeds at the optimal sowing stage (radicle length 1-2 mm) have
completed dormancy release with balanced GA-ABA homeostasis,
conferring strong root geotropism and stress resistance. Sowing
earlier or later than this window leads to poor vigor or mechanical
damage. Based on this physiological benchmark, we developed
a full-cycle system bridging laboratory germination with field
production.

Plastic nutrient pots (10 cm inner diameter x 11 cm depth) were
filled with vermiculite:perlite:peat (1:1:3, v/v)[2l. Seeds were sown
at 0.5-1 cm depth with radicles oriented downward. Substrate
moisture was maintained at > 80% water-holding capacity to
sustain GA activity and avoid ABA elevation. Trays were kept in a
greenhouse at 25-37 °C; the plastic cover was removed 5-7 d
after emergence. At the two-to three-true-leaf stage, humidity was
gradually reduced and diluted N-P-K (20:10:20, 0.1%-0.2%) was
applied weekly30:32,
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Transplanting was performed when seedlings reached three to
five true leaves, 8-10 c¢cm height, and well-developed roots.
Operations were scheduled for overcast days or late afternoons to
minimize transpiration stress. Seedlings were excavated with intact
root balls to avoid wound-induced ABA biosynthesis. Planting holes
(30-40 cm depth) were prepared at 25 x 45 cm spacing; backfilling
with gentle lifting ensured root-soil contact. Immediate irrigation
followed transplanting, and soil moisture was maintained at
70%-80% field capacity for one to two weeks, then shifted to a
dry-wet cycle3932], Transplant survival rate was recorded one month
after transplanting.

Repeatability validation of the standardized
technical system

A full-cycle repeatability validation was conducted from March to
June 2025 using four representative hybrid combinations: C1 (high
vigor), C2 and C3 (medium vigor), and C4 (low vigor). For each
combination, three biological replicates of 50 seeds each were
processed strictly according to the standardized system. Germi-
nation rate, seedling emergence rate, and transplant survival rate
were recorded. Paired-sample t-tests were used to compare these
metrics between the initial experiment and the validation trial.

Statistical analysis

All data are presented as mean * standard deviation (SD) from
three biological replicates. Data organization was performed using
Microsoft Excel 2021; statistical analyses were conducted using SPSS
22.0 (IBM Corp., USA) and R 4.2.0. Range analysis and multi-way
ANOVA based on orthogonal array design were used to evaluate the
effects of GA; concentration, soaking duration, and incubation
temperature on germination rate. One-way ANOVA followed by
Tukey's HSD post-hoc test was used to compare germination para-
meters and ABA contents among different combinations. Two-way
ANOVA was used to analyze the interaction between genotype and
treatment effect. Pearson correlation analysis was used to assess
the relationship between final germination rate and multi-stage
average ABA content; this analysis indicates association only and
does not imply causation. Paired-sample t-tests were used for
repeatability validation. Identical hybrid combinations were paired
between the original experiment and the independent validation
trial to eliminate genotypic variation when assessing systematic
differences across trials. The significance level was set at p < 0.05,
and extremely significant differences at p < 0.01.

Results

Morphological characteristics of radicle
protrusion under optimized germination
conditions

Under the optimized treatment, seeds showed sequential
morphological changes during germination, with radicle protrusion
occurring first, followed by elongation to the optimal sowing length.
Under the optimized treatment (0.3 g/L GA; soaking for 24 h, dark
incubation at 25 °C), seed germination displayed distinct sequential
morphological stages. The initial protrusion stage, defined as
radicle length £0.5 mm, marked the completion of dormancy
release and the onset of radicle elongation (Fig. 1a). When 60%-70%
of seeds developed radicles of 1-2 mm with robust elongation
vigor, this was defined as the optimal sowing stage (Fig. 1b). Precise
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Fig. 1 Morphological stages of radicle emergence during germination
of grape hybrid seeds. (a) Initial radicle protrusion stage. (b) Optimal
sowing stage. Scale bars: 1T cm.

control of this stage not only supports rapid root establishment
via close contact between radicles and the substrate but also
avoids mechanical damage caused by excessive radicle elongation
(= 3 mm) during sowing.

The high-vigor hybrid combination C1 ('Shine Muscat' x 'Romantic
Beauty') exhibited prominent germination synchrony, with over
85% of seeds reaching the optimal sowing morphology within 24 h.
In contrast, only 35%-40% of seeds met this criterion under 0.1 g/L
GA; (suboptimal concentration) (Fig. 2). These results confirm that
synergistic regulation of the germination system and environ-
mental parameters determines seed vigor expression and provides
a quantifiable morphological standard for linking germination
induction to large-scale sowing.

Optimization of key germination parameters and
the dominant effect of incubation temperature

Using an Lg(3%) orthogonal design on self-pollinated 'Shine
Muscat' seeds, significant variation in final germination rate was
observed across the nine treatment combinations (p < 0.05),
ranging from 64.3% + 2.6% (T9) to 92.5% + 2.3% (T7) (Fig. 3).
Treatment T7 (0.3 g/L GAs, 24 h soaking, 25 °C dark incubation)
achieved the highest germination efficiency, which was 1.44-fold
higher than that of the lowest-performing T9.

Range analysis indicated that within the gradient ranges set in
this experiment, the magnitude of germination rate fluctuation
caused by each factor ranked as incubation temperature (range
R =12.83) > seed soaking duration (R = 8.77) > GA; concentration
(R = 7.14) (Supplementary Table S3). ANOVA further confirmed
that incubation temperature exerted the most significant effect
(F = 64.26, p < 0.001), followed by soaking duration (F = 34.81,
p < 0.001) and GA; concentration (F = 24.98, p < 0.001) (Supple-
mentary Table S4).

Universal applicability of optimized parameters
across hybrid combinations with diverse
paternal genotypes

To test whether the optimized parameters derived from self-polli-
nated seeds are applicable to hybrid seeds with different paternal
backgrounds, the top three treatments (T7, T4, T2) were tested
across all nine hybrid combinations. The T7 treatment consistently
yielded the highest germination rate in all combinations, with
values ranging from 48.5% to 88.8%, significantly higher than those
of T4 and T2 within the same genotype (p < 0.05) (Table 1).

Two-way ANOVA showed that both paternal genotype (F = 92.74,
p < 0.001) and treatment (F = 76.31, p < 0.001) had significant main
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Fig. 2 Seed germination morphology of 'Shine Muscat' x 'Romantic
Beauty' under different GA; concentrations. (a) 0.1 g/L GA;3 group. (b)
0.3 g/L GA;3 group. Scale bars: 1 cm.

100

Germination rate (%)

0 T T T T T 1
TI T2 T3 T4 TS5 T6 T7 T8 T9

Treatment
Fig. 3 Effects of different orthogonal treatments on germination rate of
self-pollinated 'Shine Muscat' seeds. Different lowercase letters above

columns indicate significant differences among treatments (p < 0.05).
Data are mean + SD, n = 3.

Table 1. Germination rate of different hybrid combinations under the top three
treatments from the orthogonal experiment (%).

Hybrid combination ~ T2 treatment T4 treatment  T7 treatment
al 764+3.1b 82.7+28b 88.8+24a
C2 702+29b 785+3.2b 853+27a
(e} 68.7+33b 754+29b 826+3.1a
c4 583+28b 642+3.0b 705+26a
c5 557+3.2b 61.8+27b 683+29a
cé6 532+27b 594+3.1b 65.7+3.0a
c7 516+3.0b 573+28b 63.2+27a
c8 49.8+29b 552+3.2b 604+28a
c9 402+26b 457+29b 485+28a

Different lowercase letters in the same row indicate significant differences among
treatments (p < 0.05). Data are mean £ SD, n = 3.

effects on germination rate, while no significant genotype X treat-
ment interaction was detected (F = 1.247, p = 0.218). This indicates
that the relative superiority of the T7 protocol is consistent across all
paternal genotypes. Even for low-germination-vigor combinations
such as C9 ('Shine Muscat' x 'Gold Finger'), T7 still outperformed
other treatments. The absence of genotype X treatment interaction
demonstrates the robust universality of this optimized parameter
set, addressing a key limitation of previous genotype-specific
protocols. This finding enables the application of a uniform germi-
nation procedure in large-scale hybrid breeding programs
involving multiple paternal parents, greatly improving operational
efficiency.

Li et al. Fruit Research 2026, 6: €038
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Paternal genotype is associated with variation in
germination vigor of hybrid seeds

Under the standardized optimized T7 treatment, all germination
parameters—germination vigor, final germination rate, germination
index, and mean germination time—differed significantly among
the nine hybrid combinations (p < 0.05) (Fig. 4). Among all combi-
nations, C1 exhibited the best germination performance among
hybrid groups. Its germination vigor was statistically comparable to
S0; however, its final germination rate and germination index were
significantly lower than the self-pollinated control SO (p < 0.05), and
its mean germination time (2.8 £ 0.2 d) was significantly longer than
SO (p < 0.05). Combinations C2 and C3 also showed relatively high
vigor among hybrid combinations, but both were inferior to the self-
pollinated control SO. In contrast, C9 had the poorest germination
performance, with a final germination rate of only 48.5% + 2.8%,
significantly lower than all other combinations (p < 0.05).

These results indicate that paternal genetic background is
significantly associated with germination vigor variation in 'Shine
Muscat' hybrid seeds. The consistent variation in germination vigor
among combinations implies inherent differences in endogenous
physiological status, particularly phytohormone homeostasis, which
is further investigated below.

Dynamic changes in endogenous ABA content
throughout germination are strongly negatively
correlated with seed germination vigor

To capture the dynamics of endogenous ABA across germination
rather than a single time point, five stages were sampled based on
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radicle emergence morphology: dry mature seeds (Stage 0), 24 h
after GA; soaking (Stage 1), 48 h of dark incubation (Stage 2), initial
radicle protrusion (Stage 3, £0.5 mm), and optimal sowing stage
(Stage 4, 1-2 mm). For each combination, three biological replicates
(50 seeds pooled per replicate) and three technical replicates
were used.

Endogenous ABA declined continuously throughout germination
in all groups, from the highest level in dry seeds to the lowest at
Stage 4. High-vigor genotypes (SO and C1) showed a more
pronounced reduction in endogenous ABA during germination
relative to the low-vigor genotype C9, indicating faster catabolism in
high-vigor combinations. Paternal genotype significantly affected
ABA content at each stage and the multi-stage average (p < 0.05,
Fig. 5a). The high-vigor C1 maintained the lowest average ABA,
while the low-vigor C9 had the highest, a 19.7% difference. All
hybrids had higher average ABA than SO (p < 0.05).

Pearson correlation revealed a strong negative correlation
between final germination rate and multi-stage average ABA
content (r = -0.892, p < 0.001, Fig. 5b), based on genotypic means.
Seeds with lower ABA levels exhibited higher vigor, while those with
sustained high ABA showed deeper dormancy. These findings
suggest that paternal genotype is associated with ABA accumu-
lation patterns during germination, and that multi-stage average
ABA content is closely correlated with dormancy depth and germi-
nation vigor, consistent with the classic GA-ABA antagonistic
model. Multi-stage ABA measurement may serve as a physiological
indicator for pre-screening high-germination combinations in
breeding. However, correlation does not imply causation, and the
underlying mechanisms require further investigation.

2 i ab cd
— I b
o be cde
= de
5 40— T ef
-] f
g
o
.S
g
| 20—
£
(]
Q
=TT T1TT1T T T T 71 T
SO ClI C2 C3 C4 C5 C6 C7 C8 (9
Hybrid combination
d 100
= b
L
~ 804 d
S ] L e
= £
B 60 h
£ oy
£ 40
£
Q
O 20+
O=T—TT1TT1T T T T 1 T
SO Cl1 C2 C3 C4 C5 C6 C7 C8 C9

Hybrid combination

Fig. 4 Effects of paternal genotype on germination characteristics of 'Shine Muscat' hybrid seeds. (a) Germination vigor. (b) Final germination rate.
(c) Germination index. (d) Mean germination time. SO represents the self-pollinated control; C1-C9 represent different hybrid combinations. Different
lowercase letters indicate significant differences among combinations. Lowercase letters denote significant differences across all entries including the

self-pollinated SO control (p < 0.05); n = 3.
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Fig. 5 Multi-stage average ABA content across germination and its correlation with final germination rate. (a) Multi-stage average endogenous ABA
content of different hybrid combinations, calculated from five consecutive sampling stages (dry seed, 24 h soaking, 48 h incubation, initial radicle
protrusion, optimal sowing stage). Each group includes three biological replicates (50 seeds pooled per replicate) and three technical replicates. Different
lowercase letters indicate significant differences (p < 0.05); (b) Pearson correlation between multi-stage average ABA content and final germination rate

(n=10,r=-0.892, p < 0.001).

Exogenous ABA application verifies dose-
dependent inhibitory effect on grape seed
germination

To verify ABA's functional role, exogenous ABA gradient treat-
ments were applied on the optimal GA; background using three
representative groups: SO (self-pollinated control), C1 (high vigor),
and C9 (low vigor).

ABA exhibited a significant dose-dependent inhibitory effect on
germination (Supplementary Table S5). At 5, 10, and 20 mg/L ABA,
germination rates progressively declined across all groups, with
reductions of 8.2-12.4, 13.4-23.8, and 25.7-42.1 percentage points,
respectively. This assay provides direct functional evidence that ABA
is a key hormone maintaining grape seed dormancy, and that
elevated ABA concentrations significantly counteract GAs-induced
germination. The observed genotypic differences in germination-
reduction magnitude further support the role of endogenous ABA
accumulation as a major driver of germination vigor variation
among hybrid combinations.

Standardized seedling cultivation system
matched with germination physiological status
improves transplant survival

Leveraging the distinct morphological threshold of radicle elon-
gation (1-2 mm) as a physiological anchor for sowing timing, we
developed an integrated, standardized seedling production pipeline
that unifies laboratory germination protocols with field nursery
practices. At this developmental juncture, seeds have fully exited
physiological dormancy, attained a balanced endogenous GA-ABA
status, and exhibit pronounced root geotropism and stress
resilience, representing the optimal window for transfer to substrate
cultivation. Across the nine hybrid combinations evaluated, this
pipeline achieved an overall transplant survival rate of 85.6%, along-
side markedly improved uniformity in seedling emergence and early
vegetative growth relative to conventional practices. Rather than
treating germination and seedling establishment as discrete steps,
the system aligns every operational transition with underlying shifts
in seed/seedling physiological status, thereby preserving germi-
nation-derived vigor throughout the entire seed-to-seedling conti-
nuum and converting mechanistic insights into hormone regu-
lation into a practically actionable production framework.
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The full workflow is organized into three interconnected,
sequentially deployed functional modules (Fig. 6a-v). The first
module encompasses pre-germination seed processing and
controlled germination induction (Fig. 6h-m): seeds undergo
cleaning, cold stratification to release primary dormancy, surface
disinfection, and GAz;-mediated germination promotion under dark,
temperature-controlled conditions, yielding a synchronous popu-
lation of germinated seeds at the optimal developmental stage for
subsequent sowing. The second module addresses plug seedling
production under standardized conditions (Fig. 6n-p). This module
specifies uniform substrate composition, sowing depth, and
controlled greenhouse management during early seedling growth,
which fosters consistent emergence patterns and supports the
development of well-structured, vigorous root systems. The third
module covers field transplanting and post-transplant acclimation
(Fig. 6a-g, 6g-v). Standardized protocols are implemented for pre-
transplant seedling quality screening, careful extraction of seedlings
with intact root balls to minimize wounding stress, uniform
planting hole preparation and field establishment, and structured
post-transplant irrigation and moisture management. Together,
these procedures reduce transplant shock and support stable
survival and growth across hybrid genotypes with differing
inherent vigor levels.

Overall, this end-to-end standardized system establishes a quan-
tifiable, replicable technical framework for large-scale hybrid grape
seedling production, effectively bridging the historical disconnect
between laboratory-focused germination optimization and applied
field breeding operations.

Repeatability validation of the standardized
technical system

The standardized technical system exhibited stable and repro-
ducible performance across the independent full-cycle validation
trial (Fig. 7). C1 remained the highest-performing combination, with
92.1% + 3.1% germination rate, 88.7% * 2.8% seedling emergence
rate, and 86.4% + 3.2% transplant survival rate. Medium-vigor
combinations C2 and C3 showed stable germination rates of
87.6% + 2.9% and 83.4% =+ 3.3%, respectively, with transplant
survival rates consistently above 83%. Even the low-vigor C4 exhi-
bited reproducible performance, with a 58.2% + 3.5% germination
rate and 72.3% + 4.1% transplant survival rate.
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Fig. 6 Integrated full-cycle standardized technical system for seedling production of 'Shine Muscat' hybrid grape seeds: (a) Selection of qualified
seedlings. (b) Seedling lifting with intact root balls. (c) Hole digging. (d) Field planting. (e) Soil backfilling. (f) Root watering immediately after
transplanting. (g) Post-transplant moisture management. (h)-(m) Seed treatment and germination induction stage. (n)-(p) Sowing and seedling raising
stage. (q)-(v) Seedling transplanting and field management stage.
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Fig. 7 Repeatability validation of key seedling establishment metrics in the standardized technical system across genetically diverse grape hybrid
combinations. (a) Germination rate. (b) Seedling emergence rate. (c) Transplant survival rate. C1-C4 represent hybrid combinations with different
germination vigor. Different lowercase letters indicate significant differences among combinations (p < 0.05), n = 3.

Paired-sample t-tests detected no statistically significant system-  variation): germination rate (mean difference = + 1.95%, t = 1.423, df
atic bias between the two trials for all measured indicators (paired =3, p = 0.249), seedling emergence rate (mean difference = + 2.10%,
by identical hybrid combinations to control for genotype-related t = 1.587, df = 3, p = 0.210), and transplant survival rate (mean
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difference = + 1.43%, t = 1.128, df = 3, p = 0.341) (Supplementary
Table S6). The relative standard deviation (RSD) of all metrics across
replicates was below 4% in the validation trial.

Discussion

Poor seed germination and non-uniform seedling establishment
have long been recognized as critical bottlenecks constraining
grape hybrid breeding efficiency!'%'2], In this study, using 'Shine
Muscat' hybrid seeds, we systematically optimized key germination
parameters via an Ly(3%) orthogonal design and validated the broad
applicability of the optimized protocol across nine paternal geno-
types. Through multi-stage dynamic ABA quantification, we
revealed the association between paternal genetic background,
endogenous ABA accumulation patterns, and germination vigor,
with functional verification provided by exogenous ABA gradient
treatments. On this basis, we established a full-cycle standardized
system encompassing seed treatment, germination induction,
sowing, seedling cultivation, and field transplanting, offering a
reproducible and scalable solution with a theoretical foundation for
practical grape breeding.

Exogenous GA; is the most commonly used approach for
breaking physiological dormancy in grape seeds; however, its
efficacy frequently exhibits pronounced genotype dependencel?”l.
Our results demonstrated that the optimal treatment for self-
pollinated 'Shine Muscat' seeds was 0.3 g/L GA; soaking for 24 h
followed by dark incubation at 25 °C, achieving a germination
rate of 92.5%, significantly higher than all other combinations.
This finding aligns with Bolt et al.27}, who reported that appropriate
GA; concentration and short-duration soaking effectively release
dormancy, whereas excessive concentration, prolonged soaking, or
suboptimal temperatures reduce germination efficiency. Both range
analysis and ANOVA identified incubation temperature as the
primary limiting factor, exerting a greater effect than GA; concen-
tration and soaking duration. This is consistent with studies in other
crops where the optimal temperature (25 °C) enhances the activity
of key hormone-metabolizing enzymes, such as gibberellin biosyn-
thetic enzymes (GA3ox) and ABA catabolic enzymes (CYP707A),
thereby promoting bioactive GA accumulation and ABA degra-
dation to initiate germination(25l, A major limitation of previous
studies is that optimized parameters were predominantly derived
from single genotypes, with universality across hybrid combi-
nations lacking systematic validation. By testing the optimized T7
treatment across nine hybrid combinations with diverse paternal
backgrounds, we found that this treatment consistently achieved
the highest germination rate in all combinations, with no significant
genotype-by-treatment interaction. This robustly demonstrates the
broad-spectrum applicability of the optimized parameters across
different hybrid progenies of 'Shine Muscat, overcoming the
long-standing issue of genotype-specificity.

The classic antagonistic GA-ABA regulatory model in seed
dormancy and germination has been extensively validated in model
plants and various crops!’®22, ABA is recognized as the pivotal
hormone governing the establishment, maintenance, and release of
physiological dormancy®8l; however, most previous studies
quantified ABA at single time points, inadequately capturing its
dynamic homeostasis throughout germination. Through multi-stage
quantification covering the entire germination cycle, we observed a
continuous decline in endogenous ABA across all groups, with
paternal genotype significantly influencing both stage-specific ABA
dynamics and overall accumulation patterns. The final germination
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rate exhibited a highly significant negative correlation with the
multi-stage average ABA level (r = -0.892, p < 0.001). This negative
correlation suggests that endogenous ABA accumulation is closely
linked to dormancy depth and germination vigor in grape seeds,
consistent with Sano & Marion-Poll?4 that ABA metabolism plays
a central role in regulating seed germination. Notably, all hybrid
combinations shared the same maternal parent and were subjected
to identical environmental and treatment conditions; therefore, the
observed differences in ABA dynamics and germination traits are
most likely associated with paternal genotypic variation[33341,
However, this inference requires further validation through genetic
and molecular studies. Beyond ABA accumulation, additional
paternal-derived traits may also contribute to germination vigor
differences, including seed coat thickness and permeability, reserve
substance composition, and embryonic development status, which
may act independently or in conjunction with ABA metabolic path-
ways. To directly verify ABA's physiological function, we performed
exogenous ABA gradient treatments on the optimal GA; back-
ground. The results demonstrated a significant dose-dependent
inhibitory effect on germination, with the C9 combination—
characterized by inherently higher multi-stage average ABA
content—showing a larger magnitude of germination reduction
upon exogenous ABA addition. This provides direct evidence that
ABA functions as a key hormone maintaining dormancy and that
elevated ABA concentrations significantly antagonize GAs-induced
germination, consistent with the classic GA-ABA antagonistic regu-
latory model2:241, At the breeding level, this finding offers valuable
guidance for parental selection3536],

By precisely matching the optimized hormonal regimen with the
physiological status of germinating seeds, we established a full-
cycle standardized system encompassing sowing, seedling culti-
vation, transplanting, and post-transplant management3932, Under
this system, the average final germination rate of all nine hybrid
combinations reached 70.2%, approximately 1.8-fold higher than
the 30%-50% natural germination rate reported in previous
studies!’®-12), The average transplant survival rate across all hybrid
combinations reached 85.6%, and the system showed stable perfor-
mance across hybrid combinations with different vigor levels. This
achievement directly bridges hormonal regulation theory with
large-scale seedling production, effectively addressing the technical
gap between laboratory optimization and field application[3032,
Moreover, the morphological standard—defining radicle length of
1-2 mm as the optimal sowing stage—provides an intuitive
and quantifiable criterion for operational management, strongly
supporting standardized implementation.

Conclusions

Through systematic optimization and cross-genotype validation,
this study established highly efficient germination parameters appli-
cable to 'Shine Muscat' hybrid seeds. Multi-stage dynamic ABA
quantification and exogenous ABA functional verification demon-
strated that paternal genotype is significantly associated with
germination vigor and ABA accumulation patterns throughout
germination, with germination rate exhibiting a strong negative
correlation with multi-stage average ABA level. The full-cycle stan-
dardized technical system established on this foundation signifi-
cantly improved germination rate, seedling uniformity, and trans-
plant survival rate, while demonstrating excellent repeatability and
genotype universality. The established full-cycle standardized
germination and seedling establishment system, together with the
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revealed association between paternal genotype, dynamic ABA
homeostasis and germination vigor, not only provides a practical,
scalable technical solution to boost grape hybrid breeding effi-
ciency, but also offers a physiological framework for targeted
parental selection and further mechanistic dissection of seed
dormancy regulation in woody fruit crops.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design, project administration, funding
acquisition: Li G; investigation: Li J, Gai R, Li Y; data curation, formal
analysis, draft manuscript preparation: Li J; methodology deve-
lopment, validation: Gai R; research resources provision: Fan X;
visualization, software application: Cheng J; manuscript review and
editing: Fan X, Li G; study supervision: Zhou R, Li G. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

Data will be made available upon request from the corres-
ponding author.

Acknowledgments

This research was supported by the Key R&D Projects of Henan
Province, China (Grant No. 241111113200).

Conflict of interests

The authors declare no competing interests.

Supplementary information accompanies this paper online
at: https://doi.org/10.48130/frures-0026-0031.

Dates

Received 27 April 2026; Revised 2 July 2026; Accepted 6 August
2026; Published online 9 September 2026

References

[11  Callipo P, Schmidt M, Strack T, Robinson H, Vasudevan A, et al. 2025.
Harnessing clonal diversity in grapevine: from genomic insights to
modern breeding applications. Theoretical and Applied Genetics
138:196

[2]  Xi XJ, Gutierrez B, Zha Q, Yin XJ, Sun PP, et al. 2023. Optimization of in
vitro embryo rescue and development of a Kompetitive Allele-Specific
PCR (KASP) marker related to stenospermocarpic seedlessness in
grape (Vitis vinifera L.). International Journal of Molecular Sciences
24:17350

[3] Liu BY, Sun YL, Li XY, Guo DH, Zhao LP, et al. 2023. $-ketoacyl-CoA
synthase improves the drought tolerance of root restricted grown
grapevines by regulating the cuticular wax biosynthesis. Scientia Horti-
culturae 307:111494

[4] Wang ZL, Xue TT, Gao FF, Zhang L, Han X, et al. 2021. Intraspecific
recurrent selection in V. vinifera: an effective method for breeding of
high quality, disease-, cold-, and drought-resistant grapes. Euphytica
217:111

[5] Koyama K, Kono A, Ban Y, Bahena-Garrido SM, Ohama T, et al. 2022.
Genetic architecture of berry aroma compounds in a QTL (quanti-
tative trait loci) mapping population of interspecific hybrid grapes
(Vitis labruscana x Vitis vinifera). BMC Plant Biology 22:458

Li et al. Fruit Research 2026, 6: €038

[6]

[7]

(8l

[9]

[10]

(111

2]

[13]

[14]

[18]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Fruit
Research

Margaryan K, Tépfer R, Gasparyan B, Arakelyan A, Trapp O, et al. 2023.
Wild grapes of Armenia: unexplored source of genetic diversity and
disease resistance. Frontiers in Plant Science 14:1276764

Carratore C, Amato A, Pezzotti M, Bellon O, Zenoni S. 2026. Genome
editing and integrative breeding strategies for climate-resilient
grapevines and sustainable viticulture. Horticulturae 12(1):117

Amato A, Cardone MF, Ocarez N, Alagna F, Ruperti B, et al. 2022.
WIAGL11 self-requlates and targets hormone- and secondary
metabolism-related genes during seed development. Horticulture
Research 9:uhac133

Martin-Gémez JJ, Rodriguez-Lorenzo JL, del Pozo DG, de Santamaria
FCS, Mufioz-Organero G, et al. 2024. Seed morphological analysis in
species of Vitis and relatives. Horticulturae 10(3):285

Lallai A, Cuena-Lombraia A, Sarigu M, Meloni F, Saifan SM, et al. 2024.
Domestic grape germination behaviour: the 'Chardonnay' and 'Syrah'
international cultivars’s study case. Revista Ciéncia Agronémica
55:220228629

Wang ZL, Hui M, Shi XQ, Wu D, Wang Y, et al. 2022. Characteristics of
the seed germination and seedlings of six grape varieties (V. vinifera).
Plants 11(4):497

Liu ZH, Song J, Wang Y, Yan AL, Wang XY, et al. 2025. Advancing grape
breeding through an in vitro embryo germination technique without
cold stratification. Horticultural Plant Journal 11(4):1483—-1492
Alzohairy SA, Londo JP, Heinitz C, Naegele RP. 2023. Cultivar and
maternal plant environment influence cold stratification requirements
and germination rates of Vitis Species. HortScience 58(5):515-524

Peng WJ, Liang FC, Chen ZYF, Gong ZH, Zhang MY, et al. 2024.
Genomic signals of divergence and hybridization between a wild
grape (Vitis adenoclada) and domesticated grape ('Shine Muscat'). Fruit
Research 4:e028

Puglisi D, Casas GL, Ferlito F, Nicolosi E, Guardo MD, et al. 2022.
Parents' selection affects embryo rescue, seed regeneration and the
heredity of seedless trait in table grape breeding programs. Agricul-
ture 12:1096

Magon G, Rosa VD, Martina M, Falchi R, Acquador A, et al. 2023. Boost-
ing grapevine breeding for climate-smart viticulture: from genetic
resources to predictive genomics. Frontiers in Plant Science 14:1293186
Kowalczyk BA, Bieniasz M, Kostecka-Gugata A. 2022. Flowering bio-
logy of selected hybrid grape cultivars under temperate climate condi-
tions. Agriculture 12(5):655

Zhao J, He YQ, Zhang HS, Wang ZF. 2024. Advances in the molecular
regulation of seed germination in plants. Seed Biology 3:¢006

Kara Z, Yazar K, Dogan O, Vergili E. 2020. Sodium nitroprusside and
gibberellin effects on seed germination and seedling development of
grapevine (Vitis vinifera L.) cvs. Ekgi Kara and Gok Uziim. Erwerbs-Obst-
bau 62:61-68

Sabagh AE, Mbarki S, Hossain A, Igbal MA, Islam MS, et al. 2021. Poten-
tial role of plant growth regulators in administering crucial processes
against abiotic stresses. Frontiers in Agronomy 3:648694

Xu T, Zhang M, Chen TC, Gong LL, Hu LL, et al. 2023. Identification of
ABA signaling pathway genes and their differential regulation in
response to suboptimal light stress in grape (Vitis vinifera L.). Horticul-
turae 9(7):789

Li ZL, Luo XF, Wang L, Shu K. 2022. ABSCISIC ACID INSENSITIVE 5 medi-
ates light-ABA/gibberellin crosstalk networks during seed germi-
nation. Journal of Experimental Botany 73(14):4674—4682

Ge ZCM, Yao MW, Chen T, Yao Y, Lin JH, et al. 2026. A novel bZIP tran-
scription factor WwbZIP026 induces anthocyanin biosynthesis and
acylation modification in response to abscisic acid in 'Summer Black'
grape. Plant Science 364:113008

Sano N, Marion-Poll A. 2021. ABA metabolism and homeostasis in seed
dormancy and germination. International Journal of Molecular Sciences
22(10):5069

Farooq MA, Ma W, Shen S, Gu A. 2022. Underlying biochemical and
molecular mechanisms for seed germination. International Journal of
Molecular Sciences 23:8502

Kesen O, Yagci A, Hatterman-Valenti H, Kaya O. 2025. Enhancing grape
seed germination and seedling development through varietal

Page 90f 10


https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.1007/s00122-025-04986-w
https://doi.org/10.3390/ijms242417350
https://doi.org/10.1016/j.scienta.2022.111494
https://doi.org/10.1016/j.scienta.2022.111494
https://doi.org/10.1016/j.scienta.2022.111494
https://doi.org/10.1007/s10681-021-02851-7
https://doi.org/10.1186/s12870-022-03842-z
https://doi.org/10.3389/fpls.2023.1276764
https://doi.org/10.3390/horticulturae12010117
https://doi.org/10.1093/hr/uhac133
https://doi.org/10.1093/hr/uhac133
https://doi.org/10.3390/horticulturae10030285
https://doi.org/10.5935/1806-6690.20240003
https://doi.org/10.3390/plants11040479
https://doi.org/10.1016/j.hpj.2024.04.012
https://doi.org/10.21273/hortsci17002-22
https://doi.org/10.48130/frures-0024-0022
https://doi.org/10.48130/frures-0024-0022
https://doi.org/10.3390/agriculture12081096
https://doi.org/10.3390/agriculture12081096
https://doi.org/10.3389/fpls.2023.1293186
https://doi.org/10.3390/agriculture12050655
https://doi.org/10.48130/seedbio-0024-0005
https://doi.org/10.1007/s10341-020-00497-8
https://doi.org/10.1007/s10341-020-00497-8
https://doi.org/10.1007/s10341-020-00497-8
https://doi.org/10.1007/s10341-020-00497-8
https://doi.org/10.1007/s10341-020-00497-8
https://doi.org/10.3389/fagro.2021.648694
https://doi.org/10.3390/horticulturae9070789
https://doi.org/10.3390/horticulturae9070789
https://doi.org/10.3390/horticulturae9070789
https://doi.org/10.1093/jxb/erac200
https://doi.org/10.1016/j.plantsci.2026.113008
https://doi.org/10.3390/ijms22105069
https://doi.org/10.3390/ijms23158502
https://doi.org/10.3390/ijms23158502
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031

Fruit
Research

[27]

[28]

[29]

[30]

[31]

[32]

responses to sodium nitroprusside and gibberellic acid applications.
Horticulturae 11:754

Bolt B, Baloh A, Magnani R, Nosarzewski M, Lépez CR, et al. 2023. Clip-
ping and gibberellin treatments promote germination in dormant
grape seeds. HortTechnology 33(2):157—-160

Zhao HY, Zhang YM, Zheng Y. 2022. Integration of ABA, GA, and light
signaling in seed germination through the regulation of ABI5. Fron-
tiers in Plant Science 13:1000803

Wang WR, Bai YH, Koilkonda P, Guan L, Zhuge YX, et al. 2020. Genome-
wide identification and characterization of gibberellin metabolic and
signal transduction (GA MST) pathway mediating seed and berry
development (SBD) in grape (Vitis vinifera L.). BVIC Plant Biology 20:384
Zhang CC, Lu X, Yan HK, Gong MS, Wang WH, et al. 2023. Nitrogen
application improves salt tolerance of grape seedlings via regulating
hormone metabolism. Physiologia Plantarum 175(2):e13896

Zhou RJ, Gai RX, Liao WY, Wu QJ, Cheng JH, et al. 2025. Optimization of
grape artificial hybrid pollination technology process and the effect of
different male parents on the fruit setting rate. Frontiers in Plant
Science 16:1660290

Kontaxakis E, Papadimitriou D, Daliakopoulos |, Sabathianakis |,
Stavropoulou A, et al. 2023. Water availability in pumice, coir, and
perlite  substrates regulates grapevine growth and grape

Page 100f 10

[33]

[34]

[35]

[36]

https://doi.org/10.48130/frures-0026-0031

physicochemical characteristics in soilless cultivation of sugraone and
prime cultivars (Vitis vinifera L.). Agriculture 13(9):1690

Wang ZL, Yao F, Hui M, Wu D, Wang Y, et al. 2022. Fertility analysis of
intraspecific hybrids in Vitis vinifera and screening of superior hybrid
combinations. Frontiers in Plant Science 13:940540

Zhang C, Yuan T, Guo SQ, Dang JB, Liang GL, et al. 2025. Parent-of-
origin effects orchestrate transcriptional reprogramming and epige-
netic regulation of seedling vigor heterosis in triploid loquat. Frontiers
in Plant Science 16:1698577

Chen X, Ayesha K, Wen X, Zhang YN, Dou MR, et al. 2026. An integrate
methods to improve the high efficiency of embryo rescue breeding in
seedless grapes. Journal of Integrative Agriculture 25(2):721-733

Wang ZM, Chai FM, Zhu ZF, Elias GK, Xin HP, et al. 2020. The inheri-
tance of cold tolerance in seven interspecific grape populations. Scien-
tia Horticulturae 266:109260

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Li et al. Fruit Research 2026, 6: €038


https://doi.org/10.3390/horticulturae11070754
https://doi.org/10.21273/horttech05155-22
https://doi.org/10.3389/fpls.2022.1000803
https://doi.org/10.3389/fpls.2022.1000803
https://doi.org/10.1186/s12870-020-02591-1
https://doi.org/10.1186/s12870-020-02591-1
https://doi.org/10.1111/ppl.13896
https://doi.org/10.3389/fpls.2025.1660290
https://doi.org/10.3389/fpls.2025.1660290
https://doi.org/10.3390/agriculture13091690
https://doi.org/10.3389/fpls.2022.940540
https://doi.org/10.3389/fpls.2025.1698577
https://doi.org/10.3389/fpls.2025.1698577
https://doi.org/10.1016/j.jia.2025.02.042
https://doi.org/10.1016/j.scienta.2020.109260
https://doi.org/10.1016/j.scienta.2020.109260
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031
https://doi.org/10.48130/frures-0026-0031

	Introduction
	Materials and methods
	Plant materials and hybridization
	Orthogonal experimental design for germination parameter optimization
	Universality validation of optimized parameters across hybrid genotypes
	Evaluation of germination characteristics of hybrid combinations
	Multi-stage quantification of endogenous ABA content
	Exogenous ABA treatment assay
	Sowing, transplanting, and post-transplant management
	Repeatability validation of the standardized technical system
	Statistical analysis

	Results
	Morphological characteristics of radicle protrusion under optimized germination conditions
	Optimization of key germination parameters and the dominant effect of incubation temperature
	Universal applicability of optimized parameters across hybrid combinations with diverse paternal genotypes
	Paternal genotype is associated with variation in germination vigor of hybrid seeds
	Dynamic changes in endogenous ABA content throughout germination are strongly negatively correlated with seed germination vigor
	Exogenous ABA application verifies dose-dependent inhibitory effect on grape seed germination
	Standardized seedling cultivation system matched with germination physiological status improves transplant survival
	Repeatability validation of the standardized technical system

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interests
	Supplementary information
	References

