Technology in
Horticulture

ARTICLE

https://doi.org/10.48130/tihort-0026-0014
Technology in Horticulture 2026, 6: €020

Improving seed germination and early seedling growth of
strawberry (Fragaria x ananassa Duch.) by using a fatty acid-based
biostimulant

AKAN.W.M.R.Kasuni Thamarsha', Duyen T. P. Nguyen?, Na Lu'?*, Arachaporn Sripawatakul, Takuya Nakagawa3 and
Michiko Takagaki?

' Graduate School of Horticulture, Chiba University, 648 Matsudo 271-8510, Chiba, Japan

2 Center for Environment, Health and Field Science, Chiba University, 6-2-1 Kashiwanoha, Kashiwa 277-0882, Chiba, Japan
3 Institute for Horticultural Plant Breeding, 2-5-1 Kamishiki, Matsudo 270-2221, Chiba, Japan

* Correspondence: na.lu@chiba-u.jp (Lu N)

Abstract

The seed germination rate in strawberry (Fragaria x ananassa Duch.) is low and non-uniform. In addition to poor seed germination, seedling emergence is
typically delayed, posing challenges for propagation and breeding. This study aimed to evaluate the effect of a fatty acid-based biostimulant, applied via
presoaking seeds at six concentrations (0%, 0.25%, 0.5%, 0.75%, 1.0%, and 2.0%), on seed germination and subsequent seedling growth. Results revealed
that application of the biostimulant significantly enhanced seed germination, with moderate concentrations (0.25%-1.0%) increasing the final germination
percentage (FGP) by 13.4%-16.8% relative to the control. In addition, presoaking seeds with moderate biostimulant concentrations enhanced germination
vigor, as evidenced by the increased germination index (Gl) and germination rate index (GRI). The greatest improvements were recorded at 1.0%
biostimulant, with Gl and GRI increasing by 19.9% and 21.6%, respectively, compared with other treatments. However, the highest concentration (2%)
caused a notable reduction in germination. Moreover, presoaking seeds enhanced the subsequent seedling development at moderate concentrations
(0.25%-1%) of the biostimulant. Significant improvements were observed in seedling height, collar diameter, leaf area, and both shoot fresh and dry
weights compared with the control. However, the highest concentration (2%) resulted in reduced seedling growth, indicating potential phytotoxic or
osmotic stress effects at elevated doses. The fatty acids present in the biostimulant appear to function as effective bioactive compounds, promoting

improved seed germination and early shoot development in strawberry.
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Introduction

Strawberry (Fragaria x ananassa Duch.) is a very widely cultivated
and economically important horticultural crops!', belonging to the
family Rosaceae!?. The demand for high-quality strawberries conti-
nues to risel! because of increasing consumer demand™ and their
high nutritional value and functional attributes®. Traditionally,
strawberry transplants are propagated through runners; however,
this approach is labor-intensive, time-consuming and susceptible to
the spread of pathogens(l.

Recently, seed-propagated F1 hybrid cultivars have been pro-
posed as an alternative to conventional propagation methods©71,
Seed propagation offers several advantages, including large-scale
production, flexibility in planting schedules, and reduced produc-
tion costsl8l. Despite these benefits, practical challenges remain,
particularly in seed production, germination, and seedling establish-
ment®. A major constraint is the low and inconsistent germination
rate of strawberry seeds!”.1%, partly due to their hard and imperme-
able endocarp'"l. The emergence of seedlings within the same
batch may vary widely, from 90 to 140 days!'2. Delayed and non-
uniform germination represents a significant challenge in strawber-
ries, where uniform seedling growth is essential, and low germina-
tion rates further limit improvement through hybridization('23],

The germination process is typically divided into three phases:
Phase | involves rapid water imbibition, Phase Il involves the

© The Author(s)

reactivation of metabolic activities, and Phase Il is marked by the
emergence of the radiclel'#13], Improving the uniformity and rate of
strawberry seed germination is therefore essential for efficient
seedling production, especially in controlled cultivation systemsl'ol,
Various treatments, such as cold stratification, light exposure, scarifi-
cation, acid treatment, and presoaking, have been used to enhance
germinationl'6.171,

However, most involve labor-intensive or chemically harsh me-
thods that may not be feasible or environmentally sustainable under
commercial conditions. Hence, there is a need for more biologically
based and eco-friendly solutions. In recent years, biostimulants have
been reported to improve seed germination, promote early seedling
growth, enhance plants' physiological performance and ensure
uniform seedling developmentl('8l, A plant biostimulant is any
substance or microorganism in a form which is supplied to the user
and applied to plants, seeds, or the root environment with the
intention to stimulate the natural processes of plants, thus bene-
fiting nutrient use efficiency (NUE) and/or tolerance to abiotic stress,
regardless of its nutrient content, or any combination of such
substances and/or microorganisms intended for this usel'%.201,

The application of plant biostimulants into seeds can improve
germination and seedling growth222], Kelpak® is a commercially
available seaweed-based biostimulant derived from Ecklonia
maxima and it has been reported to enhance seed germination
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and early seedling growth in okra (Abelmoschus esculentus)23!,
Furthermore, microalgal extracts derived from Acutodesmus
dimorphus have been reported to enhance the germination rate and
promote early seedling growth in tomato (Solanum lycopersicum)24,
In addition, fermented brown alfalfa (Medicago sativa) juice has
been reported to enhance seed germination and seedling growth in
French marigold (Tagetes patula)'2*1,

Among various types of plant biostimulants, fatty acid-based
biostimulants remain largely underexplored. Fatty acids can pene-
trate the phospholipid bilayer, altering its fluidity and permeability,
leading to beneficial structural and functional changes!?9l. In addi-
tion, they can undergo oxidation and serve as precursors for phyto-
hormones such as jasmonic acid, which plays an important role in
plants' defense mechanisms[?7l. Given these functions, fatty acid-
based biostimulants may enhance the germination of strawberry
seeds and early seedling vigor by promoting metabolic activation
and maintaining membrane integrity. However, their effects on
strawberry seeds and seedlings have not yet been investigated.
Therefore, this study aims to evaluate the influence of a fatty acid-
based biostimulant on seed germination and seedling quality in
strawberry in a plant factory with artificial lighting (PFAL) conditions,
and to determine the optimal presoaking concentration. The
findings provide new insights into the potential use of fatty acid-
based biostimulants as an environmentally sustainable strategy
to improve seed-propagated strawberry production in controlled
environment-based agriculture.

Materials and methods

Biostimulant treatment

A fatty acid-based biostimulant (LEAFENERGY®) was obtained
from Ibiden Co.LTD., Japan. This is a commercial product made from
a rare fatty acid [13-0x0-9(Z),11(E)-octadecadienoic acid; 13-oxo-
ODA] derived from vegetable oill282%, LEAFENERGY® contains
13-0x0-ODA at the concentration of 7 uL L' of the product as the
active substancel?”l. Preliminary trials were conducted using four
concentrations of the biostimulant for presoaking the seeds: 0%,
0.5%, 1%, and 2% (v/v). The results indicated improved perfor-
mance at 0.5% and 1%, while 2% showed reduced effectiveness,
suggesting a potential inhibitory effect at higher concentrations.

On the basis of these findings, intermediate concentrations of
0.25% and 0.75% were included in the main experiment to refine
the optimal range. Concentrations between 1% and 2% were
excluded because they had limited potential, and 2% was retained
as a high-dose reference. The main experiment focused on refining
the most effective range by including six concentrations (0%, 0.25%,
0.5%, 0.75%, 1%, and 2%) by diluting the biostimulant in distilled
water and used for soaking the seeds. Seeds were soaked in
different concentrations of the biostimulant for 24 h.

Seed germination test

Strawberry (Fragaria x ananassa Duch. cv. '162') seeds were used
in this study for the seed germination test. This cultivar is a seed-
propagated F1 strawberry developed at the Institute for Horticul-
tural Plant Breeding, obtained from multiple cross combinations
using the Japanese cultivars 'Yayoihime' and 'Kaorino', together with
several self-progeny lines as the maternal and paternal parents. It
represents one of the selected F1 hybrids from these combinations
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and is characterized using a male-sterile maternal line, which
enables efficient seed production through insect-mediated polli-
nation (e.g., honeybees). The initial germination percentage prior
to treatment was approximately 80%. The seeds were surface-steri-
lized using a sodium hypochlorite solution and subsequently rinsed
thoroughly with sterile distilled water prior to the germination tests.
Seed germination tests were conducted after presoaking with the
different concentrations of the biostimulant. In each treatment, 150
seeds were soaked in 30 mL of the respective biostimulant solution.
The experiment was conducted using a completely randomized
design (CRD) with six treatments with three replicates per treat-
ment. Each replicate consisted of a petri dish containing 50 straw-
berry seeds placed on top of the two layers of filter papers (No. 2;
Advantec Toyo, Ltd., Tokyo, Japan). Next, 5 mL of distilled water was
added to each petri dish to maintain moisture. The petri dishes were
then sealed with a layer of parafilm® (Bemis Company, Inc., Neenah,
WI, USA) to prevent moisture loss and to maintain a higher humi-
dity level inside the petri dishes. Under these sealed conditions, a
near-saturated humidity (~100%) was maintained inside the petri
dishes. Strawberry seeds are commonly germinated under
controlled environmental conditions, including regulated humidity,
temperature, and growing media, and artificial lighting has recently
been used to improve seedling qualityB%. The current seed germi-
nation test was conducted in an environmentally controlled room
within a PFAL system. Continuous illumination was provided at
an average photon flux density (PPFD) of approximately
60 pmol-m=2s~1 using white light-emitting diode (LED) lights
(Philips GreenPower LED), and the temperature was maintained at
25 + 1 °C throughout the experiment. Distilled water was sprayed on
the petri dishes without allowing them to dry. Seed germination
was monitored and recorded daily for 21 days. Seeds with a
radicle protruding over 1 mm in length were considered to have
germinated®l.,

Seed germination parameters

Six germination parameters were assessed, including the final
germination percentage (FGP), mean germination time (MGT),
germination index (Gl), the coefficient of velocity of germination
(CVG), germination rate index (GRI), and the time spread of germi-
nation (TSG). These parameters were calculated according to the
method outlined by Kader3",

FGP = Final number of seeds germinated in a seed lot x 100;

MGT =%y, /¢

CVG=N;+Ny+---+N, /100X N\ Ty +---+ N, T,
GRI=G1/1+G2/2+---+ Gy«

Gl =(10xnl)+(9xn2)+---+(1xnl0)

TSG = The time in days between the first and last germination events

occurring in a seed lot.

In these equations, f represents seeds germinated on Day x; N is
the number of seeds germinated each day; T is the number of days
from seeding corresponding to N; G1 is the germination percentage
on the first day after sowing; G2 is the germination percentage on
the second day after sowing; n1, n2 - n10 represent the number of
germinated seeds on the first, second and subsequent days until
the 10th day; and 10, 9 - and 1 are the weights given to the number
of germinated seeds on the first, second, and subsequent days,
respectively.
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Early seedling growth

Germinated seedlings were transplanted into 72-cell polyethy-
lene trays containing a commercial seedling substrate immediately
upon germination and subsequently used for assessments of
seedling growth. The seedlings were grown under PFAL conditions,
and it was equipped with white LED lights (Philips research module)
providing a PPFD of 250 umol m=2 s=! with a 12-h photoperiod per
day. The air temperature, relative humidity, and CO, concentration
were set to 25 = 1 °C (light/dark periods), 50%-60%, and
800 pmol-mol-T, respectively. The seedlings were irrigated using a
sprayer until their true leaves emerged. Later, they were irrigated
hydroponically twice a day for 15 min each with a nutrient solution
(Otsuka hydroponic composition, Otsuka Chemical Co. Ltd., Osaka,
Japan), the nutrient contents of which were N, 21%; P,0s;, 8%;
K;0, 27%; MgO, 4%; CaO, 23%; Fe, 0.18%; Cu, 0.002%; Zn, 0.006%;
Mo, 0.002%; MnO, 0.1%; and B,0; 0.1%[32, with an electrical
conductivity (EC) of 0.7 dS m-2. The nutrient solution was changed
weekly. Seedlings were grown for around 40 days after seed sowing.

Seedling measurements

After 40 days, seedling height, collar diameter and root length
were measured using a ruler and digital caliper. Shoot fresh weight
and root fresh weight were determined. Shoots and roots were then
oven-dried for 72 h at 80 °C, and the dry weight was determined.
Seedlings were carefully removed from the trays, and the roots were
gently washed with water to remove any adhering substrate. The
cleaned roots were then blotted dry with paper towels and used for
the measurement of root parameters. Soil-Plant Analysis Deve-
lopment (SPAD) values were measured on the three largest fully
expanded leaves per seedling using a chlorophyll meter (SPAD-
502plus, Konica Minolta, Tokyo, Japan). For each treatment,
six seedlings per replicate were evaluated, with three replicates,
resulting in a total of eighteen seedlings per treatment.

Statistical analysis

Statistical analyses were performed using SPSS statistical soft-
ware (IBM SPSS Statistics, Version 23.0). The data were subjected to
one-way analysis of variance (ANOVA), and differences among
means were evaluated using Duncan's multiple range test (DMRT) at
a significance level of p < 0.05.

Results

Final germination percentage

The FGP of strawberry seeds was significantly influenced by
the concentration of fatty acid-based biostimulant (Fig. 1). The
untreated control showed a FGP of approximately 80%, whereas
seeds treated with low to moderate concentrations (0.25%-1%)
of the biostimulant exhibited a marked improvement, with FGP
exceeding 90%. The highest concentration tested (2%) did not
significantly differ from the control (0%) in terms of germination;
however, it resulted in lower germination compared with the lower
biostimulant concentrations. These results indicate that low to
moderate concentrations enhanced seed germination, whereas
increasing the concentration to 2% did not provide additional
benefits.

Other germination parameters

Key germination parameters, including Gl, GRI, MGT, CVG, and
TSG, were calculated. Gl showed a significant difference among
treatments. Seeds soaked with a 1% (v/v) concentration of the
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biostimulant exhibited the highest Gl (629.00 + 23.64), whereas the
lowest Gl (510.67 + 67.58) was observed in seeds treated with the
2% concentration (Fig. 2a). The GRI also showed a significant differ-
ence among treatments, following a similar trend to the Gl (Fig. 2b).
The highest GRI was observed in seeds soaked with 1% (v/v) bio-
stimulant, indicating more rapid germination, whereas the lowest
GRI was recorded at the 2% concentration.

The CVG was expressed as a percentage (0%-100%) by multi-
plying the original values by 100. However, the CVG values did not
show any significant differences among seeds treated with different
concentrations of biostimulants and the control group. Similarly,
MGT and TSG did not differ significantly among treatments
(Table 1).

Seedling growth

Seedling growth was evaluated in seedlings derived from seeds
presoaked with different concentrations of a fatty acid-based bio-
stimulant. Presoaking seeds with the biostimulant significantly
enhanced shoot growth compared with the control. However, the
highest concentration (2%) of the biostimulant used for presoaking
resulted in reduced seedling height (Fig. 3). The collar diameter and
leaf area of the seedlings exhibited a similar pattern, showing signi-
ficant variation among the different treatments. A significant collar
diameter was exhibited in the seedlings from the seeds soaked with
1% of biostimulant compared with other treatments. Root length,
leaf area, and SPAD chlorophyll contents did not exhibit significant
differences among the treatments (Fig. 4).

Biomass parameters

Biostimulant priming significantly improved the fresh and dry
weight of shoots, except for the 0% and 2% biostimulant concen-
tration, which showed lower shoot fresh and dry weight compared
with the other treatments. However, no significant differences
were observed in the root fresh weight and dry weight across all
treatments. Despite the varying concentrations of the biostimulant,
root growth parameters remained consistent with the control
treatment (Fig. 5).

Discussion

This study was conducted to evaluate the impact of fatty acid-
based biostimulant presoaking on the germination of strawberry
seed and early seedling development under controlled conditions.
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Fig. 1 Final germination percentage (%) of strawberry seeds presoaked
with different biostimulant concentrations after 21 days. Data are
shown as the means + standard error (SE) (n = 3). Different letters show
significant differences among treatments based on DMRT (p < 0.05).
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Fig. 2 Germination index (a) and germination rate index (b) of strawberry seeds presoaked with different biostimulant concentrations after 21 days. Data
are shown as the means * SE (n = 3). Different letters show significant difference among treatments based on DMRT (p < 0.05).

Table 1. MGT, CVG and TSG of germination of strawberry seeds soaked with
different concentrations of biostimulant under controlled conditions.

Treatment MGT (days) VG TSG (days)

0% 9.08 +0.32° 11.04 £ 0.412 11.00 £ 1.532

0.25% 9.35+0.33?2 10.72 +0.37° 11.33+0.672

0.5% 9.34+£0.23? 10.72 + 0.26° 12.00 +0.572

0.75% 9.4 +0.30? 10.66 +0.332 12.67 +0.88°

1% 8.59 +0.2° 11.66 + 0.35° 11.67 +1.33°

2% 9.14 +0.29° 10.96 + 0.34° 1233 +1.672
p-value 0.098 0.098 0.384

Note: Mean germination time (MGT); coefficient of velocity of germination (CVG);
time spread of germination (TSG). Data are shown as the means + SE (n = 3).
Different letters in the same column indicate significant differences based on
DMRT (p < 0.05).

According to the results, presoaking seeds with a fatty acid-based
biostimulant had a positive effect on the seed germination rate, Gl,
and GRI at low to moderate concentrations, although excessive
levels may have inhibitory effects. Presoaking seeds has been shown
to enhance the germination rate, improve the uniformity of germi-
nation, and increase the overall germination percentagel'”l. Pre-
soaking can greatly enhance nutrient uptake and rapidly trigger
pregerminative metabolism. This early activation stimulates key
metabolic pathways, including cellular respiration, antioxidant
defense systems, and DNA repair mechanisms2'l. In this study,
presoaking with distilled water was used as the control treatment
and it indicated that the improvements in seed germination and
seedling vigor under biostimulant treatments represent an
additional effect beyond the baseline physiological activation
induced by soaking in water.

Fig. 3 Early seedling growth of the seeds presoaked with different
concentrations of a fatty acid-based biostimulant 40 days after sowing.
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However, pretreated seeds did not show significant differences in
MGT, CVG, and TSG among treatments. These results indicate that
even though the presoaking with biostimulant accelerated germi-
nation performance and vigor, it did not substantially alter the
overall timing of germination under the experimental conditions.
This observation may be caused by the involvement of fatty acids
in regulating membrane stabilization, lipid remodeling, oxidative
signaling, and early seedling growth, which are more closely linked
to seedling establishment than to the direct control of radicle
emergencel33],

Additionally, presoaking seeds with moderate concentrations of
the biostimulant significantly increased plant height, collar dia-
meter and leaf area, whereas higher concentrations showed
inhibitory effects. However, seedling biomass accumulation was not
significantly affected by the treatments. These results indicate that
application of the biostimulant enhanced shoot morphological
traits by stimulating shoot elongation and leaf expansion without
significantly affecting overall biomass accumulation. This may be
induced by the bioactive compounds contained in the biostimulant.
Biostimulants can influence plants' hormonal activity, promoting
cell division and cell expansion, thereby supporting more efficient
and coordinated plant growthB4. Furthermore, these seed treat-
ments did not show significant differences in root parameters.
This might be caused by multiple other factors that contribute to
variations in root morphology under biostimulant treatments3°1,

This study showed a dose-dependent response to the biosti-
mulant, where beneficial effects at optimal levels shift to inhibitory
effects at higher concentrations, leading to suppressed early
seedling growth(3¢l, Similarly, the application of humic acid at
moderate concentrations as a biostimulant significantly improved
seed germination and seedling growth in several summer vegetable
crops; however, excessive application rates delayed germination,
inhibited seedling growth, and, in sensitive species, caused seedling
mortality’®7. Another study was conducted to evaluate the effect of
a fatty acid mixture (FAm), a biostimulant composed of a defined
range of unsaturated carboxylic acids (C14-C20), on seed germi-
nation and early seedling growth in tomato!2. The results showed
that treating seeds with 0.3% FAm significantly enhanced the germi-
nation percentage and promoted earlier germination, whereas
application of undiluted FAm completely inhibited germination(26l,

The active ingredient of the biostimulant used in the present
study is an oxo fatty acid which is a rare fatty acid produced as an
intermediate during the metabolism of unsaturated fatty acids{2l.
The specific compound used in this study is 13-oxo-ODA, which is a
metabolic product formed through the oxidative breakdown of
linoleic acid2, Polyunsaturated fatty acids (PUFAs) are vital not only

Thamarsha et al. Technology in Horticulture 2026, 6: €020
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Fig. 4 (a) Seedling height, (b) collar diameter, (c) root length, (d) leaf area, and (e) SPAD at 40 days after sowing. Data are shown as the mean + SE; n = 18.
Different letters show significant differences among treatments based on DMRT (p < 0.05).
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Fig. 5 (a) Shoot fresh weight, (b) shoot dry weight, (c) root fresh weight, and (d) and root dry weight of the seedlings at 40 days after sowing. Data are
shown as the mean + SE; n = 18. Different letters show significant differences among treatments based on DMRT (p < 0.05).

as key structural elements of cells but also because of their roles in
promoting seed germination, supporting physiological functions,
and enhancing resiliencel38l. Lipids play vital roles in germinating
seeds by supplying energy, supporting membrane biosynthesis, and
participating in signal transduction mechanisms[39,

Oxidized derivatives of fatty acids, commonly known as
oxylipinst%, act as key signaling molecules in plants*ll. These

Thamarsha et al. Technology in Horticulture 2026, 6: €020

compounds are produced through the lipoxygenase pathway*2
and play important roles in regulating seed germination, plant
defense mechanisms, and early developmental processes!*3.. During
seed germination, stored seed lipids are metabolized through enzy-
matic oxidation and p-oxidation pathways, providing the energy
and metabolic compounds required for seedling establishment!4445],
Therefore, exogenous application of oxo-fatty acids may promote
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seed germination and subsequent seedling development by
enhancing metabolic processes, improving membrane fluidity, acti-
vating signaling pathways, and supporting energy metabolism in
germinating seeds.

Similarly, a study investigated the effects of applying exogenous
free fatty acid on the percentage of germination and radicle length
in two cottonseed (Gossypium barbadense L.) varieties, 'Pima S-4'
and 'Pima S-5', under chilling (14 °C) temperatures. In contrast, the
radicle length of fatty acid-treated Pima S-4 significantly increased,
particularly with the oleate and linoleate treatments!*6l. According
to Bartkowski et al.“dl the effectiveness of fatty acid supplemen-
tation may be connected to cottonseed's ability to use both exter-
nal and internal fatty acid sources concurrently during germination
and the subsequent radicle elongation. Furthermore, application of
mixture of palmitic and oleic acids increased the root dry weight of
cucumber (Cucumis sativus) and tomato plantst*’l, Moreover, several
studies have reported that different fatty acids positively influence
plants' growth and vigor2648l, Summarizing, we can claim that the
rare fatty acids in the present biostimulant have a potent ability to
enhance germination and initial shoot growth in strawberry.

Conclusions

In conclusion, the present study demonstrated improved seed
germination and early seedling growth of strawberry. Using a
moderate concentration (0.25%-1%) of a fatty acid-based biostimu-
lant significantly enhanced germination percentage and seedling
vigor. These results suggest that fatty acids may influence seed
germination and early development of plants through physiological
and metabolic adjustments. However, further studies are necessary
to prove the mechanism involved. Although this study focused
primarily on morphological and growth responses, comprehensive
molecular and biochemical analyses are needed to elucidate the
underlying mechanisms of action of fatty acid-based biostimulants.
In addition, the study was conducted using a single strawberry culti-
var, which limits the generalizability of the findings across different
genotypes. Future studies should address these limitations to
advance the scientific understanding of fatty acid-based bio
stimulants and facilitate their practical application for high-quality
strawberry seedling production in agriculture within controlled
environments.

Ethical statements

During the preparation of this work, the authors used ChatGPT
5.5 for language refinement. The authors reviewed and edited all
content produced with the assistance of this tool, verified its accu-
racy, and take full responsibility for the integrity and originality
of the final manuscript. This work represents the authors' own
intellectual contribution, and no Al tool is credited as an author.

Author contributions

The authors confirm their contributions to this study as
follows: conceptualization, methodology, validation: Thamarsha
AKANWMRK, Lu N; writing - review and editing: Lu N, Nakagawa T,
Nguyen DTP, Takagaki M; supervision, funding acquisition: Lu N,
Takagaki M; formal analysis, investigation: Thamarsha AKANWMRK,
Sripawatakul A; resources: Lu N, Nakagawa T, data curation:
Thamarsha AKANWMRK, Nguyen DTP; software, writing — original
draft preparation, visualization: Thamarsha AKANWMRK. All authors
reviewed the results and approved the final version of the
manuscript.

Page60of7

https://doi.org/10.48130/tihort-0026-0014

Data availability

The original contributions presented in this study are included in
the article. Further inquiries can be directed to the corresponding
author.

Acknowledgments

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 27 May 2026; Revised 28 July 2026; Accepted 4 August
2026; Published online 10 September 2026

References

[11 Ernazarova DK, Safiullina AK, Kholova MD, Azimova LA, Hasanova SA,
et al. 2025. Morphological and molecular insights into genetic variabi-
lity and heritability in four strawberry (Fragaria x ananassa) cultivars.
Horticulturae 11(10):1195

[2] Hussain SZ, Naseer B, Qadri T, Fatima T, Ahmad Bhat T. 2021. Straw-
berry (F. x ananassa)—morphology, taxonomy, composition and
health benéefits. In Fruits Grown in Highland Regions of the Himalayas:
Nutritional and Health Benefits. Cham: Springer International Publish-
ing. pp. 219-228 doi: 10.1007/978-3-030-75502-7_17

[3]1 Cardarelli M, EI Chami A, Rouphael Y, Ciriello M, Bonini P, et al. 2023.
Plant biostimulants as natural alternatives to synthetic auxins in straw-
berry production: physiological and metabolic insights. Frontiers in
Plant Science 14:1337926

[4] Samtani JB, Rom CR, Friedrich H, Fennimore SA, Finn CE, et al. 2019.
The status and future of the strawberry industry in the United States.
HortTechnology 29(1):11-24

[5] Basu A, Nguyen A, Betts NM, Lyons TJ. 2014. Strawberry as a functional
food: an evidence-based review. Critical Reviews in Food Science and
Nutrition 54(6):790—806

[6] Ito Y, Maruo T, Ishikawa M, Shinohara Y. 2011. Effects of scarification
with sulfuric acid and matric priming on seed germination of seed
propagation type of F1 hybrid strawberry (Fragaria x ananassa Duch.).
Journal of the Japanese Society for Horticultural Science 80(1):32—37

[71 Ito Y, Maruo T, Ishikawa M, Shinohara Y. 2010. Development of seed
preparation method by treatment with industrial enzymes for seed
propagation type of F1 hybrid strawberry (Fragaria x ananassa Duch.).
Environment Control in Biology 48(3):133—-140

[8] LinY, Kubota C. 2026. Benefits of Using Seed-Propagated Strawberries as
Planting Materials. Ohio State University Extension. https://ohioline.
osu.edu/factsheet/anr-0219 (accessed on 25 February 2026)

[9]1 MaruoT, Ito Y, Ishikawa M, Kamisoyama D, Ohmameuda M, et al. 2007.
About the practical use of the seed propagation type strawberry (F. x
ananassa Duch.) cultivation system (using June-bearing cultivar). The
technical bulletin of faculty of horticulture, Chiba University 61:73-78

[10] Yanagi T, Okamura N, Takamura T. 2004. Germination characteristics of
pincette harvested seeds in strawberry. Japanese Society of Agricultural
Technology Management 11:1-5

[11] Giovanetti G, Marcellini M, Pergolotti V, Mecozzi F, Mezzetti B, et al.
2024. Standardization of an effective scarification and germination
protocol for strawberry seeds that is useful for gamic propagation.
Horticulturae 10(12):1345

[12] Lata S, Sharma G, Garg S, Joshi M. 2018. Effect of different chemical
treatments on germination of strawberry seeds. International Journal
of Current Microbiology and Applied Sciences 7(3):1270-1274

Thamarsha et al. Technology in Horticulture 2026, 6: €020


https://doi.org/10.3390/horticulturae11101195
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.1007/978-3-030-75502-7_17
https://doi.org/10.3389/fpls.2023.1337926
https://doi.org/10.3389/fpls.2023.1337926
https://doi.org/10.21273/horttech04135-18
https://doi.org/10.1080/10408398.2011.608174
https://doi.org/10.1080/10408398.2011.608174
https://doi.org/10.2503/jjshs1.80.32
https://doi.org/10.2525/ecb.48.133
https://ohioline.osu.edu/factsheet/anr-0219
https://ohioline.osu.edu/factsheet/anr-0219
https://ohioline.osu.edu/factsheet/anr-0219
https://ohioline.osu.edu/factsheet/anr-0219
https://doi.org/10.17660/ActaHortic.2006.708.105
https://doi.org/10.17660/ActaHortic.2006.708.105
https://doi.org/10.3390/horticulturae10121345
https://doi.org/10.20546/ijcmas.2018.703.150
https://doi.org/10.20546/ijcmas.2018.703.150
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014

https://doi.org/10.48130/tihort-0026-0014

[13]

[14]

[18]

[16]

171

18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Miller AR, Scheereus JC, Erb PS, Chandler CK. 1992. Enhanced straw-
berry seed germination through in vitro culture of cut achenes. Jour-
nal of the American Society for Horticultural Science 117(2):313-316
Hayashi E, Amagai Y, Maruo T, Kozai T. 2020. Phenotypic analysis of
germination time of individual seeds affected by microenvironment
and management factors for cohort research in plant factory. Agron-
omy 10(11):1680

Ali AS, Elozeiri AA. 2017. Metabolic processes during seed germination.
In Advances in Seed Biology, eds. Sabelli PA, Larkins BA. Intechopen. pp.
141-166 doi: 10.5772/intechopen.70653

Gongalves Galvao A, Vilela Resende L, Mendes Guimaraes R, Lopes
Ferraz AK, Ferreira Morales RG, et al. 2014. Overcoming strawberry
achene dormancy for improved seedling production in breeding
programs. IDESIA 32(4):57—62

D'Agate DM, Lake MW. 2020. Presoaking seeds with vinegar improves
seed development and drought tolerance in maize plants. Journal of
Emerging Investigators 2:1-4

Gupta S, Dolezal K, Kulkarni MG, Balazs E, Van Staden J. 2022. Role of
non-microbial biostimulants in regulation of seed germination and
seedling establishment. Plant Growth Regulation 97(2):271-313

Traon D, Amat L, Zotz F, du Jardin P. 2014. A legal framework for plant
biostimulants and agronomic fertilizer additives in the EU https://op.
europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-
a930-7dfa21816f8c

Yakhin Ol, Lubyanov AA, Yakhin IA, Brown PH. 2017. Biostimulants in
plant science: a global perspective. Frontiers in Plant Science 7:2049
Wazeer H, Shridhar Gaonkar S, Doria E, Pagano A, Balestrazzi A, et al.
2024. Plant-based biostimulants for seeds in the context of circular
economy and sustainability. Plants 13(7):1004

dos Santos PLF, Zabotto AR, Jordao HWC, Boas RLV, Broetto F, et al.
2019. Use of seaweed-based biostimulant (Ascophyllum nodosum) on
ornamental sunflower seed germination and seedling growth. Orna-
mental Horticulture 25(3):231-237

Makhaye G, Aremu AO, Gerrano AS, Tesfay S, Du Plooy CP, et al. 2021.
Biopriming with seaweed extract and microbial-based commercial
biostimulants influences seed germination of five Abelmoschus escu-
lentus genotypes. Plants 10(7):1327

Garcia-Gonzalez J, Sommerfeld M. 2016. Biofertilizer and biostimulant
properties of the microalga Acutodesmus dimorphus. Journal of Applied
Phycology 28:1051-1061

Barna D, Kisvarga S, Kovacs S, Csatari G, Téth 10, et al. 2021. Raw and
fermented alfalfa brown juice induces changes in the germination and
development of French marigold (Tagetes patula L.) plants. Plants
10(6):1076

Lanzuise S, Manganiello G, Guastaferro VM, Vincenzo C, Vitaglione P, et
al. 2022. Combined biostimulant applications of Trichoderma spp. with
fatty acid mixtures improve biocontrol activity, horticultural crop yield
and nutritional quality. Agronomy 12(2):275

Braun JCA, Colla LM. 2023. Use of microalgae for the development of
biofertilizers and biostimulants. BioEnergy Research 16(1):289-310
Katsuya O, Tomohiro N, Teruaki Y. 2024. European Patent Office. Plant
activator. Patent No. EP3 597 039 B1

Inagaki Y, Ishino N, Isoyama Y, Takayama K. 2025. Effects of foliar appli-
cation of fatty acid solution containing 13-oxo-ODA as an active
substance on photosynthesis, transpiration, stomatal conductance in
tomato. Eco-Engineering 37(1):1-5

Ruiz Nieto JE, Mireles Arriaga Al, Hernandez Ruiz J, Laguna Estrada M,
Lopez Nufez AR, et al. 2024. Strawberry (Fragaria ananassa) seedlings
formation under different intensities of violet, blue and red LED light.
Agronomia Mesoamericana 35:54103

Thamarsha et al. Technology in Horticulture 2026, 6: €020

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Technology in
Horticulture

Kader MA. 2005. A comparison of seed germination calculation formu-
lae and the associated interpretation of resulting data. Journal and
Proceedings of the Royal Society of New South Wales 138(3—4):65-75
Nishimoto Y, Lu N, Ichikawa Y, Watanabe A, Kikuchi M, et al. 2023. An
evaluation of pollination methods for strawberries cultivated in plant
factories: robot vs hand. Technology of Horticulture 3:19

Yi K, Gao L, Xu Y, Yang J, Mao P, et al. 2025. Lipid remodeling and
response mechanisms during the germination of aged oat seeds. BMC
Plant Biology 25(1):186

Oliveira TML, Pires JSB, Oliveira VS, Jeveaux Machado AJC, Fernandes
AA, et al. 2025. Potential of the use of biostimulants in lettuce produc-
tion. Plants 14(15):2416

Wang Y, Xiong H, Zhou L, Sun Y, Yang J, et al. 2026. Biostimulant appli-
cations improve crop root morphology in agricultural systems: a
global meta-analysis. Agronomy 16(7):743

Vargas-Hernandez M, Macias-Bobadilla |, Guevara-Gonzalez RG,
Romero-Gomez SJ, Rico-Garcia E, et al. 2017. Plant hormesis manage-
ment with biostimulants of biotic origin in agriculture. Frontiers in
Plant Science 8:1762

Nisar R, Waseem K, Zubair M, Khan MI, Shereen R, et al. 2025. Effect of
humic acid on the seed germination, plantlet and seedling growth of
summer vegetables. Global Agronomy Research Journal 2(4):43-50

Ma L, Cheng X, Wang C, Zhang X, Xue F, et al. 2021. Explore the gene
network regulating the composition of fatty acids in cottonseed. BMC
Plant Biology 21(1):177

Xie P, Chen J, Wu P, Cai Z. 2023. Spatial lipidomics reveals lipid changes
in the Cotyledon and plumule of mung bean seeds during germina-
tion. Journal of Agricultural and Food Chemistry 71(49):19879-19887
Izquierdo Y, Muhiz L, Vicente J, Kulasekaran S, Aguilera V, et al. 2021.
Oxylipins from different pathways trigger mitochondrial stress signal-
ing through respiratory complex Ill. Frontiers in Plant Science 12:705373
Eckardt NA. 2008. Oxylipin signaling in plant stress responses. The
Plant Cell 20(3):495-497

Vellosillo T, Martinez M, Lopez MA, Vicente J, Cascén T, et al. 2007.
Oxylipins produced by the 9-lipoxygenase pathway in Arabidopsis
Regulate lateral root development and defense responses through a
specific signaling cascade. The Plant Cell 19(3):831-846

Dave A, Graham IA. 2012. Oxylipin signaling: a distinct role for the
jasmonic acid precursor cis-(+)-12-oxo-phytodienoic acid (cis-OPDA).
Frontiers in Plant Science 3:42

Erbas S, Tongu¢ M, Karakurt Y, Sanli A. 2016. Mobilization of seed
reserves during germination and early seedling growth of two
sunflower cultivars. Journal of Applied Botany and Food Quality
89:217-222

Masterson C, Wood C. 2009. Influence of mitochondrial f-oxidation on
early pea seedling development. The New Phytologist 181(4):832—-842
Bartkowski EJ, Katterman FRH, Buxton DR. 1978. Influence of exoge-
nous fatty acids on cottonseed germination. Physiologia Plantarum
44(3):153-156

Liu S, Ruan W, Li J, Xu H, Wang J, et al. 2008. Biological control of
phytopathogenic fungi by fatty acids. Mycopathologia 166(2):93—102
Leyva MO, Vicedo B, Finiti |, Flors VV, Del Amo G, et al. 2008. Preventive
and post-infection control of Botrytis cinerea in tomato plants by
hexanoic acid. Plant Pathology 57(6):1038—1046

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/.

Page 7 of 7


https://doi.org/10.21273/JASHS.117.2.313
https://doi.org/10.21273/JASHS.117.2.313
https://doi.org/10.3390/agronomy10111680
https://doi.org/10.3390/agronomy10111680
https://doi.org/10.5772/intechopen.70653
https://doi.org/10.4067/s0718-34292014000400007
https://doi.org/10.59720/20-045
https://doi.org/10.59720/20-045
https://doi.org/10.1007/s10725-021-00794-6
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://op.europa.eu/en/publication-detail/-/publication/dbeffd43-98a5-4e39-a930-7dfa21816f8c
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.3390/plants13071004
https://doi.org/10.1590/2447-536x.v25i3.2044
https://doi.org/10.1590/2447-536x.v25i3.2044
https://doi.org/10.3390/plants10071327
https://doi.org/10.1007/s10811-015-0625-2
https://doi.org/10.1007/s10811-015-0625-2
https://doi.org/10.3390/plants10061076
https://doi.org/10.3390/agronomy12020275
https://doi.org/10.1007/s12155-022-10456-8
https://doi.org/10.11450/seitaikogaku.37.1
https://doi.org/10.11450/seitaikogaku.37.1
https://doi.org/10.11450/seitaikogaku.37.1
https://doi.org/10.15517/am.2024.54103
https://doi.org/10.5962/p.361564
https://doi.org/10.5962/p.361564
https://doi.org/10.48130/TIH-2023-0019
https://doi.org/10.1186/s12870-025-06191-9
https://doi.org/10.1186/s12870-025-06191-9
https://doi.org/10.3390/plants14152416
https://doi.org/10.3390/agronomy16070743
https://doi.org/10.3389/fpls.2017.01762
https://doi.org/10.3389/fpls.2017.01762
https://doi.org/10.54660/garj.2025.2.4.43-50
https://doi.org/10.1186/s12870-021-02952-4
https://doi.org/10.1186/s12870-021-02952-4
https://doi.org/10.1021/acs.jafc.3c06029
https://doi.org/10.3389/fpls.2021.705373
https://doi.org/10.1105/tpc.108.059485
https://doi.org/10.1105/tpc.108.059485
https://doi.org/10.1105/tpc.106.046052
https://doi.org/10.3389/fpls.2012.00042
https://doi.org/10.5073/JABFQ.2016.089.028
https://doi.org/10.1111/j.1469-8137.2008.02717.x
https://doi.org/10.1111/j.1399-3054.1978.tb08610.x
https://doi.org/10.1007/s11046-008-9124-1
https://doi.org/10.1111/j.1365-3059.2008.01891.x
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014
https://doi.org/10.48130/tihort-0026-0014

	Introduction
	Materials and methods
	Biostimulant treatment
	Seed germination test
	Seed germination parameters
	Early seedling growth
	Seedling measurements
	Statistical analysis

	Results
	Final germination percentage
	Other germination parameters
	Seedling growth
	Biomass parameters

	Discussion
	Conclusions
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

