AGRO PRODUCTIVIDAD

[/Q‘ Colegio de
N Postgraduados

Citation: Herndndez-Escalona,

R., Carrillo-Castanieda, G. M.,
Cruz-Izquierdo, S., & Antinez-
Ocampo, O. M. (2026). Evaluation
of pregermination treatments as
potential promoters of germination
and development in tomato (Solanum
lycopersicum L.). Agro Productividad.
https://doi.org/10.32854/n0wayb16

Academic Editor: Jorge Cadena
Iniguez

Associate Editor: Lucero del Mar
Ruiz Posadas

Guest Editor: Daniel Alejandro
Cadena Zamudio

Received: October 10, 2025.
Accepted: March 28, 2025.
Published on-line: June 26, 2026.

Agro Productividad, 19(5). May. 2026.
pp: 135-150.

This work is licensed under a
Creative Commons Attribution-Non-

Commercial 4.0 International license.

..

Evaluation of pregermination treatments
as potential promoters of germination and
development in tomato (Solanum lycopersicum L.)

Hernandez-Escalona, Randyl; Carrillo-Castafieda, Guillermo M.l; Cruz-Izquierdo, Serafl’nl;

Antinez-Ocampo, Oscar M.2

! Colegio de Postgraduados Campus Montecillo. Carretera México-Texcoco km 36.5, Montecillo, Texcoco,
Estado de México, México. C.P. 56264

? Instituto Nacional de Investigaciones Forestales Agricolas y Pecuarias - Campo Experimental Iguala.
Carretera Iguala-Tuxpan, km 2.5 C.P. 40101, Iguala de Independencia, Guerrero, México.

* Correspondence: resaclona96@gmail.com

ABSTRACT

Objective: To evaluate diverse pregermination treatments aimed at accelerating, synchronizing, and enhancing
seed germination, as well as promoting the development of vigorous tomato seedlings, by assessing the efficacy
of hydropriming methods, chemical compounds, plant extracts, and biopriming strategies.
Design/Methodology/Approach: Germination rate, velocity, and temporal dynamics were determined
using variables such as total germination, maximum daily germination, germination interval, and time to 50
% germination (T5). Seedling vigor was assessed through measurements of stem and root length, in addition
to dry matter accumulation. An analysis of variance (ANOVA) was conducted under a completely randomized
design for each evaluated variable.

Results: Several treatments significantly enhanced the germination potential of tomato seeds and effectively
improved seedling morphological attributes. Nevertheless, none of the treatments succeeded in modifying the
temporal dynamics of the germination process.

Study Limitations/Implications: Future research should focus on evaluating the most relevant findings of
this study under productive conditions and in relation to resistance against environmental stressors.
Findings/Conclusions: Hydropriming and biopriming with understudied Bacillus and Pseudomonas species
exerted positive effects on germination and seedling vigor indicators, respectively. Moreover, garlic, onion,
and chili extracts demonstrated favorable effects on both germination and seedling development parameters.

Keywords: priming, biopriming, plant extracts, germination, development.

INTRODUCTION

Tomato (Solanum lycopersicum L.) is the second most important horticultural crop
worldwide. It is cultivated on nearly five million hectares and exceeds 190 million tons
in annual global production (FAOSTAT, 2023), with approximately 3.5 million tons
produced in Mexico (SIAP, 2023). Tomato is also among the most widely used ingredients
in gastronomy, as it constitutes a rich source of lycopenes, vitamin C, and phenolic
compounds with notable antioxidant properties that are relevant to human health
(Rodriguez et al., 2024).
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Seed germination efficiency and, consequently, production levels may be constrained by
factors such as seed-coat hardness, natural aging, endogenous inhibitors, and unfavorable
environmental conditions (Lamichhane ez al., 2018). Within this framework, the production
of vigorous and uniform seedlings is a decisive determinant of productive success, as it
directly influences survival, vegetative growth, and final yield. This scenario has fostered
the development of pregermination treatments based on the controlled manipulation of
physical, chemical, and biological factors to optimize germination and enhance seedling
vigor. Among the most widely implemented strategies are priming treatments, including
distinct variants such as hydropriming, chemical priming with solutes, and biopriming,
all of which can improve germination performance and subsequent development (Dhal et
al., 2022). More recently, plant extracts rich in flavonoids, organosulfur compounds, and
carotenoids have also been explored; however, substantial gaps remain regarding their
allelopathic properties and underlying modes of action (Da Silva Carvalho et al., 2021).

Systematic research on pregermination treatments is essential for developing
technologies that optimize tomato seedling production by improving germination,
vigor, disease resistance, and crop establishment. Elucidating the mechanisms associated
with each treatment enables the selection of the most effective strategies under diverse
production conditions. Accordingly, this study aimed to evaluate different pregermination
treatments on tomato germination and the development of vigorous seedlings using
priming techniques and assays with plant extracts, with the purpose of identifying the most

effective strategies.

MATERIALS AND METHODS

The experiments were conducted between January 2024 and June 2025 at the facilities
of Colegio de Postgraduados, Montecillo Campus, Texcoco, State of Mexico. Saladette
tomato seeds, cultivar Rio Grande (2020 lot), marketed by “http://www.lasemilleria.com”,

were used.

Pregermination Treatments

Hydropriming

Hydropriming was evaluated for its effects on germination. This treatment involves
seed hydration for a defined period without allowing radicle protrusion, followed by drying
until the initial dry weight is reattained (Pandey et al., 2022). In the present study, 100 seeds
(0.22 g) were hydrated for 24 h, dried for 1 h using a fan, and then stored. Seed weight
was monitored periodically until it matched the initial dry weight. The duration of this
treatment and that used in the chemical-compound experiment was established based on

the water-uptake curve, which indicated that seeds required 27 h to germinate.

Plant extracts

Germination

Aqueous extracts were prepared from fresh samples of five plant species: garlic (Allium
sativum L.), onion (Allium cepa L.), habanero chili (Capsicum chinense Jacq.), ginger (Zingiber
officinale Roscoe), and aloe vera (4loe vera L.), at concentrations of 15, 25, 50, and 75 % in
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16 mL volumes. Water and mortars were pre-cooled to 16 °C and —18 °C, respectively.
For each plant material, 0.21 g was weighed and macerated for 3-4 min (garlic, chili, onion)
or 5-6 min (ginger, aloe vera), gradually adding water. Each extract was adjusted to the
required concentration according to Table 1.

Development

Based on germination tests, two of the most promising extracts were selected: 25% chili
pepper extract (CH25) and 50% onion extract (O50). Three treatments were established:
seeds soaked in CH25, seeds soaked in O50, and a control soaked in distilled water (I).
An additional untreated control (T) was also included. For each treatment, 20 seeds were

soaked for 24 h in 10 mL of the corresponding extract, and the control was soaked in
distilled water (I).

Chemical compounds

Five chemical compounds were selected based on their prevalence in the seed
conditioning literature to evaluate their effects on germination: acetylsalicylic acid
(CoHgO, or ASA) at concentrations of 0.06 and 0.12%, potassium nitrate (KNO,) at 1
and 3%, copper sulfate (CuSO,) at 1 and 2%, calcium chloride (CaCl,) at 2 and 3%, and
sodium chloride (NaCl) at 0.5 and 1%. Initially, the concentrations matched those reported
in the literature, and based on the results, the concentration was adjusted for the second

Table 1. Volumes of plant extracts and water needed to obtain the concentrations of
the experiment based on a total volume of 16 mL.

Required Concentration (%) | Extract Volume (mL) | Water Volume (mL)
15 2.4 13.6
25 4 12
50 8
75 12

Table 2. Amounts of substance needed to prepare the solutions for the
experiment based on a total volume of 16 mL.

Chemical Solution concentration | Amount of substance
substance (%) (2)
0.06 0.01
ASA
0.12 0.02
1 0.16
KNO,
: 3 0.48
1 0.16
CuSO,
2 0.32
2 0.32
CaCl,
3 0.48
0.5 0.08
NaCl
1 0.16
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stage of the experiment. The treatment consisted of soaking the seeds in the chemical
compounds in solution for 24 h prior to germination; 16 mL of solution were prepared
for each substance. To prepare the solutions, the quantities of each substance described
in Table 2 were weighed, water was added, and the mixture was stirred until completely
dissolved. For each concentration, the seeds were placed in Petri dishes, the solutions were
added, and the seeds were incubated for 24 h. Finally, they were thoroughly washed with

distilled water and placed in the germination chamber.

Biopriming

Biopriming was selected to evaluate seedling development responses. This technique is
based on exposing seeds to microorganisms with beneficial properties (Rendén and Gémez,
2018). In this experiment, strains from the collection of the Cellular Biology Laboratory
at Colegio de Postgraduados, Montecillo Campus, were used. Pseudomonas spp. and other
species associated with tomato and maize roots were evaluated. Selection of Pseudomonas
strains was based on their ability to grow and maintain fluorescence under increasing
salinity in the culture medium. Strains from other species were selected solely according
to salinity tolerance. Each strain preserved in test tubes was streaked using an inoculation
loop onto Petri dishes containing King’s B medium with salinity levels of 1, 2, and 3%
(Table 3). Fluorescence was assessed using an ultraviolet (UV) lamp. The best-performing
strains were then inoculated onto Petri dishes with King’s B medium and incubated at
26-28 °C for 24 h. The following day, bacterial suspensions were prepared in test tubes
containing sterile water. Each suspension was adjusted to a standardized turbidity of 0.90
at an optical density of 660 nm using a spectrophotometer. Twenty seeds per treatment
and the control were placed in sterile Gerber jars. For seed coating, 10 mL of bacterial
suspension was added to each jar and allowed to stand for 15 minutes. The seeds were then

removed and sown immediately.

Germination assays
For each treatment and control, 100 seeds were used and distributed into four Petri
dishes (25 seeds per dish). Then, 4 mL of water, plant extract, or solution depending on the

treatment was added to each dish, always over three sheets of Sanitas paper. The dishes

Table 3. Bacterial strains evaluated in tomato development tests.

Species Code Origin Type
Unidentified RJ6 Tomato Rhizospheric
Bacillus albus RJ12 Tomato Rhizospheric
Bacillus paranthracis RJ13 Tomato Endophytic
Bacillus pacificus RJ16 Tomato Endophytic
Bacillus amyloliquefaciens RJ25 Tomato Rhizospheric
Pseudomonas hunanensis IM Maize Endophytic
Pseudomonas fungipugnans 3L Maize Rhizospheric
Pseudomonas fungipugnans 4L Maize Rhizospheric
Enterobacter bugandensis 5L Maize Rhizospheric
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were incubated at 26-28 °C, and the number of germinated seeds was recorded daily. A
seed was considered germinated when a visible radicle protrusion (=2 mm) was observed

outside the seed coat. The Petri dish was considered the experimental unit (n=4).

Germination data analysis

From the recorded data, the Gumulative Germination (CG) curve was plotted; expressed
as the cumulative sum of the mean daily germination percentages of the four Petri dishes
used in each treatment. For each treatment, the TG was calculated as the mean final
germination percentage of the four Petri dishes. The TG results are presented with their
respective standard deviations (SD, equation 1) and confidence intervals (CI, equation 2)
for a 95% confidence level, calculated using the four replicate values.

(2)

where: N denotes the sample size; x; represents the individual observations within each
treatment; X is the sample mean; and z is the critical value associated with the selected
confidence level.

In addition, T’ the time required for 50% of the viable seeds to germinate was estimated

using the CG data and the slope of a linear function model, according to the following

formulas:
_N”h
Xo =X
y=mx+n

where: m is the slope of a line; x, and y, these are coordinates representing intercept points
along a straight line (in this case, x corresponds to time and y represents the germination

value at that time), and n denotes the y-intercept of the line.

The germination interval was also determined as the elapsed time between the onset
and completion of germination (Dj-Dy). Graph construction and data processing were

performed using Microsoft Excel (Microsoft Office suite).

Development assays

The seeds were sown in sterile substrate in polystyrene germination trays, which
remained in the greenhouse for 30 to 35 days; the approximate time before transplanting
(Gémez-Salazar et al., 2023). The sample size was 10 plants per treatment, where each
plant represented an experimental unit (n=10). The measured variables were stem length,
root length, and dry matter weight of the seedlings. To determine dry matter weight, the
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seedlings were first placed in an oven for 24 h at 43 °C, and then their weight was checked

every hour until it stabilized.

Statistical analyses

The treatments evaluated for developmental variables were distributed in a completely
randomized design with 10 replicates per treatment. The data for each vigor variable
were subjected to a one-way Analysis of Variance (ANOVA). When the ANOVA indicated
significant differences (p<0.03), the treatment means were separated using Tukey’s
Honestly Significant Difference (HSD) test at p=0.05. Prior to the ANOVA, assumptions
(Normality and Homogeneity of Variances) were verified. All analyses were performed
using R version 4.4.3.

RESULTS AND DISCUSSION
Pregermination Treatments

Hydropriming

Seed germination benefited from this treatment, as it increased total germination
(TG) to 90%, with improved standard deviations and confidence intervals. Synchrony
and germination rate also improved, as evidenced by a high maximum daily germination
(MDG; 64%) and a lower T'5, (39.7 h), even though the overall germination period extended
by one additional day under the treatment (Table 4). The germination process began
and proceeded more actively following a typical temporal pattern, with no appreciable

modifications, as reflected by the cumulative germination (GG) curve (Figure 1).

Table 4. Germination parameters of tomato seeds subjected to hydropriming and the control treatment.

TG (%) MDG (%) T;, (h) D,-D; (d) SD CI
Control 86 40 47.8 6 7.65 +7.49
Hydropriming 90 64 39.7 7 5.16 +5.05

TG: total germination; MDG: maximum daily germination; T;,: time to 50% germination of viable seeds;
D,-D;: germination time interval; SD: standard deviation of TG; CI: confidence interval of TG.

100
90 —3
80
70
60
50

Germination (%)

0 1 2 3 4 5 6 7 8
Time (days)
—@&— (Control —®— Hydropriming
Figure 1. Germination behavior of tomato seeds subjected to hydropriming and control. Cumulative
germination percentage determined at the indicated times.
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Hydropriming promotes advancement to a late point within Phase II of the triphasic
germination pattern, during which critical metabolic processes occur, including increases
in the ATP/ADP ratio, mitochondrial repair, protein synthesis, and enzyme activation
(Lemmens ¢t al., 2019). Consequently, upon rehydration, seeds exhibit clear advantages:
more efficient metabolism, embryo enlargement, and endosperm weakening, thereby
reducing the time and resources required for radicle protrusion (Chen and Arora, 2012).
In aged seeds, moisture loss can lead to membrane damage and diminished enzymatic
activity; controlled hydration can partially restore germination potential (Rendén and

Goémez, 2018).

Natural Extracts

Germination

The results identified chili extracts at 15 and 25%, garlic extract at 25%, and onion
extract at 50% as the most effective treatments for improving germination. The primary
effects of the extracts were observed on total germination (T'G) and process synchrony, as all
treatments exceeded the control values for these parameters. However, only the 25% garlic
and 25% chili extracts increased germination rate, as indicated by improved T, values
relative to the control. Notably, the 25% extracts yielded consistent outcomes, exhibiting
favorable performance across multiple parameters (Table 5). The cumulative germination
(CG) curve captured the key phases of the typical temporal germination pattern of tomato
seeds (Figure 2).

Table 5. Germination parameters of tomato seeds subjected to different plant extracts and the control treatment.

Extracts (%)
9 15% 25%
SN I T L O B
TG (%) 86 84 90 95 86 90 91 94 93 92 91
MDG (%) 37 45 41 54 48 42 43 37 41 48 42
T5, (h) 54.5 62.1 58.5 59.3 62.5 61.6 49.8 54.6 52.1 58.0 50.5
D,-D;(d) 7 7 7 6 7 6 7 8 6 8 7
SD 5.16 7.57 9.52 3.82 6.92 9.52 3.82 5.16 2.00 8.64 5.03
CI +5.05 +7.41 +9.32 +3.74 +6.78 +9.32 +3.74 +5.05 +1.96 +8.46 +4.92
50% 75%
TG (%) 86 89 92 81 83 93 84 89 90 85 85
MDG (%) 37 52 54 42 52 51 56 45 42 49 38
T50 (h) 54.5 445 58.2 60.2 62.5 62.3 59.1 47.7 50.1 58.7 51.0
D,-D;(d) 7 6 6 7 6 6 6 7 8 8 7
SD 5.16 8.24 3.26 11.01 11.94 8.86 3.26 6.00 4.00 5.03 5.03
CI +5.05 +8.07 +3.19 +10.78 | £11.70 | =8.68 +3.19 +5.87 +391 +4.29 +4.29

TG: total germination; MDG: maximum daily germination; T’ : time to 50 % germination of viable seeds; D-D; : germina-
tion time interval; SD: standard deviation of TG; CI: confidence interval of TG.
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Figure 2. Germination behavior of tomato seeds exposed to different plant extracts and the control treatment. Gumulative germination percentages
at the indicated time points for extracts at 15% (A), 25% (B), 50% (C), and 75% (D) concentrations.

Plant extracts exhibited a hormetic effect, a phenomenon in which a stress factor
recognized for its toxicity at high doses elicits stimulatory responses at lower concentrations
(Agathokleous et al., 2023). Onion extract was among those that displayed this response, a
logical outcome given its richness in diverse bioactive compounds, including organosulfur
compounds, phenolic acids, flavonoids, minerals, and amino acids (Sagar et al., 2022).
Additionally, phytosterols present in onion act as precursors of brassinosteroids, which
may promote germination by reducing seed sensitivity to abscisic acid (Pareek ez al., 2017;
Finch-Savage, 2013).

Regarding the effect of chili extract on plants, there are differing opinions; It has
been shown that it does not affect the germination of Jpomoea purpurea L. (Del Rosario
Garcia-Mateos et al., 2013); while studies in Capsicum annuum demonstrated negative
effects of the extract on seed germination (Barchenger and Bosland, 2016). In this work,
the chili extract enhanced germination performance. Capsaicin, one of its principal
bioactive compounds, is a nitrogen compound that may serve as a precursor for amino
acid synthesis during the activation of germinative metabolism (Finch-Savage, 2013).
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Additionally, chili contains quercetin, a distinctive subclass of flavonoid known to
participate in the regulation of diverse physiological processes, including germination
(Singh et al., 2021).

Regarding garlic, organosulfur compounds are particularly abundant, especially allicin,
which exhibits high permeability across biological membranes. This compound functions
as a signaling molecule capable of modulating endogenous hormonal balance by increasing
auxin and gibberellic acid levels, while allelochemicals act as natural biostimulants that
trigger reactive oxygen species signaling pathways (Hayat e al., 2020).

Development

Chili extract at 25% (CH25) and onion extract at 50% (O50) were evaluated for
development variables. Statistical analysis revealed significant differences between
treatments and the control across all three evaluated variables. For stem and root length,
no significant differences were detected between treatments, although CH25 (8.16 cm) and
050 (8.30 cm), respectively, exhibited slightly superior values. In contrast, differences in
dry matter weight were more pronounced; treatments were separated into three distinct
groups, and imbibition (I) outperformed the remaining treatments, exceeding the control
by more than 40% (Table 6).

Imbibition performed adequately, and the combination of imbibition with the bioactive
compounds present in the extracts further enhanced stem and root length; however, no
significant differences were detected among the extract treatments. The marked differences
observed in dry matter weight provide evidence of structural changes in the root system,
likely associated with increased secondary root formation. Lemmens ez al., (2019) concluded
that seed prehydration is effective not only in enhancing germination; they also showed
that, after sowing, primed seeds absorb water and reactivate metabolism more rapidly,
thereby improving establishment and vigor.

Regarding the extracts, chili contains carotenoids that act as precursors of
strigolactones, which have the capacity to stimulate root development (Cortes et al.,
2019), as well as quercetin, which plays a key role in activating plant physiological
traits such as growth and photosynthesis (Singh et al., 2021). In onion, flavonoids and
phenolic compounds are among the most abundant constituents and are noteworthy due

to their active involvement in regulating plant growth and mediating defense responses
(Rodriguez et al., 2024).

Table 6. Results of Tukey’s test for comparing means to evaluate the treatments with plant extracts applied to tomato seeds for

development.
Stem length(cm) Root length (cm) Dry matter weight (mg)
Treatment Mean Group Treatment Mean Group Treatment Mean Group
CH25 8.16 a 050 8.30 a I 108.30 a
050 7.81 a CH25 8.05 a 050 97.95 ab
I 7.55 a I 7.99 a CH25 91.95 b
T 6.14 b T 6.31 b T 74.10 c




AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/n0wayb16 144

Chemical compounds

The CuSO, solutions at 1 and 2% were identified as the most effective treatments. These
solutions primarily improved total germination (T'G), whereas the remaining germination
variables were not substantially modified relative to the control (Table 7). The cumulative
germination (CG) curves followed similar trajectories consistent with the typical temporal
germination pattern of tomato (Figure 3).

Table 7. Germination parameters of tomato seeds subjected to different chemical compound solutions and
the control treatment.

Solutions (Concentration %)

0 0.5 0.06 2 1 1
Variables Control NaCl AAS CaCl, KNO4 CuSO,
TG (%) 86 85 88 89 87 91
MDG (%) 40 47 36 40 46 41
Ty, (h) 50.8 58.5 54.0 53.1 46.7 53.6
D -D;(d) 7 6 6 7 6 6
SD 5.16 8.24 3.26 5.03 2.00 3.82
CI +5.05 +8.07 +3.19 +4.92 +1.96 +3.74

0 1 0.12 3 3 2
TG (%) 86 84 80 86 89 90
MDG (%) 40 36 33 30 43 39
Ty, (h) 50.8 55.3 53.1 60.0 57.2 51.8
DDy (d) 7 7 7 7 7 6
SD 5.16 3.26 14.37 10.58 5.16 2.70
CI +5.05 +3.19 +14.08 +10.36 +5.05 +2.64

TG: total germination; MDG: maximum daily germination; T’ : time to 50% germination of viable seeds;
D-Dg germination time interval; SD: standard deviation of TG; CI: confidence interval of TG.

100 100
! . - B

80 g—— 80
£ 70 / £ 70
g 60 £ 60
S50 £ 50
E 40 E 40
& 30 S 30
20 20
10/ 10
L 2 ) N ) : / 8 1 2 3 4 5 6 7 8
Time (days) Time (days)
—@— Conrol NaCl ASA —@— Control NaCl ASA
—@— CaCl, KNO, CuSO, —@— CaCl, KNO, CuSO,

Figure 3. Germination behavior of tomato seeds exposed to different chemical compound solutions and the control treatment. Cumulative
germination percentages (A and B) across the indicated time points. (A) NaCl 0.5%, acetylsalicylic acid (CqHzO,; ASA) 0.06%, CaCl, 2%,
KNO, 1%, and CuSO, 1% solutions. (B) NaCl 1%, ASA 0.12%, CaCl, 3%, KNO; 3%, and CuSO, 2% solutions.
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Copper (Cu) is an essential element for plants; nonetheless, the available evidence
regarding its use is contradictory. Igbal et al., (2018) reported toxic effects of Cu-derived
compounds, including growth inhibition and reduced germination. Conversely, the
findings of De la Cruz et al. (2023) in pepper indicate that CuSO, supplementation
can stimulate regenerative processes in cotyledons, enhancing embryo production and
promoting germination.

This apparent discrepancy may be explained by differential sensitivity among species or
by excessively high application concentrations. Carrillo ¢z al. (2005) support this hypothesis
by showing considerable variation in Cu accumulation among different roselle (Hibiscus
sabdariffa L.) varieties, suggesting that differential responses may constitute genotype-
specific protective mechanisms. The observation that CuSO, is not universally lethal and
that, at certain concentrations, it can stimulate germination suggests the existence of an
optimal range in which Cu functions as an essential micronutrient before reaching toxic
thresholds.

As demonstrated in this study, germination onset and critical points such as the
day of maximum MDG and the interval of highest germinative activity follow a nearly
invariable temporal germination pattern, consistent with the results reported by Michelin
et al. (2016). Identifying the most effective treatment depends on multiple factors, and
TG alone is often not a sufficiently comprehensive indicator. Parameters such as MDG,
T5,, and the germination interval (Dy-D; ) must also be considered. If the objective is to
determine the most efficient treatment, it should also confer greater speed and synchrony
to the germination process; only then can establishment success and seedling survival be
effectively improved (Garcia and Gonzélez, 2021).

Biopriming with tomato-associated bacteria

Analysis of variance for treatments involving Bacillus strains isolated from tomato
roots revealed statistically significant differences among treatments for the evaluated
development variables, albeit with specific considerations for root length and dry matter
weight. For root length, the assumption of homogeneity of variances was not met (p=0.01);
therefore, an arcsine transformation was applied to data normalized as proportions. For
dry matter weight, a Box-Cox transformation was required (A=—0.3). In both cases,
the respective transformations corrected the assumption violations, and the analyses of
variance continued to indicate significant treatment effects. The means presented in Table
8 are reported using the original (untransformed) data. Among the evaluated strains,
RJ16 consistently performed best across the three variables, showing no major differences
relative to RJ25 and RJ13, yet maintaining superior values in all cases (Table 8).

These bacteria belong to the group commonly referred to as Plant Growth-Promoting
Bacteria (PGPB) (Castafio ¢t al., 2021b). The mechanisms of action of PGPB are
typically classified as direct and indirect. Direct mechanisms include the biosynthesis of
phytohormones and vitamins, as well as stimulation of germination. Indirectly, PGPB
can synthesize antibiotics and fungicidal compounds, produce siderophores, and act as
biological control agents against phytopathogens (Alvarez-Garcfa et al., 2020). The genus
Bacillus is dominant among endophytic bacteria (Cochard et al., 2022), which are known
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Table 8. Results of Tukey’s test for comparing means to evaluate the inoculation of tomato seeds on devel-
opment with tomato root-associated bacteria.

Stem length (cm) Root length (cm) Dry matter weight (g)
Treatment | Mean | Group | Treatment | Mean | Group | Treatment | Mean | Group
RJ16 6.95 a RJ16 5.95 a RJ16 76.62 a
RJ25 6.91 ab RJ13 5.30 ab RJ25 70.06 ab
RJ6 6.90 ab RJ25 5.13 ab RJ13 65.93 bc
RJ13 6.85 ab RJ12 4.82 be RJ12 65.37 be
RJ12 6.80 ab T 4.53 be RJ6 64.06 be
T 5.55 b RJ6 3.81 c T 62.37 c

to establish intimate associations with plants, may be vertically transmitted, and can act
through the secretion of minute concentrations of metabolites (Alvarez-Garcfa et al., 2020).
This could help explain the pronounced effects observed for Bacillus pacificus (RJ16) and
Bacillus paranthracis (RJ13).

Regarding B. pacificus (R]16), information on its effects in tomato is limited. Kouam
et al. (2023b) reported that it increased stem length and the dry weight of roots and
shoots. Ma et al. (2024) demonstrated that it enhances chlorophyll content and promotes
root development in Arabidopsis thaliana and Medicago sativa, with the latter effect also
corroborated in the present study. In these species, it also exhibited the capacity to mitigate
drought damage. Bacillus amyloliquefaciens (R]25), another strain with strong performance,
has been extensively studied in tomato as a biocontrol agent (Chou et al., 2022; Imran et
al., 2021). As a PGPB, Imran et al. (2021) confirmed that it increases germination and
improves root and shoot length, with results comparable to those reported by Ali et al.
(2025b). Bacillus paranthracis (R]13) is a recently described species with limited information
available; however, it belongs to a group closely related to Bacillus cereus (Campos-Avelar

et al., 2025), a species known to promote both aerial and root development in tomato

(Andrade-Sifuentes et al., 2022).

Biopriming with Maize-associated bacteria

Analysis of variance for treatments with Pseudomonas and Enterobacter strains isolated
from maize roots, evaluated on tomato seedling development variables, revealed statistically
significant differences in stem length and dry matter weight, whereas no differences were
detected for root length. For stem length, the reference treatment was 1M, which was
slightly higher than 3L and 4L, although differences were modest. Dry matter weight
exhibited a different pattern: 5L. and 3L were the best treatments, with weight increases
of up to 75% relative to the control. Treatment 3L showed the most stable performance,
ranking second for both evaluated variables, yet it did not differ significantly from the top-
performing treatments (Table 9).

Pseudomonas fungipugnans (3L), Pseudomonas hunanensis (1M), and Enterobacter bugandensis
(5L) were the most effective treatments for promoting vegetative development, with P
Sungipugnans (3L) showing particularly strong performance. The effects of Pseudomonas

strains derived from maize roots on tomato seedlings were previously demonstrated by
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Table 9. Results of Tukey’s mean comparison test for evaluating the effect of inoculating tomato seeds on

seedling development with bacteria associated with maize roots.

Stem length (cm) Dry matter weight (g)
Treatment Mean Group Treatment Mean Group
IM 8.81 a 5L 148.50 a
3L 8.81 a 3L 144.30 a
4L 8.61 a 4L 128.25 ab
5L 8.47 ab IM 117.95 ab
T 6.98 b T 84.85 b

Rojas-Solis et al. (2016), who reported increases in hypocotyl and root length, as well
as seedling fresh weight. Pseudomonas spp. are described as major components of the
endophytic community in maize roots, with functions linked to plant growth promotion
through the production of compounds such as NH,, siderophores, auxins, and extracellular
enzymes (Singh and Goodwin, 2022). Similar effects have also been documented following
inoculation of tomato seeds with species from this genus (Pandey and Gupta, 2020). The
pronounced increase in dry matter weight, despite the absence of significant differences
in root length, provides evidence of variation in root system development. This suggests
modifications in lateral rooting and an increase in secondary roots traits that are critical
for nutrient acquisition from the soil (Chen et al.,2022).

P. fungipugnans is a recently described species for which a potential antifungal effect has
been hypothesized (Schnyder ez al., 2025); however, the present work demonstrates that it
may also exert additional effects associated with the promotion of vegetative development.
With respect to P. hunanensis, its performance as a PGPB in tomato infested with Fusarium
oxysporum under saline stress conditions has been previously validated (Verma et al., 2024).
Likewise, E. bugandensis has been reported to promote growth in maize and wheat under
water and salinity stress (Tian et al., 2025; Verma et al., 2024).

CONCLUSIONS

Hydropriming increased and accelerated germination. Chili, garlic, and onion
extracts exhibited concentration-dependent biostimulant effects, evidencing a hormetic
phenomenon in which low concentrations improved both germination and vegetative
development. CuSO, was the best-performing chemical-solution treatment, although
its effects were not outstanding. Biopriming results confirm the relevance of host—
microorganism specificity in beneficial interactions, as well as cross-effects of maize-
associated bacteria acting on tomato. Moreover, the outcomes obtained with recently
described species expand current knowledge regarding their biological effects.

This study provides scientific evidence to support the development of pregermination
treatment protocols for tomato. Integrating physical (hydropriming), allelopathic (plant
extracts), and biotechnological (biopriming) approaches offers a robust theoretical basis
for more efficient production systems. Improved understanding of hormetic mechanisms
and response specificity facilitates scale-up toward commercial applications, contributing

to the development of sustainable technologies for modern agriculture.
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