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Abstract. Post-harvest dormancy in shallot (Allium cepa L. var. aggregatum) seed bulbs delays sprouting and
disrupts planting schedules. While gibberellic acid (GAs), hydrogen peroxide (H20-), and vernalization each break
dormancy, their combined effects have not been evaluated. The study, conducted in October 2025 at the
Hasanuddin University Teaching Farm in Indonesia, is the first to evaluate the factorial effects of GAs or H2O:
combined with vernalization on dormancy breaking. Lokana shallot bulbs underwent vernalization for 14 days at
room temperature, 5°C, or 10°C, followed by treatment with either no agent, GAs (100 mg L', 6 h), or H202 (20%,
2 h), using a 3 x 3 randomized complete block design (27 plots, 1.215 plants). Data analysed using ANOVA
followed by HSD at the 5% level and Pearson’s correlation. Significant interactions (p < 0.05) between dormancy-
breaking agents and vernalization were observed for most germination rate and sprouting time parameters. The
combination of H20: treatment with 5°C vernalization produced the fastest sprouting, achieving the highest
sprouting rate index (SSI = 6.91) and rate coefficient (CVG = 12.78), the shortest mean sprouting time (MSpT =
7.86 days), and the lowest time to 50% sprouting (T50 = 7.06 days), outperforming both the control (SSI = 2.82;
MSpT = 16.90 days; T50 = 16.86 days) and GAs treatments. Sprouting synchrony and uniformity remained
unaffected. The combined application of H.0. and short-duration cold vernalization represents a practical and
cost-effective approach to reducing dormancy and expediting planting readiness in shallot seed production.
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1. Introduction

Shallots  (Allium cepa L. \var.
aggregatum) are a horticultural commodity of
significant economic importance. Demand is
increasing due to their functional properties
as sources of antioxidants and bioactive
compounds (Moldovan et al., 2022), as well
as a documented rise at the national level
(Indonesia Central Bureau of Statistics, 2024;

ABA serving as the primary inhibitor of
germination (Puccio et al., 2022). Dormancy
is generally maintained by a high ABA/GA
ratio, and release occurs when this ratio
decreases (Sano & Marion-Poll, 2021).
However, this regulatory mechanism is
organ-specific and does not always align with
the classical antagonism model, as shown by
transcriptome and phytohormone analyses of

Center for Agricultural Data and Information
Systems, 2025). Sustainable production
depends on the timely availability of high-
quality bulb seeds. However, efficient seed
supply is often limited by premature
sprouting and post-harvest dormancy, both of
which inhibit shoot and root development
(Kiran et al., 2024: D’Angelo & Goldman
2019).

Prolonged dormancy delays planting
schedules and reduces the efficiency of the
shallot seed supply chain. This dormancy is
regulated by a complex hormonal network,
including abscisic acid (ABA), gibberellins
(GA), auxins, and brassinosteroids, with

ethylene-treated onion bulbs (Alamar et al.,
2020). In addition to hormonal regulation,
reactive oxygen species such as hydrogen
peroxide (H20:) act as signaling molecules
for dormancy release but can be harmful
oxidants at high concentrations (Farooqg et al.,
2021; Lietal., 2022). Cold temperatures also
contribute by lowering ABA levels and
increasing endogenous GA concentrations in
onion bulbs, thereby reducing the ABA/GA
ratio and promoting germination (D’Angelo
& Goldman, 2018).

Previous research has assessed these

three dormancy-breaking strategies
separately. For instance, D’Angelo &
332
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Goldman (2019) demonstrated that soaking
dormant onion bulbs in a 20% H.O- solution
for two to four hours accelerated and
standardized root  growth.  Similarly,
exogenous application of GAs has been
shown to induce dormancy release in garlic
bulbs by modifying gibberellin-related gene
expression (Dong et al., 2022). In shallots,
GA; at concentrations up to 100 mg L™ has
been  reported to improve plant
morphological traits (Marlin et al., 2021). For
environmental interventions, D’Angelo &
Goldman (2018) identified an optimal
vernalization period of 12-14 weeks at 10°C
for long-day onions. Marlin et al. (2021)
found that six weeks of vernalization at 8°C
significantly increased flowering in tropical
shallots, although there was notable
intervarietal sensitivity. Collectively, these
findings suggest that the effectiveness of
H20., GAs, and vernalization depends on
species and agroecological context, and each
method has been studied as an independent
treatment.

Although GAgs, H20-, and vernalization
have each been evaluated individually
(D’ Angelo & Goldman, 2018, 2019; Dong et
al., 2022; Marlin et al., 2021), their combined
effects have not been tested in a single
factorial design in shallots. Marlin et al.
(2021) examined GAs and vernalization
together, but these treatments were not
factorially combined, which prevents
conclusions about their interaction effects.
This research gap is important because
H20.and vernalization affect overlapping
physiological pathways, particularly ABA
metabolism and GA biosynthesis (Ishibashi
et al.,, 2017). Evidence from model plant
systems suggests that reactive oxygen species
such as H.O. may interact synergistically
with  GA and ABA pathways during
dormancy release (Grainge et al., 2022).
Currently, information on the interactive
effects of GAz and H.O. with vernalization
temperature on dormancy breaking in shallot
bulbs is limited. Therefore, this study
hypothesizes that GAs and H:0:
independently promote dormancy release,
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that lower vernalization
significantly  reduce the endogenous
ABA/GA ratio, and that a significant
interaction  exists between dormancy-
breaking agents and  vernalization
temperature, resulting in higher germination
rates than either factor alone.

To address these gaps and hypotheses,
this study evaluates the effectiveness of GAs
and H20., combined with different
vernalization temperatures, in accelerating
dormancy release and improving shallot bulb
germination. The study also investigates the
interactions among these factors using a
single factorial design. The main scientific
contribution is a novel combined approach
that advances the mechanistic understanding
of dormancy regulation in Allium species.
Practically, the results are expected to assist
breeders and farmers in reducing bulb
dormancy, expediting planting schedules,
and enhancing the efficiency of quality
shallot seed production, thereby supporting
the sustainability of the national seed supply.

2. Materials and Methods

The study was conducted in October
2025 at the Hasanuddin University Teaching
Farm, South Sulawesi, Indonesia
(approximately 9 m above sea level), which
represents a lowland coastal agroecosystem
typical of shallot production systems. A two-
factor factorial arrangement was
implemented within a randomised complete
block design (RCBD) to control field
variability and improve inferential precision.
The first factor was the dormancy-breaking
agent, comprising the control, GAs at 100 mg
L, and 20% H:0.. The second factor was
vernalization temperature, including room
temperature (control), 5°C, and 10°C. Nine
treatment combinations were randomized
within each block, resulting in 27
experimental plots.

Bulbs of the Lokana shallot cultivar
were uniformly selected and subjected to a
14-day vernalization period at specified
temperatures.  Following  vernalization,
approximately one-quarter of each bulb tip

temperatures
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was transversely excised and assigned to one
of three dormancy-breaking treatments: no
treatment (control), immersion in 100 mg L!
GA:; for 6 hours, or immersion in 20% H20O-
for 2 hours (Nurfaida et al., 2024). The 100
mg L' GAs concentration was selected based
on Marlin et al. (2021), who demonstrated its
efficacy in enhancing shallot growth and
morphological traits without adverse effects.
The 20% H20: treatment for 2 hours followed
the protocol of D’ Angelo & Goldman (2019),
who reported effective dormancy release
without phytotoxic symptoms.

Treated bulbs were planted in a
homogenized 1:1 mixture of native soil and
compost, with a spacing of 20 cm by 15 cm
in accordance with standard agronomic
practice. Each experimental plot contained 45
plants; five plants were randomly selected
and tagged as observation samples, and their
measurements were averaged to yield a single
value per plot. The experimental plot was
designated as the unit of analysis for the
analysis of variance, while the five tagged
plants constituted the observation (sampling)
unit. Across all plots, a total of 1,215 plants

3. Results and Discussion
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were included, ensuring a sufficient sample
size for robust statistical analysis.

Sprouting performance was evaluated
through daily records of individual bulb
sprouting, utilizing germination indices
adapted to bulb physiology. These indices
included time to 10% sprouting (T10), time to
50% sprouting (T50), mean sprouting time
(MSpT), mean sprouting rate (MSpR),
coefficient of variation of sprouting time
(CVT), variance of sprouting time (VarSpR),
coefficient of velocity of sprouting (CVG),
sprouting speed index (SSI), synchronization
index (SINC), uniformity of sprouting
(UnifSp), and uncertainty of sprouting (UNC).
Collectively, these indices characterize the
timing, speed, uniformity, and synchronization
of sprouting.

Data were analyzed using factorial
analysis of variance (ANOVA) to determine
the main and interaction effects of vernalization
temperature and dormancy-breaking agents.
Tukey's Honestly Significant Difference
(HSD) test at a = 0.05 was applied for mean
comparisons. Relationships among variables
were assessed using Pearson's correlation in R.

Table 1. Sprouting speed index, coefficient of velocity of sprouting, and coefficient of
variation of time values in various treatment combinations

L Parameters
Treatment Combinations S| CVG (%) VT (%)

Control 2.82 £0.14¢ 5.94 +0.25¢  2.12 +0.24
No Plant Growth Regulator + Vernalization 5°C 4.24 +0.07  7.94 +0.17%  3.31 +0.13%
No Plant Growth Regulator + Vernalization 10°C 4.37 £0.15%  8.27 £0.16%  2.94 +0.23%»
Gibberellic Acid (GAs) + No Vernalization 3.28 £0.06%  7.05+0.15%  1.72 +0.14¢
Gibberellic Acid (GAs) + Vernalization 5°C 4.74 £0.05 9.20 £0.20°  3.09 £0.19%
Gibberellic Acid (GAs) + Vernalization 10°C 5.83+0.43%  10.92 +0.56°  3.42 +0.37?
Hydrogen Peroxide (H.0-) + No Vernalization 3.31+0.01%  7.23+0.00%  1.28 +0.12°
Hydrogen Peroxide (H=0:) + Vernalization 5°C 6.91 £+0.40@  12.78 +0.59°  3.83 +0.442
Hydrogen Peroxide (H.0.) + Vernalization 10°C 4.88 £0.37®°  9.60 £0.49°  3.01 +0.40%
p <0.05 1.17 1.70 1.20

Remark: Values are presented as mean + standard deviation (SD). SSI denotes sprouting speed index,
CVG denotes coefficient of velocity of sprouting, and CVT denotes coefficient of variation of sprouting
time. Values followed by the same letter do not differ significantly at the 5% significance level according
to Tukey's Honestly Significant Difference (HSD) test.

The interaction between dormancy-
breaking treatments and vernalization
significantly affected SSI, CVG, and CVT (p

< 0.05, Table 1). The combination of H20:
and 5°C vernalization produced the highest
SSI (6.91 + 0.40) and CVG (12.78 £ 0.59),
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both of which were significantly greater than
those observed in all other treatment
combinations. For CVT, H:O. without
vernalization (1.28 + 0.12%) and GAs
without vernalization (1.72 £ 0.14%) resulted
in the lowest and statistically similar values.
In contrast, H.O. with 5°C vernalization
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yielded the highest CVT (3.83 £ 0.44%),
which did not differ significantly from GAs
with 10°C vernalization (3.42 £ 0.37%) or
from the absence of plant growth regulator
with 5°C vernalization (3.31 + 0.13%), but

was

significantly  different

remaining treatments.

from the

Table 2. Mean sprouting rate, mean sprouting time, and synchronization index values in

various treatment combinations

Treatment Combinations Parameters -
MSpR (days?)  MSpT (days) Sinc

Control 0.06 £0.00¢ 16.90 £0.74*  0.10 £0.02
No Plant Growth Regulator + Vernalization 5°C 0.08 £0.00¢  12.60 £0.26°¢  0.07 £0.01
No Plant Growth Regulator + Vernalization 10°C ~ 0.08 £0.00%  12.10 +0.24%® (.08 +0.01
Gibberellic Acid (GAs) + No Vernalization 0.07 +0.00¢f 14.21 £0.32°  0.14 +0.03
Gibberellic Acid (GAs) + Vernalization 5°C 0.09 £0.00¢  10.88 +0.23%" (.10 +0.01
Gibberellic Acid (GAs) + Vernalization 10°C 0.11 +0.01° 9.21 +0.48™ 0.08 £0.01
Hydrogen Peroxide (H.0-) + No Vernalization 0.07 +0.00¢f 13.82 £0.00°¢  0.17 £0.02
Hydrogen Peroxide (H-0-) + Vernalization 5°C 0.13 £0.012 7.86 +0.359 0.10 £0.01
Hydrogen Peroxide (H-0.) + Vernalization 10°C 0.10 +0.01 10.47 £0.53¢"  0.08 +0.01
p <0.05 0.021 1.86 -

Remark: Values are presented as mean + standard deviation (SD). MSpR denotes mean sprouting rate,
MSpT denotes mean sprouting time, and Sinc denotes synchronization index. Values followed by the
same letter do not differ significantly at the 5% significance level according to Tukey's Honestly

Significant Difference (HSD) test.

Table 3. Time to 10% sprouting, time to 50% sprouting values for various treatment

combinations

N Parameters

Treatment Combinations T10 (days) T50 (days)
Control 11.63 £1.41 16.86 +0.742
No Plant Growth Regulator + Vernalization 5°C 6.28 £0.40 12.09 +0.74b«
No Plant Growth Regulator + Vernalization 10°C 6.50 £0.58 11.92 +0.38P«
Gibberellic Acid (GAs) + No Vernalization 10.39 £0.18 13.86 +0.22°
Gibberellic Acid (GAs) + Vernalization 5°C 5.81 £0.59 10.85 +0.62¢de
Gibberellic Acid (GAs) + Vernalization 10°C 4.38 +0.62 8.84 +0.64¢f
Hydrogen Peroxide (H-0:) + No Vernalization 10.71 £0.29 13.62 +0.03
Hydrogen Peroxide (H20.) + Vernalization 5°C 3.42 £0.25 7.06 £0.57f
Hydrogen Peroxide (H-0) + Vernalization 10°C 5.47 £0.62 9.94 +0.74%

p <0.05

- 2.81

Remark: Values are presented as mean + standard deviation (SD). T10 denotes time to 10% sprouting,
and T50 denotes time to 50% sprouting. Values followed by the same letter do not differ significantly
at the 5% significance level according to Tukey's Honestly Significant Difference (HSD) test.

The interaction also significantly
influenced MSpR and MSpT (p < 0.05, Table
2), but did not affect SINC. H.0. with 5°C
vernalization resulted in the highest MSpR
(0.13 = 0.01 days™') and the lowest MSpT

(7.86 + 0.35 days). The MSpT for this
treatment was not significantly different from
GAs with 10°C vernalization (9.21 £ 0.48
days), but was significantly lower than all
other treatments. The control exhibited the
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lowest MSpR (0.06 + 0.00 days™) and the
highest MSpT (16.90 + 0.74 days). SINC
values ranged from 0.07 £ 0.01t0 0.17 £ 0.02,
with no significant differences among
treatments, indicating no effect on sprouting
synchronization.

T10 was not significantly affected by
the interaction, with values ranging from 3.42
+0.25t0 11.63 + 1.41 days. In contrast, T50
was significantly influenced (p < 0.05, Table
3). H202 with 5°C vernalization produced the
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lowest T50 (7.06 £ 0.57 days), which was not
significantly different from GAs with 10°C
vernalization (8.84 = 0.64 days), but was
significantly lower than all other treatments.
The control had the highest T50 (16.86 £ 0.74
days). H2O: with 10°C vernalization (9.94 +
0.74 days) did not differ significantly from
GA: with 10°C (8.84 £ 0.64 days) or GAs
with 5°C vernalization (10.85 + 0.62 days),
but differed significantly from the control and
from non-vernalized treatments.

Table 4. Uncertainty value, uniformity of sprouting, variance of sprouting in various treatment

combinations

Treatment Combinations Parameters
Unc (bits) UnifSp (days)  VarSpr (days?)
Control 3.44 +0.22 % 9.13£1.19 12.74 £2.29
No Plant Growth Regulator + Vernalization 5°C 3.69+0.112 11.36 +£0.52 17.53 +2.05
No Plant Growth Regulator + Vernalization 10°C  3.43 +0.14 ® 9.32 £0.67 12.90 £2.21
Gibberellic Acid (GAs) + No Vernalization 2.96 +0.19 ¢ 6.62 +£0.92 6.10 £1.21
Gibberellic Acid (GAs) + Vernalization 5°C 3.31+0.05%® 8.62 +0.71 11.41 +1.38
Gibberellic Acid (GAs) + Vernalization 10°C 3.45+0.17 % 8.77 £1.25 10.25 £2.52
Hydrogen Peroxide (H20.) + No Vernalization 2.61+0.12°¢ 4.68 £0.55 3.18 £0.56
Hydrogen Peroxide (H-0-) + Vernalization 5°C 3.18 +£0.14 ¢ 7.78 £0.44 9.10 £1.57
Hydrogen Peroxide (H-0) + Vernalization 10°C ~ 3.41 +0.12 ®* 8.74 £0.77 9.80 +1.63

p <0.05

0.59 - -

Remark: Values are presented as mean * standard deviation (SD). Unc denotes uncertainty of
sprouting, UnifSp denotes uniformity of sprouting, and VarSpr denotes variance of sprouting time.
Values followed by the same letter do not differ significantly at the 5% significance level according to
Tukey's Honestly Significant Difference (HSD) test.

The interaction significantly affected
UNC (p < 0.05; Table 4) but did not affect
UnifSp or VarSpr. The lowest UNC was
observed with H20O: without vernalization
(261 = 0.12 bits), which was not
significantly different from GAs without
vernalization (2.96 = 0.19 bits), the absence
of plant growth regulator with 10°C
vernalization (3.43 + 0.14 bits), or H202 with
10°C vernalization (3.41 £ 0.12 bits), but
was significantly different from the control
(3.44 £ 0.22 bits) and the remaining
treatments (3.31 to 3.69 bits). UnifSp ranged
from 4.68 + 0.55 to 11.36 + 0.52 days, and
VarSpr ranged from 3.18 £ 0.56 to 17.53 *
2.05 days?, with no significant differences
among treatments.

The combined application of H.O: and
short-duration vernalization resulted in a

greater acceleration of sprouting than either
treatment alone. This finding indicates that
both interventions likely target the same
rate-limiting step in dormancy release,
specifically the abscisic acid/gibberellic acid
(ABA/GA) balance, through complementary
redox and thermal signals. This occurs
through two complementary mechanisms, a
redox signal and a thermal signal. This
interpretation aligns with Bailly (2019), who
reports that accumulation of reactive oxygen
species (ROS) promotes ABA degradation
and enhances GA signaling, thereby
lowering the physiological threshold for
reactivation. When this threshold is already
reduced by cold exposure, a lower
exogenous H:0: input is sufficient to induce
sprouting.  This accounts for the
disproportionately large response observed
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with the combined treatment compared to a
simple additive effect.

The reduced sprouting performance
observed after 10°C of vernalization
compared to 5 days, despite identical H20-
treatment, suggests that prolonged cold
exposure shifted the internal redox balance
beyond its optimal range rather than further
enhancing it. This result aligns with the
oxidative window for germination described
by Bailly et al. (2008), in which ROS levels
within a specific range promote reactivation,
while levels outside this range do not.
Extended vernalization likely increased
antioxidant enzyme activity, thereby partially
neutralizing the H20: signal and shifting the
redox status outside the productive window.
These findings confirm that the interaction is
genuinely optimal-dependent, rather than
merely reflecting the fact that increased cold
exposure yields better outcomes.

The comparatively weaker effect of
GAs relative to H20., particularly in the
absence of vernalization, indicates that GAs
likely acts downstream of ROS-mediated
dormancy alleviation rather than serving as
an independent trigger. This interpretation is
supported by Shu et al. (2016), who describe
germination as governed by two interacting
hormonal  phases, with  GA-driven
germination proceeding only after the ABA-
dominated phase begins to dismantle. Oracz
& Stawska (2016) further note that the
effectiveness of phytohormone signaling
depends on tissue ROS status. Therefore,
GA; is most effective as an accelerant in a
system already primed for dormancy release,
rather than as a primary dormancy-breaking
agent.

The significant effect of treatment on
T50, but not on T10, indicates that
interventions influenced the majority of the
bulb population, while the least dormant
fraction sprouted early regardless of
treatment. This finding is consistent with
Finch-Savage & Footitt (2017), who describe
dormancy status as being continuously
adjusted by environmental signals, resulting
in individual differences in proximity to

e-ISSN 2655-853X
https://doi.org/10.37637/ab.v9i2.2770

dormancy release. Krzyszton et al. (2022)
also demonstrate considerable transcriptional
heterogeneity among genetically identical
seeds, supporting the concept that
population-level variability, rather than a
uniform threshold, underlies differential
sprouting timing. Therefore, T50 and the
coefficient of variation in time (CVT) are
more reliable indicators of treatment efficacy
than T10 for commercial-scale evaluation.

The absence of treatment effects on
synchronization, uniformity, and variance,
despite an increased mean sprouting rate,
suggests that accelerating the average
response does not reduce variability among
bulbs regarding maturity, carbohydrate
reserves, and hormone levels, which is typical
of storage organ populations (Finch-Savage
& Footitt, 2017). In shallot, Cennawati et al.
(2025) report that storage duration strongly
determines the percentage of sprouting and
rooting, as well as their synchrony, with near-
uniform responses occurring only within a
narrow storage window. Ansar et al. (2022),
indicating that the pre-treatment condition of
bulbs, rather than the dormancy-breaking
agent alone, determines sprouting uniformity.
This observation represents a boundary
condition rather than a methodological flaw.
Achieving true synchronization likely
requires upstream control of bulb uniformity,
such as standardized harvest timing, curing,
and size grading before chemical treatment,
which was not addressed in this study.

For commercial shallot production,
combining H20. with 5°C vernalization
offers a practical strategy to shorten the
conventional ~ four-month  post-harvest
dormancy period, which restricts planting
calendar flexibility, as documented by
Nurfaida et al. (2024) and Cennawati et al.
(2025). H20: is cost-effective and does not
require specialized storage, unlike synthetic
regulators such as GAs, making it more
suitable for smallholders once concentration
and exposure duration are standardized.
However, Nurfaida et al. (2024) report that
efficacy varies with concentration and
variety. As this trial utilized a single cultivar
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under screen house conditions and did not
include direct ABA/GA or antioxidant
enzyme assays, the proposed mechanism
remains the most biologically plausible
explanation rather than a confirmed pathway.
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Validation across multiple cultivars, field
conditions, and physiological assays is
necessary  before recommending this

combination as a standard commercial
practice.

X = non-significant at p < 0.05 (Adjustment: Bonferroni)

Figure 1. Correlation matrix of sprouting traits.

Pearson correlation analysis (n = 27)
identified three distinct parameter groups
with internal relationships (Figure 1). The
germination rate group (SSI, CVG, CVT,
MSpR) showed strong to very strong positive
correlations (r = 0.73 to 0.99; p < 0.05).
Similarly, the germination time group
(MSpT, T210, T50) demonstrated strong
positive correlations (r = 0.89 to 0.99; p <
0.05). A strong to very strong negative
correlation was observed between the
germination rate and germination time groups
(r = 0.71 to 0.96; p < 0.05), consistent with
the expectation that higher germination rates
correspond to shorter times to reach a given
germination percentage. The dispersion
group (UNC, UnifSp, VarSpr) also exhibited
very strong positive correlations (r = 0.90 to
0.96; p < 0.05).

The acceleration of bulb sprouting
observed under H20: treatment is primarily
attributed to its function as a reactive oxygen
species (ROS) signaling molecule, rather
than to its oxidative properties alone. At

regulated concentrations, H:O: activates
hydrolytic enzymes, promotes reserve
mobilization, stimulates meristematic cell
division, suppresses abscisic acid (ABA)
activity, and enhances gibberellic acid (GA)
signaling. This interpretation is consistent
with Woijtyla et al. (2016), who identify H.O-
as a central signaling hub connecting ABA,
GA, and other regulators during the transition
from dormancy to active growth. Anand et al.
(2019) also report that H2O- signaling directly
integrates with phytohormone pathways to
promote germination. Cheng et al. (2022)
provide molecular evidence that H20:
counteracts ABA-induced inhibition and
shifts the ABA/GAs balance toward
germination in a calcium-dependent manner.
These findings indicate that the promotive
effect of H2O: arises from active hormonal
modulation rather than from oxidative stress
alone.

Vernalization treatment at 5°C
functioned as an environmental trigger,
preparing the bulb for subsequent ROS-
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mediated activation. Exposure to low
temperatures induces metabolic and hormonal
changes that increase meristem sensitivity to
internal signals, thereby priming the tissue for
H:O: application. This interpretation aligns with
Li et al. (2022), who indicate that ROS serve as
key intermediaries between environmental cues
and hormonal reprogramming during dormancy
release in storage organs. Liu et al. (2024)
further demonstrate that tuber dormancy release
is governed by coordinated hormonal and gene-
regulatory shifts induced by temperature. Jurdak
et al. (2022) support this priming role by tracing
intracellular ROS movement during dormancy
alleviation, showing that ROS accumulation at
the onset of radicle protrusion is a consistent
feature of dormancy-breaking treatments.
Collectively, these findings reinforce the
concept of an oxidative window during which
ROS signaling is most effective. The observed
synergistic effect, where the combined treatment
exceeded the effects of either factor alone,
suggests coordinated activation rather than
independent additive responses.

In contrast, the combination of GAs
with 10°C vernalization produced a weaker
and less consistent response, suggesting that
GAs efficacy depends on the bulb's prior
physiological state rather than acting
independently. Anand et al. (2019) support
this conclusion, noting that hormone-driven
germination responses are less coordinated in
the absence of sufficient ROS signaling.
Nurfaida et al. (2024) further demonstrate
that dormancy-breaking efficacy in shallot
varies with treatment type and concentration,
indicating non-uniform chemical responses
under different physiological conditions.
Overall, these findings suggest that H.O: is
most effective when combined with an
appropriate  vernalization  temperature,
resulting in a faster and more physiologically
coordinated sprouting response than GA;
under the tested conditions.

4. Limitations and Future Directions

This study evaluated only
morphological sprouting parameters and did
not incorporate direct assays for abscisic acid
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(ABA), gibberellic acid (GA), or reactive
oxygen species (ROS). Consequently, the
proposed mechanism remains speculative.
The experiments were limited to a single
cultivar, conducted under screen-house
conditions. They utilized a fixed range of
hydrogen peroxide (H-0:) concentrations and
vernalization durations, which constrains the
generalizability of the findings. Although the
combined treatment accelerated sprouting
and reduced the time to sprouting, it did not
enhance synchronization or uniformity, nor
did it decrease variance. This outcome
indicates that bulb-to-bulb heterogeneity
remains a significant source of variability.

Future research should confirm the
underlying mechanisms through direct assays
of ABA, GA, and ROS, validate these results
across multiple cultivars and field conditions,
and examine a broader spectrum of H:0:
concentrations, vernalization temperatures,
and durations to optimize treatment
protocols. Additionally, improving sprouting
uniformity may require upstream bulb
management strategies, such as modifications
to harvest timing, curing, and size grading.
The establishment of standardized protocols
will be essential to enable the commercial-
scale application of H.O: and vernalization in
shallot seed production.

5. Conclusion

The interaction between dormancy-
breaking treatment and vernalization
temperature significantly affected most
germination rate and germination time
parameters, indicating that treatment efficacy
depended on the combination of both factors.
Among all treatment combinations, H20:
combined with 5°C vernalization consistently
produced the Dbest performance by
accelerating dormancy release and improving
germination rate, whereas the untreated
control showed the poorest germination
performance. In contrast, germination
synchrony and uniformity were not
significantly affected by the interaction,
indicating that the treatments primarily
increased the rate of dormancy release rather
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than the consistency of sprouting among
bulbs. Pearson correlation analysis further
demonstrated strong positive associations
within germination rate parameters and
within germination time parameters. At the
same time, these two groups were strongly
negatively correlated, confirming their
complementary  roles in  evaluating
dormancy-breaking responses.
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