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ABSTRACT
Global food demand has surged, necessitating innovative agricultural practices to mitigate
environmental impacts and ensure food security. This study investigates the effects of pre-
sowing treatments, including ozonated water and aqua regia, on the germination of tomato
(Solanum lycopersicum L.) and roselle (Hibiscus sabdariffa L.) seeds. A randomized complete block
design was used, comparing treatments to a deionized water control. Seeds were subjected to
one-minute exposures, and germination metrics were assessed over 10 days. Results indicated
that the ozone treatment significantly enhanced tomato seed germination rates compared to
the control and aqua regia (Kruskal-Wallis, p < 0.01). While statistical significance was not
observed for all treatments in roselle, a trend towards improved germination with ozonated
water and aqua regia was noted. Germination indices, including germination percentage, rate,
and synchrony, were analyzed using principal component analysis (PCA), revealing distinct
treatment effects. PCA highlighted that the ozone treatment promoted rapid and enhanced
germination in tomato, correlating with metrics such as emergence rate and peak germination
percentage. Aqua regia demonstrated efficacy in roselle, likely due to scarification of the seed
coat. The study suggests that optimized ozone treatments can serve as a biostimulant, enhancing
germination velocity, while aqua regia effectively improves germination in species with hard
seed coats. These findings contribute to understanding the potential applications of pre-sowing

treatments for improving crop production and sustainability.
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INTRODUCTION
Population growth in the past century has significantly increased global food
demand, challenging the development of novel agricultural practices. This rapid has
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had profound consequences, including environmental pollution, the encroachment
of agriculture onto natural lands, and the exacerbation of greenhouse emissions,
among other unsustainable practices (Koop and van Leeuwen, 2017). In response to
recent food crises, there has been a notable surge in the importation of food products,
particularly in Mexico, primarily to address the region’s escalating food demand
(Valencia-Romero, 2019).

To mitigate the current set of food security challenges, a concerted effort is required
to develop and implement new technologies and innovative agricultural methods. A
critical aspect of this endeavor lies in a thorough understanding of plant development
to optimize crop yields and enhance food production (Tester and Langridge, 2010;
Tolhurst and Ker, 2015). Plant domestication has been instrumental in enhancing
food crop production through selective breeding for desirable physiological and
morphological traits. This process involves improving plant characteristics, such
as seed number and size, while addressing issues like seed shattering, dormancy,
flowering time, and stress tolerance. By optimizing these traits, crop yields can be
significantly increased (Gross and Olsen, 2010; Meyer and Purugganan, 2013).

Seed germination is a critical stage in plant development, influencing subsequent
growth and yield (Ashraf and Foolad, 2005). It involves three distinct phases:
imbibition, metabolic activity, and radicle emergence (Bradford, 2017). Seed priming is
a pre-sowing technique that can enhance germination and improve crop performance
under various stress conditions, such as salinity, temperature extremes, and drought
(Ashraf and Foolad, 2005; Dragani¢ and Leki¢, 2012; Kaya et al., 2006; Shahrokhi et
al., 2011). Priming methods, including hydropriming, osmopriming, and chemical
priming, can improve seed vigor and tolerance to environmental stresses. These
techniques are cost-effective, low-risk, and readily applicable in various agricultural
settings (Ashraf and Foolad, 2005).

Ozone (O3), a triatomic allotrope of oxygen, while often associated with its detrimental
effects in the lower atmosphere as a pollutant, plays a crucial and often overlooked role
in plant physiology, particularly in seed germination and early seedling development
(Kangasjarvi et al., 1994; Roshchina and Roshchina, 2003; Violleau et al., 2008;
Patwardhan and Gandhare, 2013; Pandiselvam et al., 2020). While high concentrations
of tropospheric ozone can induce oxidative stress and negatively impact plant growth
(Pandiselvam ef al., 2020), carefully controlled and optimized applications of ozone at
lower concentrations have demonstrated significant beneficial effects across a range
of plant species (Patwardhan and Gandhare, 2013; Tiitiincti et al., 2024; Violleau et al.,
2007).

The positive effects of ozone in plants include enhanced seed germination rates,
improved seedling vigor, and increased tolerance to various environmental stresses
(Kangasjarvi et al., 1994; Sudhakar et al., 2011; Pandiselvam and Thirupathi, 2015). The
mechanisms underlying these beneficial effects are complex and involve a variety of
physiological and biochemical processes, including the modulation of antioxidant
systems, hormonal signaling pathways, and the activation of specific gene expression
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related to germination and growth (Godinez-Mendoza et al., 2023). Understanding
these mechanisms is crucial for developing effective strategies for utilizing ozone in
agriculture to improve crop production and sustainability.

This study focuses on the impact of ozone treatment on seed germination in two
economically and nutritionally important species: tomato (Solanum lycopersicum L.)
and roselle (Hibiscus sabdariffa L.). Tomato is a globally cultivated vegetable crop,
valued for its nutritional content and versatility in culinary applications (Kumar et al.,
2017; Casals et al., 2021; Canul-Ku et al., 2023). Roselle, on the other hand, is a valuable
crop known for its edible calyces, used for making beverages and jams, as well as
its potential medicinal properties (Herrera-Arellano et al., 2004; Montafo-Arango et
al., 2024). While previous research has explored the effects of ozone on various plant
species, including some crops (Pandiselvam and Thirupathi, 2015; Sudhakar et al.,
2008; Violleau et al., 2007), a detailed investigation of the specific responses of tomato
and roselle seeds to ozone treatment is still lacking.

This research aims to address this gap by investigating the effects of different ozone
concentrations and exposure durations on the germination parameters of tomato and
roselle seeds. It was hypothesized that optimized ozone treatments can significantly
improve seed germination, germination rates, and seedling vigor in both species.
The findings of this study will contribute to a better understanding of the potential
applications of ozone in enhancing seed germination and promoting sustainable
agriculture. This study aims to evaluate the impact of ozonated water (ozone) and
aqua regia as pre-sowing treatments, compared to a control, on the germination of
tomato and roselle seeds.

MATERIALS AND METHODS

Research facility
This research was conducted at the Molecular Genetics Laboratory at Postgraduate
College Campus Montecillo, located in Texcoco municipality, State of Mexico, Mexico.
The experiments were carried out during the final week of May and the first week of
June 2023.

Experimental design

A randomized complete block design was used, with individual seeds serving as the
experimental units. To investigate the effects of varying seed coat hardness treatments,
tomato (S. lycopersicum var. Rio Grande) and roselle (H. sabdariffa) seeds were selected.
The treatments included ozonated water (ozone), aqua regia, and a deionized water
control. Each treatment was replicated six times.

For each treatment, 150 seeds were utilized (a = 0.05). This was conducted in two
independent experiments, one for each plant species. The seed treatments were as
follows: a) Seeds were submerged in deionized water for 1 min as a control treatment;
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b) seeds were imbibed in 200 mL of deionized water and then treated with an ozone-
oxygen mixture (ozone concentration of 9.3 mg L) generated by a Yuomo Aquapure
APSO 0.5-D ozone generator for 1 min under constant stirring and bubbling at 21 °C;
and c) seeds were imbibed in 200 mL of aqua regia for one minute under constant
stirring, then rinsed thoroughly with deionized water.

The germination assay was conducted using primed seeds. Fifteen Petri dishes were
prepared for each treatment, each containing 10 treated seeds placed equidistantly
on a 90 mm Whatman filter paper. A total of 45 Petri dishes per plant species were
randomly placed in a lidded box and incubated at 29 °C for 10 days. Seed germination
was recorded daily for 10 days.

Data analysis
Germination rates data for each treatment and plant species were assessed for
normality and homoscedasticity. Differences among control, aqua regia, and ozone
treatments were then evaluated using a Kruskal-Wallis test, followed by Dunn’s
post hoc test. Numerous germination indices were calculated for each analyzed plant
using the germinationmetrics R package (Aravind et al., 2019) and a germination matrix
organized by day, replicate, and treatment (Table 1).

Table 1. Germination indices and their description for tomato (Solanum lycopersicum L.) and roselle (Hibiscus sabdariffa L.) seeds.

Index Formula Description Reference
o N, N_=Number of germinated
GP =—2x 100 : &
GerminationPercent (GP) N, seeds, N, = Total number of seeds (ISTA, 2023)
Ninax = Maximum number of (Vallance, 1950; Roh et al.

PGP = X 100 max 7 7 Y
PeakGermPercent (PGP) ¢ seeds germinated per interval 2004)
FirstGermTime (¢ to = min{Ti: Ni # 0} i = Ti

(t,) Ti = Time from the start of the (Edwards, 1932;

LastGermTime (tq)

TimeSpreadGerm

t50_Coolbear Median
Germination Time (t50)

t50_Farooq Germination
time (t50)

t, = max{Ti: Ni # 0}

(tg - to)

N+1
tso=T; +

C=——N)(T; = T)

N; = N;

tso=T; +
50 i Nj—NL-

&-ma-m

experiment to the ith interval, Ni
= Number of seeds germinated
in the ith time interval (not the
accumulated number, but the
number corresponding to the ith
interval)

N = Final number of germinated
seeds, N, and N, = Cumulative
germinated seed counts at times
T,and T, where N, < (N+1)/2 <N,

N = Final number of germinated
seeds, N, and Nj = Cumulative
germinated seed counts at times
T, and T] where N, <N/2 < N],

Czabator, 1962; Goloff
and Bazzaz, 1975;
Labouriau, 1983; Ranal,
1999; Quintanilla ef al.,
2000)

(Coolbear et al., 1984)

(Farooq et al., 2005)
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Table 1. Continue

Index Formula Description Reference
(Edmond and Drapala,
. 1958; Czabator, 1962;
MeanG Ti _ T = i NiTi T,=Time to ith interval, N, = Smith and Millet, 1964;
eanGermTime (T) TN Seeds germinated in ith interval Ellis and Roberts, 1980;
Labouriau, 1983; Ranal,
. B 1999)
Ly N(T; = T)° T = Time to ith interval, N =
: 2 2 4=t vl i 7
VarGermTime (s7) o RN -1 Seeds germinated in ith interval

SEGermTime (s,)

CVGermTime (CV))

MeanGermRate (V)

CVG Coefficient of
velocity/Rate of germination

GermRateRecip_Coolbear (v, )

GermRateRecip_Farooq
GermSpeed_Count (S)
GermSpeed_Percent (S)

GermSpeed Accumulated_
Count

GermSpeedAccumulated_
Percent

GermSpeed Accumulated_
Normal

‘7_ {'(=1Ni

T Yk ONT,

i=1 e

CVG =V x 100
v 1

50 =5—
tso

s Ny N, N N
T, T, T, T
N, N;+N,
Saccumulated = F + T— +
1 2
N; + N, + N.
1 2 3 +
T3
Ny + N, + -+ Ny,
Tk
k.
Xia N
Saccumulated = T
i=1 t

N, = Seeds germinated in ith
interval, k = Total number of
intervals

T,=End time of ith interval, N, =
Seeds germinated in ith interval,
k = Total intervals

t50 = Median Germination Time
(Coolbear)

t50 = Median Germination Time
(Farooq)

N, =Number or percent of
germinated seeds at time T, k =
Total intervals

N, = Number or percent of seeds
germinated at times T, , k=
Number of intervals

T,=Time from the start of the
experiment to the ith interval,

E_Ii'=J.N = Cumulative number
of seec{s germinated up to the
ith interval, k = Total number of
time intervals

(Labouriau, 1983; Ranal
and de Santana, 2006)

(Ranal and de Santana,
2006)
(Labouriau and Bicalho-
Valadares, 1976;
Labouriau, 1983; Ranal
and de Santana, 2006)
(Kotowski, 1962; Nichols
and Heydecker, 1968;
Labouriau, 1983; Scott et
al., 1984; Thompson et al.,
1995)

(Coolbear et al., 1984)

(Farooq et al., 2005)

(Throneberry and Smith,
1955)
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Table 1. Continue

Index Formula Description Reference
GermSpeedCorrected S = Represents germination
Normal B speed (calculated using
germination percentage, either
standard or accumulated,
s _ S depending on the method (Evetts and Burnside,
GermSpeedCorrected_ corrected T RGP argument: “normal” or 1972)
Accumulated “accumulated,” respectively),
FGP = Final germination
percentage
K (k—i+ DN N, = Seeds germinated in interval

WeightGermPercent WGP = FlkilN‘ x 100 1, N = Total seeds, k = Total

x intervals

GP GP = Final Germination
MeanGermPercent (GP) GP = e Percentage, T, = Time at final (Czabator, 1962)

* interval
_ _ N, =Fi i =

MeanGermNumber (N) N=22 Ng F11.1a1 gern.una’.ced seeds, T (Khamassi et al., 2013)

Ty Time at final interval

k G, = Cumulative germination (Baskin and Baskin, 1998;
TimsonsIndex Sk = Z G; percentage at interval i, k=Total =~ Brown and Mayer, 1988;

i=1 intervals Grose and Zimmer, 1958)
TimsonsIndex_Labouriau _ Ik g,= Partial germination (Khan and Ungar, 1984;
Sk ) kmoa = S g percentages Ranal and de Santana,

mod. i=1J1 2006)
Xk

Timsons Index_KhanUngar Ekmoa = T, T, = Total germination time (Khan and Ungar, 1984)

GermRateGeorge (GR)

GermlIndex (GI)

GermIndex_mod (GI)

EmergenceRateIndex_
SG (ERI)

EmergenceRateIndex_
SG_mod (ERI )

k
_ Z |(Ty— TN,
Gl = —_—
: N
i=1

k
[(T,_ TN
T
i=1 9

k-1

ERI = Z Nk — )
i=1

i=iy

Ny

ERIyoa = 2

ANk =)

N, = Seeds germinated in interval
i, K, = Time until end of test
from start of interval i, k = Total
intervals
T,=Time to end of interval i, N,
= Seeds germinated in interval
i, Nt = Total seeds, k = Total
intervals
T,=Time to end of interval i, N,
= Seeds germinated in interval i,
Ng =Total germinated seeds, k =
Total intervals

N, = Number of seeds
germinated in the ith time
interval (new germinations
only), i = Index of the time
interval, ip = Time interval at
germination onset, k = Total
number of time intervals

N, = Total of germinated seeds at
the end of assay

(Nichols and Heydecker,
1968; Tucker and Wright,
1965)

(Melville et al., 1980)

(Ranal and de Santana,
2006)

(Shmueli and Goldberg,
2022)

(Ranal and de Santana,
2006)
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Table 1. Continue

Index Formula Description Reference
EmergenceRatelndex_ ERL.. = 1N T'=Mean germination time or (Bilbro and Wanjura,
BilbroWanjura (ERI, ) b T mean emergence time 1982)

(Fakorede and Agbana,
EmergenceRateIndex T . . . 1983; Fakorede and
Fakorgede (ERL,) ERlar = GP/100 FGP = Final germination time Ayoola, 1980; Fakorede
and Ojo, 1981)
T, =Time from experiment
G G, Gy Gy start to the.nth inter'val,. G,
PeakValue (PV) PV = max <T_1T_2T_3 T_k> = Cumulative germination

GermValue_Czabator (GV) GV =PV x MDG

X DGS
GermValue_DP GV,) GV = X GP X ¢
GermValue Czabator_mod
(GVmud)
GVnmd
GermValue_DP_mod (GV, )
G S h 7 7= Zi'(=1 CNi,Z
ermSynchrony (Z) 7621\,1.,2
k
GermUncertainty (E) E=-) filog2f;
i=1

percentage at the nth interval, k =
Total number of time intervals

MDG = Mean daily germination
percentage from onset

DGS = Speed of daily
germination calculated by
dividing the cumulative
germination percentage by
the number of days since
germination began, N =
Frequency of calculated DGS, ¢ =
Average daily germination speed

Germination Value (GV)
calculations typically consider
only the time from germination
onset. However, a modified GV
(GV, ) incorporating the full test
duration

Chin= Number of two-seed
combinations possible from
the N, = Seeds germinated in
the ith interval (calculated as

Cyi,=N, (N-1)/2), C,,,, = Same
calculation for the total number
of germinated seeds, assuming

simultaneous germination

f,= Relative frequency of
germination during the ith time
interval, N,= Number of seeds
that germinated during the ith
time interval, k = Total number
of time intervals over which
germination is observed

(Czabator, 1962)

(Djavanshir and
Pourbeik, 1976)

(Brown and Mayer, 1988)

(Primack, 1985; Ranal
and de Santana, 2006)
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A principal component analysis (PCA) was conducted on the seed germination data
for each plant species. For this analysis, the data were structured into a matrix format
suitable for use in R. Each row represented a biological replicate (n =15 per treatment),
and each column represented a calculated seed germination index derived from the
three treatments (aqua regia, ozone, and control). Confidence ellipses were generated
for each treatment. PCA computations were performed using the prcomp function,
and visualizations were generated using the fviz_pca_ind function from the package
factoextra. All statistical analyses were conducted in RStudio version 2024.04.0.

RESULTS AND DISCUSSION

A comparative analysis of various treatments on the germination of tomato and
roselle seeds revealed varying degrees of efficacy. Germination rates were assessed
relative to a control group. The analysis of germination rate data for tomato seeds
exhibited a significant disparity between the control group and ozone treatment
(Kruskal-Wallis test, p < 0.01) and between aqua regia and ozone treatment (Kruskal-
Wallis test, p < 0.01). Ozone treatment demonstrated significantly higher germination
rates compared to the control and aqua regia in tomato seeds (Table 2).

Table 2. Descriptive statistics of seed germination rates after 10 days for tomato (Solanum lycopersicum
L.) and roselle (Hibiscus sabdariffa L.) under different treatments compared to a control group.

Treatment Control Aqua regia Ozone
Plant Tomato Roselle Tomato Roselle Tomato Roselle
Mean* 8A 4 8A 5 9B 4
Minimum 6 2 7 2 8 2
Maximun 10 6 10 9 10 7
Sum 124 64 122 73 140 58
Median 8 4 8 5 9 3
Standard error of the mean 04 0.4 0.2 0.55 0.2 0.44
Standard deviation 1.4 1.4 0.8 2.13 0.7 1.72
Coefficient variance 1.92 1.92 0.69 4.55 0.52 2.98

*Group means with different letters indicate statistically significant differences (p < 0.01) as
determined by Kruskal-Wallis test.

No statistically significant differences were observed between the germination rates
in seeds of the control group and either aqua regia or ozonated water treatments in
roselle seeds (Kruskal-Wallis test, p > 0.05). Although not statistically significant in all
cases, a discernible trend towards improved germination was observed across both
plant species when utilizing ozonated water and aqua regia treatments (Table 2).
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Previous research has extensively documented the capacity of pre-treatments to
enhance plant growth by triggering a cascade of biochemical and physiological
responses within the plant. Kangasjdrvi et al. (1994) emphasized the potential of ozone
to stimulate plant growth, suggesting that microdosing and short-term exposure can
effectively enhance the growth and yield of various plant species. The findings of this
study align with previous research that has highlighted the effectiveness of priming
techniques, including the use of ozone and acids, in enhancing germination and crop
yield in diverse plant species (Sudhakar et al., 2008, 2011; Varela and Arana, 2011;
Condori Tarqui and Martinez Flores, 2020).

Seed germination varied both within and between treatments. A general trend of
increasing germinated seeds was observed, although a proportion of seeds failed to
germinate. In tomato, seed germination exhibited substantial inter-treatment variation
(Figure 1A). Over the 10-day experimental period, tomato seed germination ranged
from 0 to 100 seeds. The ozone treatment induced a rapid increase in germination
between days 2 and 3, reaching a peak of approximately 100 germinated seeds.
While both control and aqua regia treatments followed similar germination patterns,
their peak germination counts were lower, reaching approximately 75 and 60 seeds,
respectively, by day three. Following this peak, germination declined across all
treatments, with the most pronounced decrease observed in the ozone treatment.
Notably, the aqua regia treatment consistently resulted in the lowest germination
rates in the tomato seed germination rate.

Roselle had a seed germination on a scale of 0 to 50 seeds. The ozone treatment
stimulated rapid initial germination in roselle, peaking at approximately 50 seeds
by day two. The control and aqua regia treatments exhibited similar germination

Tomato Roselle

504

100
404
754
30 Treatment
. Control
504
. Aqua Regia
204 . Ozone
254
104 I
0+ h ol 0- |
T T v T T T T T T T T T
1 2 3 4 5 1 2 3 4 5 6 T

Germinated Seeds
Germinated Seeds

T T T

8 9 10

6 7 8 9 10
Day Day
Figure 1. Histogram of seed germination frequency over 10 days in control and treated. seeds
using ozonated water and aqua regia for two plant species. A: tomato (Solanum lycopersicum L.)

seeds; B: roselle seeds (Hibiscus sabdariffa L.).
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patterns, reaching approximately 48 and 45 seeds, respectively, also by day two.
Following this peak, germination declined in both the control and ozone treatment.
However, uniquely, the aqua regia treatment maintained a germination up of 10 seeds
through day four.

The seeds of tomato and roselle possess distinct differences in their seed coats. Notably,
tomato’s seed coating is softer than roselle’s due to the latter’s thicker layer of irregular
collapsed cells, contributing to increased hardness in the seed coating (Mabrouk et al.,
2016). The seed germination efficiency between both plant species is based on the effects
of each treatment and the nature of the seed. On the one hand, ozone effects are well
known to promote a trigger of biochemical and physiological responses after priming
(Pandiselvam et al., 2020), which is mainly related to the high germination frequency
by ozone in tomato seeds. On the other hand, treatment with aqua regia results in
scarification of the roselle’s coat, exposing the lumens of the macrosclereids cells. This
process facilitates water imbibition and triggers seed germination (Nikoleave, 1977).
Thus, the germination rate is influenced by the thickness of each type of seed when
subjected to various treatments (Figure 1).

Ozone exhibited superior performance compared to control and aqua
regia (Figure 2A). Seeds primed with ozone demonstrated a 95 % germination
rate, surpassing the control group (83 %) and the aqua regia-primed seeds (83 %).
Germination velocity also varied significantly. Ozone-primed seeds exhibited rapid

A Tomato 60 Roselle B

100

75

40

Treatment

o
=3

Aqua Regia
=== Control

== Ozone
20

Germination percentage %
Germination percentage %

[
o

1 2 3 4 5 8 7 & 9 10 12 3 4 5 6 7 8 9 10
Day Day

Figure 2. Germination percentages of the evaluated seeds over a 10-day period under three
different treatments (control, aqua regia, and ozone). The shaded areas represent the variability
or uncertainty associated with the measurements. A: tomato (Solanum lycopersicum L.) seeds; B:
roselle seeds (Hibiscus sabdariffa L.).
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germination, reaching maximum rates by the fourth day. In contrast, aqua regia-
primed seeds displayed a delayed peak germination on the fifth day. These findings
corroborate previous research by Kangasjarvi et al. (1994) and Pandiselvam et al. (2020),
which demonstrated the potential of low-dose ozone to stimulate biochemical and
physiological responses, enhancing germination and vigor in various plant species.
The observed increase in germination may be attributed to the stimulation of jasmonic
acid production, a known promoter of root growth and seed germination in maize
(Zea mays L.) and overall plants (Violleau et al., 2007). Several studies across various
species have demonstrated significant differences in seed germination following ozone
treatment (Dong et al., 2022; Tiitiincii et al., 2024). These effects are likely mediated by
the stimulation of biochemical cascades within the plant embryo and the release of
volatile organic compounds (Dong et al., 2022). The observed enhancement of tomato
seed germination is likely due to biostimulation rather than scarification of the seed
coat. While these results align with those of Tiitlincti et al. (2024) regarding the positive
effects of ozone on seed germination, this study observed a more rapid response,
achieved with only one minute of ozone exposure. The thin endosperm layer in
tomato seeds may influence the efficacy of each priming treatment. It is possible that
aqua regia treatment may have compromised the endosperm, leading to germination
failure in some seeds (Madueno-Molina et al., 2006).

The germination of roselle seeds under ozonated water priming and aqua regia
priming yielded distinct outcomes compared to those observed in tomato seeds
(Figure 2B). The treatment using aqua regia priming demonstrated the most favorable
germination rates for roselle seeds, reaching 48 % of the total germination. Conversely,
ozonated water priming resulted in a maximum of 38 % germination (even lower than
the control group, 43 %). The germination velocity exhibited a swift response when
treated with aqua regia. The maximum germination was observed on the fifth day
of incubation (Figure 2B). Despite the lower germination efficiency associated with
ozonated water priming, this method demonstrates the quickest path to reaching
maximum germination, typically observed by the fourth day.

While the use of aqua regia presents itself as the most beneficial method for seed
germination under these conditions, it is noteworthy that ozonated water exhibits an
interesting effect on germination velocity. Aqua regia is widely regarded as the most
effective method for scarifying seeds with a hard coating and thicker endosperm, as
demonstrated by its successful application in treating roselle seeds. Similar findings
were documented in a study conducted by Babashpour et al. (2011), where enhanced
germination rates were observed following imbibition in sulfuric acid of Fabaceae
seeds. In the current study, seeds were subjected to a one-minute exposure to aqua
regia, while other investigations have explored the effects of prolonged exposure to
sulfuric acid. Youssef (2009) conducted studies that demonstrated promising outcomes
in the germination of desert plant seeds following several days of exposure. However,
additional research on the effects of exposure during varying time periods is required.
Subsequent to the application of ozone, there was anotable enhancementin germination
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velocity, which holds promising implications for agricultural productivity. As both
species of seed plants demonstrated similar germination velocities, the present
work suggests the utilization of ozone as a biostimulant for seed germination and
plant growth. Substantial evidence supports the observed benefits resulting from
ozone treatment (Kangasjarvi et al., 1994; Violleau et al., 2007; Sudhakar ef al., 2011;
Pandiselvam and Thirupathi, 2015; Pandiselvam et al., 2020); the current findings
further support the recognition of this agent as a stimulant for enhancing germination
velocity, irrespective of its impact on efficiency.

The PCA (Figure 3) was used to analyze inter-treatment variability in tomato seed
germination indices. The first two principal components, Dim1 and Dim2, captured
74.2 % of the total variance, with Dim1 accounting for 55.5 % and Dim2 for 18.7 %.
This ordination facilitated interpretation of the germination data based on biological
relevance.

The first quadrant of the biplot (Figure 3) revealed a cluster of germination
indices, including ‘EmergenceRateIndex_SG_mod’, ‘Timsonslndex_Labouriau’,
‘GermIndex_mod’, ‘MeanGermRate’, ‘GermValue_DI’, ‘GermRateRecip_Coolbear’,
‘PeakGermPercent’, ‘GermSpeedCorrected_Accumulated’, ‘CVG, ‘GermValue_
Czabator’, ‘GermValue_Czabator mod’, and ‘GermSpeedCorrected_Normal’,
demonstrating strong positive correlations. This clustering suggests that the ozone
and, to a lesser extent, aqua regia treatments within this quadrant are associated with
elevated values across these germination metrics. Consequently, these treatments
appear to promote rapid, coordinated, and enhanced germination, characterized by
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Figure 3. Principal Component Analysis (PCA) biplot of 42 tomato (Solanum lycopersicum L.) seed
germination indices under different treatments and a control. The plot shows the relationships
between germination indices (vectors) and treatments (points), with confidence ellipses
representing treatment groups. Dim1 and Dim2 represent the first two principal components,
explaining 55.5 and 18.7 % of the variance, respectively.
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high emergence rates, peak germination percentages, and normalized germination
speeds. The observed pattern indicates a synergistic effect of factors contributing to
robust seed germination within this region of the PCA space.

The lower left quadrant of the PCA biplot (Figure 3) demonstrates a significant
association among seed germination metrics and ozone treatment. Specifically,
‘EmergenceRatelndex_SG’ and ‘GermSpeed Accumulated_Count/Percent’
exhibit a strong positive correlation, indicating that accelerated emergence rates
correspond to higher cumulative germination. Furthermore, ‘MeanGermPercent,’
‘MeanGermNumber,” ‘GermPercent,” and ‘GermlIndex’ cluster closely, suggesting
redundancy in their measurement of overall germination success. Conversely, ‘t50_
Farroq,” ‘CVGermTime,” and ‘TimeSpreadGerm’ show a greater association with
control and aqua regia treatments compared to ozone treatments.

In the lower right quadrant of the PCA biplot (Figure 3), control and aqua regia
treatments exhibit a positive correlation with ‘LastGermTime,” ‘SEGermTime,” ‘t50_
Coolbear,” “VarGermTime,” and ‘"TimeSpread Germ.” Thisindicates that these treatments
are associated with increased variability and prolonged timing in seed germination,
specifically influencing the time to reach 50 % germination (t50_Coolbear), the standard
error of germination time (SEGermTime), the last germination time (LastGermTime),
the variance of germination time (VarGermTime), and the spread of germination times
(TimeSpreadGerm).

The upper right quadrant of the PCA biplot (Figure 3) reveals a strong association
between ozone and aqua regia treatments and enhanced seed germination. This
quadrant positively correlates with ‘GermSynchrony,” ‘GermRateRecip_Farooq,” and
‘FirstGermTime,” indicating improved germination synchronicity, rate, and speed,
respectively. The prominent projection of ‘EmergenceRateIndex_Fakorede’ along
Dim1 confirms higher emergence rates for these treatments. Within this quadrant, the
control and aqua regia treatments are differentiated, versus the control exhibiting the
highest ‘EmergenceRatelndex_Fakorede” and shortest ‘FirstGermTime,” indicative of
superior and faster emergence.

Variability in germination responses to seed treatments was observed in tomato seeds.
This heterogeneity is attributable to a complex interplay of intrinsic and extrinsic
factors, with particular emphasis on seed morphology and the specific nature of the
applied stimulation. Therefore, analyzed indices on seed germination reflected a
variation in their germination traits. PCA revealed distinct differentiation between
control and treated seeds, particularly highlighting the divergence induced by ozone.
Seed germination in control demonstrates that these seeds were delayed for seed
germination because ‘"MeanGerminationTime” and ‘t50” indices reached the maximum
scores for these seeds. The above reflects the baseline of the experiment and is very
related to the natural dormancy of the seeds without treatment or stimulation. Gene
expression plays a pivotal role in establishing phenotypic traits, encompassing size,
morphology, and biochemical composition, during dormancy (Nonogaki, 2006).
However, exogenous treatments can induce alterations in gene expression, primarily
mediated through the modulation of hormone biosynthesis and catabolism.
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The PCA (Figure 3) elucidated the integrated effects of the two treatments on seed
germination, revealing a distinct separation of treatment effects characterized by
increased germination quantity and rate. Aqua regia treatment induced a biphasic
response in seed dormancy, characterized by the stimulation of germination initiation
alongside a concomitant reduction in germination rate. This treatment effectively
facilitated seed coat removal, yielding rapid results compared to prolonged acid
treatments. Specifically, Sonkar et al. (2022) demonstrated the efficacy of hydrochloric
acid (HCl) presowing treatments lasting four and six hours, underscoring the
comparatively accelerated effect of aqua regia.

Results from PCA indicated that ozone treatment elicited the most significant and
consistent improvement in seed germination parameters in tomato, suggesting a
harmonized and accelerated germination process. Godinez-Mendoza et al. (2023)
documented the biostimulant effects of various chemical treatments, characterizing
a range of chemical stimuli. These authors emphasized the concept of hormesis,
wherein a chemical stressor, when applied at an appropriate dose, elicits a beneficial
response, termed “eustress.” The observed hormetic effect, as demonstrated in the
present study, exhibited similarities to those associated with gibberellic acid-mediated
enhancement of seed germination, a crucial regulatory process (Finch-Savage and
Leubner-Metzger, 2006).

Ozone priming appears to correlate with elevated gibberellic acid levels in treated
plants (Kangasjdrvi et al.,, 1994). Following ozone, a cascade of physiological and
biochemical responses is initiated, potentially contributing to the enhanced efficiency,
speed, and rate of germination in tomato seeds, as germination indices denote.
Additionally, several studies have documented the beneficial effects of ozone on seed
germination (Violleau ef al., 2008; Patwardhan and Gandhare, 2013; Pandiselvam et
al., 2020; Tiitlincii et al., 2024), due to ozone treatment potentially activating ethylene
and reactive oxygen species (ROS) signaling pathways, which contribute to the
maintenance of “eustress” and the subsequent transition from dormancy in seeds (El-
Maarouf-Bouteau and Bailly, 2008).

The PCA performed on roselle seeds was conducted to explore the relationships
among various seed germination indices and to assess the influence of different seed
treatments (control, aqua regia, and ozone). The biplot (Figure 4) revealed that the first
two principal components (Dim1 and Dim2) accounted for 91.7 % of the total variance
(Dim1: 52.1 %, Dim2: 39.6 %), indicating that these two components effectively
captured the major patterns in the data.

The upper left quadrant of the PCA biplot (Figure 4) exhibits a strong correlation
with variables including ‘TimsonsIndex_Labouriau,” ‘EmergenceRateIndex_SG_
mod,” ‘CVG, ‘Germlndex_mod,” ‘MeanGermRate,” ‘GermRateRecip_Coolbear,’
‘GermSynchrony,” ‘GermSpeedCorrected_Normal,” ‘GermRateRecip_Farooq,” and
‘GermSpeedCorrected_Accumulated.” This spatial distribution indicates that the ozone
treatment significantly influenced germination kinetics, particularly enhancing the rate
and synchrony of germination, thereby promoting a more consistent and accelerated
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Figure 4. Principal Component Analysis (PCA) biplot of 42 roselle (Hibiscus sabdariffa L.) seed
germination indices under different treatments and a control. The plot shows the relationships
between germination indices (vectors) and treatments (points), with confidence ellipses
representing treatment groups. Dim1 and Dim2 represent the first two principal components,
explaining 52.1 and 39.6 % of the variance, respectively.

germination process. Furthermore, the observed correlation of ‘GermPeakPercent’
and ‘PeakValue’ with both the ozone treatment and control groups suggests that these
treatments facilitated the attainment of maximum seed germination within a defined
temporal window.

The lower left quadrant of the PCA biplot (Figure 4), characterized by
vectors representing variables such as ‘EmergenceRateIndex_BilbroWanjura,’
‘GermValue_DP,”  ‘GermSpeed_Percent, ‘GermSpeed_Count,’ ‘GermValue_
Czabator_mod,” ‘GermSeedAccumulated_Percent,  ‘GermRateRecip_Coolbear,’
‘GermSpeedCorrected_Accumulated,’ ‘GermSeed Accumulated_Count,”
‘TimsonsIndex,” ‘EmergenceRateIndex_SG,” ‘GermIndex,” ‘MeanGermPercent,’
‘GermRateGeorge,’ ‘WeightGermPercent,’ ‘GermPercent,” ‘TimsonsIndex_
KhanUngar,” and ‘MeanGermNumber,” demonstrates a strong association with
the aqua regia treatment. This spatial distribution suggests that seeds subjected to
this treatment exhibited enhanced germination kinetics, characterized by elevated
germination rates, increased percentages of germinated seeds, and a higher overall
cumulative germination, as reflected by the aforementioned variables.

The lower right quadrant of the PCA biplot (Figure 4) revealed a clustering of variables
including ‘CVGermTime,” ‘TimeSpreadGerm,” ‘LastGermTime,” ‘MeanGermTime,’
‘SEGermTime,” ‘VarGermTime,” ‘GermUncertainty,” ‘t50_Farooq,” and t50_Coolbear.’
This spatial distribution reflects that both the control and aqua regia treatments were
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associated with a broader distribution of germination times and increased germination
uncertainty. This pattern indicates a higher degree of heterogeneity in the germination
process within these treatment groups. The upper right quadrant of the PCA biplot
(Figure 4) revealed a strong correlation of the ‘EmergenceRateIndex_Fakorede” index
with both the ozone and control treatments. This spatial proximity relates that both
treatments contributed to a more rapid and synchronized emergence of roselle seeds,
as indicated by the enhanced values of this specific emergence index.

The PCA of roselle seed germination indices revealed distinct effects of the different
treatments, highlighting their potential for enhancing germination in species with
thicker seed coats, such as roselle. This study utilized a short seed imbibition time
in aqua regia to enhance germination percentage and kinetics in roselle seeds. Aqua
regia’s scarification effect breaks down the hard seed coat, facilitating water imbibition
and promoting germination (Youssef, 2009; Nasr et al., 2013). In contrast, Abdel
Latef et al. (2020) reported negative effects on roselle seed germination with long-
term aluminum oxide nanopriming. This discrepancy may stem from the differing
treatment durations and mechanisms: short-term aqua regia exposure facilitates seed
coat disruption, while extended nanopriming may hinder germination processes. The
beneficial effects of acid imbibition for seed scarification have been acknowledged.
Hence, it is imperative to conduct further studies in roselle to thoroughly evaluate
extended time-lapses for imbibition in acids at overall, thus several assays have
taken long period times on acid soaking for enhance seed germination (Habib, 2010;
Aboelgoud, 2015; Nair et al., 2017). PCA showed that control reflects the baseline of
delayed germination such as “baseline” response due to dormancy in seeds as was
discussed previously in the case of tomato seeds.

Ozone treatment demonstrated the highest efficacy in promoting the speed and
uniformity of germination in roselle seeds. However, evidence of hormesis was
observed, characterized by the enhanced synchrony and rate of germination. While
a reduction in overall germination rate was noted, the concurrent increase in several
germination indices suggests the activation of a complex biochemical response
cascade. Specifically, ozone-induced oxidative stress, leading to the production
of ROS, particularly hydrogen peroxide (H,0,), is posited to play a critical role in
dormancy release (Sudhakar et al., 2011). This mechanism likely contributes to the
accelerated and more efficient germination process observed in ozone-treated roselle
seeds. Furthermore, the observed reduction in abscisic acid (ABA) levels, a known
germination inhibitor, likely contributed to the enhanced germination indices. Ozone
may also stimulate the production of gibberellic acid and ethylene, both of which
promote germination and antagonize ABA’s inhibitory effects (El-Araby et al., 2006).
This hormonal interplay likely underlies the observed improvements in germination
synchrony and vigor. Additionally, ROS, particularly H,O, are implicated in
endosperm weakening, facilitating radicle protrusion (Leubner-Metzger, 2005). This
mechanism elucidates how ozone priming can lead to faster and more uniform
germination, as evidenced in both roselle and, as well, in tomato seeds.
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CONCLUSIONS

The pre-sowing treatments applied to tomato and roselle seeds revealed species-specific
effects on germination, underscoring their potential to enhance crop productivity and
sustainability. Ozone treatment significantly improved germination rates and velocity
in tomato seeds, outperforming both the control and aqua regia treatments, likely
mediated by the triggering of biochemical and physiological mechanisms. Aqua regia
effectively enhanced germination in roselle seeds by scarifying their thick seed coats,
facilitating water absorption and improving germination percentages and kinetics. This
presents a rapid alternative to prolonged acid treatments. These findings contribute
to addressing global food security challenges and advancing sustainable agricultural
development. Further research is warranted to optimize treatment protocols and
evaluate their long-term effects on plant growth and yield under field conditions.
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