Pre prints.org

Article Not peer-reviewed version

Nanopriming With Zinc-Molybdenum in
Jalapeno Pepper on Imbibition,
Germination and Early Growth

Erick Humberto Ochoa-Chaparro , Carlos Abel Ramirez-Estrada , Julio César Anchondo-Paez,

Esteban Sénchez " , Sandra Pérez-Alvarez , Luis Ubaldo Castruita-Esparza , Ezequiel Munoz-Marquez ,
Celia Chavez-Mendoza , Juan José Patifio-Cruz, Cristina Larissa Franco-Lagos

Posted Date: 26 June 2024
doi: 10.20944/preprints202406.1830.v1

Keywords: Capsicum annuum L.; nanocebado; bebida; germinacion; crecimiento temprano; indice de vigor;
zinc-molibdeno

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3608540
https://sciprofiles.com/profile/3030702
https://sciprofiles.com/profile/62092
https://sciprofiles.com/profile/1744148
https://sciprofiles.com/profile/2581829
https://sciprofiles.com/profile/556967
https://sciprofiles.com/profile/301242

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2024 d0i:10.20944/preprints202406.1830.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Nanopriming with Zinc-Molybdenum in Jalapefio
Pepper on Imbibition, Germination and

Early Growth

Erick H. Ochoa-Chaparro !, Carlos A. Ramirez-Estrada ?, Julio C. Anchondo-Paez 1,
Esteban Sanchez 1* Sandra Pérez-Alvarez 2, Luis U. Castruita-Esparza 2,

Ezequiel Muiioz-Marquez !, Celia Chavez-Mendoza !, Juan J. Patifio-Cruz !

and Cristina L. Franco-Lagos !

1 Centro de Investigacion en Alimentacién y Desarrollo, A.C. Avenida Cuarta Sur No. 3820, Fraccionamiento
Vencedores del Desierto 33089, Delicias, Chihuahua, México; eriicktronik@hotmail.com (E.H.O.-C.);
carlosramirez0021@gmail.com (C.A.R.-E.); anchondo_456@hotmail.com (J.C.A.-P.); esteban@ciad.mx (E.S.);
emunoz@ciad.mx (E.M.-M.); celia.chavez@ciad.mx (C.C.-M.); juanjose.indusrias@gmail.com (J.J].P.-C.);
cfrancol23@estudiantes.ciad.mx

2 Facultad de Ciencias Agricolas y Forestales, UACH. Km. 2.5 carretera a Rosales, Poniente 33000, Delicias,
Chihuahua, México; spalvarez@uach.mx (S.P.-A.); lcastruita@uach.mx (L.U.C.-E.)

* Correspondence: esteban@ciad.mx (E.S.); Tel.: +52-639-549-4681

Abstract: The jalapefio pepper is a vegetable of great economic importance worldwide. However, low
germination efficiency, weak seedlings, and a high mortality rate during transplant compromise the viability
and sustainability of the crop. An innovative solution is the nanopriming technique, an emerging and novel
technology, which involves the imbibition of seeds for a specific period using mineral nanoparticles. The
addition of micronutrients such as Zinc and Molybdenum has been used in seed germination and early
seedling development due to their crucial roles. The aim of this study was to evaluate the effectiveness of using
Zinc-Molybdenum nanopriming in Jalapefio Pepper on germination and early growth. The results showed that
applying nanopriming 124-10 mg L of Zinc-Molybdenum promotes effectiveness on the imbibition and
germination of jalapefio pepper seeds, resulting in heavier seeds with better initial absorption. This method
not only improves germination rates and seedling vigor but also points towards more sustainable and efficient
agriculture. Building on these findings, the Zinc-Molybdenum nanopriming method could potentially
transform jalapeno pepper cultivation by enhancing seed quality and resilience. This could lead to more robust
crop yields and reduce the need for chemical inputs such as fertilizers and pesticides, thus lowering production
costs and environmental impact.

Keywords: Capsicum annuum L.; nanopriming; imbibition; germination; early growth; vigor index;
zinc-molybdenum

1. Introduction

Jalapefio pepper (Capsicum annuum L.) is a vegetable of great economic importance worldwide
[1]. In 2022, China and Mexico were the main producers with 31 and 5.8%, respectively, of a total of
53 810 million tons [2,3]. In Mexico, this crop is not only key to the food, economic and cultural
industries, but has also seen an increase in demand since 2012 due to its antioxidant, anti-
inflammatory, anticancer and antidiabetic properties [4,5]. As a result, Mexico exports a third of its
production, mainly to the United States [6].

Given the increasing demand and strategic value of jalapefio peppers, obtaining healthy and
vigorous seedlings represents a growing problem in agriculture. In this context, seedling
performance against biotic and abiotic factors is critical. Adverse abiotic conditions, such as extreme
temperature variations, drought and poor soils, require seedlings emerging from seed to possess
superior tolerance in order to survive and thrive. In addition, biotic challenges, including pest

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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infestations and diseases, demand that these seedlings not only emerge quickly but also exhibit
biological resistance [7]. These factors are linked and are determinants of production success, directly
affecting the sustainability and profitability of modern agriculture [8,9]. Despite technological
advances, the efficiency with which seeds can germinate and seedlings can establish in such adverse
environmental conditions remains a field under constant study, therefore, there is a growing need to
strengthen seed quality to ensure a resilient agricultural future.

Faced with these challenges, researchers have sought innovative solutions to improve the
germination and transplanting processes. One alternative is the “nanopriming” technique, an
emerging and novel technology, which consists of conditioning the seeds prior to sowing. Priming
consists of the imbibition of seeds for a determined time, which depends on the species, size and
application, using mineral nanoparticles or mineral-based nanofertilizers. It is used with the purpose
of increasing the speed and uniformity of seed germination in many economically important plant
species, since this influences the quality and yield of crops [10]. This process takes place in a specific
environment, up to a point where germination related metabolic activity begins, without radicle
emergence. It acts on the seeds at the molecular level, facilitating the absorption and utilization of
nutrients, which results in faster and more robust growth of the roots and aerial part of the seedlings
[11,12]. The use of nanopriming transcends agronomic benefits by offering significant environmental
advantages. This technique reduces reliance on conventional chemical inputs, such as high dose
fertilizers and agrochemicals, thereby reducing the potential for nitrogen pollution and other
contaminants from runoff and leaching in nurseries [13]. Furthermore, by improving resource use
efficiency, nanopriming contributes to a more sustainable and environmentally friendly agriculture
[14].

Previous studies have shown that nanopriming not only increases germination rates, but also
strengthens plants to better withstand transplanting stress, favoring a more uniform and healthier
establishment in the field [15]. The addition of essential micronutrients in seeds using nanopriming
have shown interesting and favorable results [16]. Zinc oxide nanoparticles in jalapefio peppers had
a positive influence on early growth parameters [17]. In addition, it alleviated zinc deficiency and
improved agronomic parameters of corn seedlings [18]. As for nanopriming with molybdenum,
studies on chickpea showed that, under adverse environmental conditions, redox enzymes were
activated and increased seed germination and survival [19]. Also, molybdenum trioxide
nanoparticles favored the vigor of Vigna radiata L. seedlings, as well as production [20]. Therefore,
the adoption of innovative techniques such as nanopriming is essential to face the current challenges
in the production of jalapefo peppers. This strategy not only strengthens seedlings and improves
post-transplant survival rates, but also promotes more sustainable and profitable farming practices.
As the industry continues to evolve, the integration of advanced technologies into agricultural
production will become increasingly crucial to maintain competitiveness in the global marketplace
and ensure the long-term sustainability of the jalapefio pepper crop.

In general, there is scarce literature on zinc and molybdenum nanopriming applied to the
imbibition and germination of seeds, as well as to the production of vigorous jalapeho pepper
seedlings. Therefore, the objective of the present study was to evaluate the effect of nanopriming of
jalapefio pepper seeds, using different concentrations of a commercial Zn-Mo nanofertilizer, on
imbibition curves, seed germination parameters and early-stage growth through vigorous seedling
indexes of jalapefio pepper.

2. Materials and Methods

The research was divided into 2 experiments, using seeds and seedlings, respectively. The first
experiment was the imbibition of seeds using nanopriming. The second experiment consisted of
measuring the effect of nanopriming on germination and early growth parameters in seedlings.

2.1. Experimental Site, Plant Material and Nanofertilizer

Both experiments were carried out at the facilities of the Centro de Investigacion en
Alimentacion y Desarrollo A.C. (CIAD) in Delicias, Chihuahua, Mexico (28°11’ N, 105°28’ W, altitude
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1171 m), from 12 to 19 March 2024. Seeds of jalapefio pepper cv. M (Capsicum annuum L.), supplied
by Kristen Seed S.A. de C.V. of Guadalajara, Jalisco, Mexico, were used. The nanofertilizer was the
commercial product BROADACRE® ZnMo from agrichem fluagri of Guadalajara, Jalisco, Mexico. Its
composition was Zn 62%, Mo 5% and 33% of an algae-based chelating agent.

2.2. Experiment 1: Seed Imbibition

2.2.1. Experimental Design and Treatments

A completely randomized design was used, where 4 treatments of the BRODACRE® ZnMo
nanofertilizer and 4 replicates for each treatment were evaluated. The treatments were: Control T1
(0-0), T2 (62-5), T3 (124-10), and T4 (248-20) mg L of zinc and molybdenum, respectively. To dissolve
the nanofertilizer, a VWR brand magnetic mechanical stirring plate was used at a speed of 700 rpm
for 40 min, followed by sonication in a Vevor Ultrasoniccleaner at 40 kHz frequency for 1 h.

2.2.2. Nanopriming of Seeds

The seed priming procedure with BRODACRE® nanofertilizer was carried out according to
Pompelli et al. [21], with some modifications.

In a beaker with 30 mL of solution 100 seeds were immersed. They were shaken in a VWR brand
magnetic mechanical shaker plate at a speed of 700 rpm for 3 min. Then, at 2, 4, 6, 8, 8, 10, 10, 12, 24,
36 and 48 h respectively, the seeds were removed from the beaker where they were imbibed, using a
4 mm Labalpha brand sieve to separate the seeds from the solution.

Subsequently, Fapsa C180 paper was used to absorb the excess of humidity, with the help of the
hands without pressing, in a soft and superficial way the seeds were rubbed against the paper. This
step was carried out until the paper had no moisture from the seeds, verifying it visually.
Immediately, the seeds were weighed using an analytical balance Hr-120-C (A&D Weighin®, Japan)
and the weight gained with respect to time 0 was recorded. The seeds were then immersed again in
the previously separated solution (Figure 1). To standardize the imbibition, it was carried out under
controlled temperature conditions at 25 + 0.5 ° C, with a 12-h photoperiod. To avoid water loss by
circulating air, the beakers were covered with Parafilm PM996 paper (Merck KGaA, Darmstadt,
Germany), during each time interval between measurements.

After the imbibition time, the seeds were rinsed with tridistilled water and dried at 25 +0.5° C
for 24 h. Finally, the seeds were stored in 3.8 cm x 3.8 cm Ziploc® type bags.
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Figure 1. Nanopriming of jalapefio pepper cv. M (Capsicum annuum L.) seeds, using 4 treatments:
Control T1 (0-0), T2 (62-5), T3 (124-10), and T4 (248-20) mg L-! of zinc and molybdenum, respectively,
during the intervals of 2, 4, 6, 8, 8, 10, 10, 12, 24, 36, and 48 h, respectively.

2.3. Experiment 2: Germination and Early Seedling Growth

2.3.1. Experimental Design and Treatments

A completely randomized design was used, where 4 treatments of nanopriming with ZnMo and
3 replicates with 100 seeds each for each treatment were evaluated. A control with seeds without any
nanopriming and without any imbibition medium was used, and the treatments used to obtain the
imbibition curves were distributed as follows: TO is the control, T1 (0-0), T2 (62-5), T3 (124-10), and
T4 (248-20) mg L of zinc and molybdenum, respectively.

2.3.2. Sowing and Germination
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After 48 h of the imbibition process, the seeds were sown in 338-cavity styrofoam trays. A
substrate mixture of vermiculite and perlite (2:1 v/v) moistened with distilled water was used. The
sowing depth was 3 mm. Then, they were taken to a germination chamber of 1 x 2 x 0.8 m (patent
pending), under controlled and precise conditions automatically, which were monitored for 8 days
through a visual interface with the support of the technology called Internet of Things. The
temperature ranges were (20 °C-28 °C) and relative humidity (60%-80%).

2.3.3. Crop Management

On days 3, 5, and 7 after sowing, sprinkler irrigation was applied homogeneously to each tray,
using a 2 L Truper sprinkler. A standard Hoagland nutrient solution modified by Sanchez et al. [22],
pH 6 +0.1, composed of 6 mM NHsNOs, 1.6 mM KoHPO4, 0.3 mM K2504, 4 mM CaClz, 1.4 mM MgSOs,
5 uM Fe-EDDHA, 2 uM MnSQOs, 0.25 pM CuSOs and 0.5 uM HsBOs was used. Every 48h, 500 mL per
tray of nutrient solution was applied.

2.3.4. Measurements of Germination Parameters, Vigor and Morphological Indexes

The germination percentage and number of germinated seeds were counted daily during the
first 8 days, and the seedling count was 5 days after sowing (DAS). Neither germination nor seedlings
were detected visually before 3 DAS, considering the criterion for the beginning of radicle emergence
that implies a radicle length of 1 to 2 mm, so the beginning of germination was considered at 4 DAS.

The GerminaR package [23] was used to calculate the germination indices. The following
notation is used to describe each of these variables, it is necessary to show the symbology of the
equations: ni, the number of seeds germinated in time i" time; N, the total number of seeds in each
experimental unit; k, the last day of germination evaluation; ti, the time from the beginning of the
experiment to the observation i; and fi, the relative frequency of germination. These data allow the
following germination indexes to be calculated:

a) Number of germinated seeds (ni), is the number of seeds that germinated in time k.

b) The percentage of seeds that complete the germination process, which is calculated with
equation (1).

k
Germination (%) = (% ) x100 (1)

c¢) The mean germination time (MGT) is calculated with equation (2), this denotes the number of

germinated seeds with respect to the number of germinated seeds at the time of evaluation.
_ X m
MGT (days) = —2521 n 2)

d) The mean germination rate (MGR) is expressed as the reciprocal of MGT.

e) The uncertainty of germination (INC), an adaptation of the Shannon index, evaluates the
uncertainty associated with the relative distribution of the germination frequency, where the
germination frequency is calculated with equation (3). When uncertainty values are low, the
germination frequency should be higher, since this index evaluates the degree of dispersion of
germination using equation (4):

fi=w— 3

- Tiam

INC= -3, filog,f; (4)

Vigor index was calculated as a function of mass with seedling fresh weight (Equation (5)) and
as a function of size with seedling length (Equation (6)), where germination was expressed in decimal
to simplify integer, and seedling length was the sum of radicle and plumule lengths.

Seedling vigor index I (weight) = Germination (decimal) X Fresh weight of seedling (5)

Seedling Vigor Index II (length) = Germination (decimal) X Seedling length (6)

Root and plumule lengths and stem thickness were measured using a 153 mm HER-411 digital
caliper (Steren®, Mexico), radicule length from the base of the hypocotyl to the apex of the radicle and
plumule length from the radicle-hypocotyl intersection to the base of the cotyledons (Figure 2).

d0i:10.20944/preprints202406.1830.v1
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Seedling fresh weight was measured using an Analytical Balance Hr-120-C (A&D Weighin®, Japan).
Seedling size and biomass were measured on the 9th day after planting.

Cotyledons

Measurement

Hipocotyl

of Hypocotyl

wealoe
OPL OEL DEL O

(a) (b)

Figure 2. (a) Plumule length measurement; (b) seedling parts to be measured.

2.4. Statistical Analysis

Analysis of variance and mean tests were performed using Fisher’s least significant difference
(LSD) (p < 0.05) in SAS® version 9.0 statistical software.

3. Results and Discussion

3.1. Percentage of Imbibition

The imbibition process in seeds is essential to ensure successful germination [24]. In this study,
the nanopriming technique with zinc and molybdenum proved to be particularly effective in terms
of imbibition. Specifically, the T3 treatment (124-10 mg L) proved to be the most effective (p < 0.05),
standing out for a significant increase in seed weight during the first 2 h of imbibition, reaching a 3%
increase with respect to the initial weight.

This result is remarkable, as T3-treated seeds reached a weight of 860 mg, in contrast to the
control that recorded a weight of 828 mg, as shown in Figure 2(a). During the first 12 h, T3 showed a
superior response in solution uptake compared to the control, reflected in Figures 2(a) to 2(f).
Furthermore, no significant differences were observed at time intervals after 12 h, specifically at 24,
36, and 48 h, respectively, nor were there significant percentage increases in weight exceeding 1%, as
detailed in Figures 2(g) through 2(i). This finding highlights the critical importance of the early
imbibition stages in the T3 treatment for successful seed germination.

Several studies have documented similar effects on the imbibition of priming-treated seeds.
Portuguez et al. [25] observed in I. rugosum Salisb that, by applying 0.25% KNO:s for 16 to 24 h, seed
dormancy was broken with minimal absorption, identifying this treatment as the optimum in their
study. On the other hand, Da Silva et al. [26] reported that in E. stipitata McVaught, the highest water
uptake occurs between 12 and 24 h using priming with distilled water. Furthermore, Rai-Kalala et al.
[27] found in Triticum aestivum L. an increased tolerance to drought stress when nanopriming with
ZnSOs at 10 mg L for 18 h of imbibition.

3.2. Imbibition Curves

In the present study, the imbibition curves show a gradual increase in seed weight for each of
the nanopriming treatments over all time intervals, as illustrated in Figure 2(j). This observation is
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consistent with findings in the scientific literature reporting rapid water uptake in the early stages
followed by a slowdown in later stages.

For example, Finch-Savage and Leubner-Metzger [28] explain that, during the initial imbibition
phase, seeds undergo rapid water uptake, essential to reactivate metabolic processes that were
dormant. This rapid increase in seed weight, as observed in Figure 3(b) of our study, where the
weight increases up to 65% in the first 12 h, reflects the critical rehydration of internal tissues
necessary for germination. This pattern has been corroborated by studies such as that of Bewley et al.
[29], who emphasize the importance of this phase for the activation of essential biochemical and
physiological mechanisms in the seed.

However, after these first 12 h, our study observes that the increase in weight is reduced to less
than 1%, being almost imperceptible, as indicated in Figure 3 (a). This phenomenon is in line with
that reported by Kaya et al. [30], who suggest that, after the rapid absorption phase, seeds enter a
plateau phase where water absorption stabilizes while more complex metabolic processes are
initiated.

Finally, Phase III of our experiment, which begins after 48 h, shows an exponential increase in
weight due to seed protrusion and the onset of root emergence. This phase is crucial as it marks the
beginning of embryo development protruding from the seed, a finding that is supported by the work
of Nonogaki et al. [31], who emphasize that the transition to the germination phase proper is critical
for the reproductive success of the plant.
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3.2. Germination Parameters

3.2.1. Number of Seeds Germinated

The number of germinating seeds is a vital indicator of reproductive success and survival of
plants in various environments [32]. In our study, the T3 treatment showed a significant increase in
the number of germinated seeds, reaching 20% more than the control at 8 days after sowing (DAS),
as shown in Figure 4 (a).

1 = _
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Z 80 | b 80 Fb P
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Figure 4. Seed germination parameters as a function of time (8 DAS) of jalapefio pepper (Capsicum
annuum L.), under Zn-Mo nanopriming treatments. (a) Number of germinated seeds, (b) Percentage
of seed germination, (c) Mean germination time, (d) Mean germination rate, () Uncertainty index.
Different letters indicate significant differences between treatments (Fisher’s LSD test p < 0.05). Mean
values + standard error.

This result is in agreement with the research of Finch-Savage and Bassel [33], who demonstrated
that success in the early stages of germination can dramatically influence plant population dynamics,
especially in competitive and stressful environments. Although treatments T2 and T4 showed no
significant statistical differences compared to T3, the superior performance of T3 suggests that the
specific composition of this treatment may be better aligned with the physiological needs of seeds
during imbibition and the early stages of germination. This finding is in line with the work of Baskin
and Baskin [34], who identified that fine tuning of priming treatments can result in significant
improvements in germination rate and consistency.

As for treatments T2 and T4, there were statistically no significant differences with respect to T3;
however, T3 was more effective.

3.2.2. Germination Percentage
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The germination percentage is a crucial indicator that measures the viability of seeds and their
ability to develop into healthy and robust seedlings, which is essential for the survival and successful
establishment of plants in any ecological or agricultural environment [35]. In terms of germination
percentage, there was a significant difference found between the T3 treatment and the control
treatments, T1 and T2, highlighting the efficacy of T3 in improving seed germination. In particular,
T3 showed a 25% increase in the percentage of germinated seeds compared to the control and 32%
more than T2 at 8 days after sowing (DAS), as illustrated in Figure 4 (b). These results indicate that
T3 provides optimal conditions that favor germination.

Previous studies have shown that proper management of environmental and chemical
conditions during seed treatment can significantly influence germination rate. According to
Kildisheva et al. [36], seed priming is a technique that can optimize the metabolic processes necessary
to break dormancy and trigger germination more rapidly and uniformly.

Although no significant differences were found between the control and the other treatments
except T3, this may indicate that while T3 is formulated in a way that maximizes efficacy, the other
treatments may not be sufficiently differentiating from the control in terms of impact on germination.
As suggested by Halmer [37], the selection of priming agents and their concentrations should be
specific and carefully adjusted for each seed type and growing conditions, which could explain the
variability in germination response among the observed treatments.

3.2.3. Mean Germination Time and Mean Germination Rate

The importance of mean germination time (MGT) and mean germination rate (MGR) is
highlighted in studies evaluating seed germination capacity and vigor [38]. In our study, a significant
difference in mean germination time was identified between the T4 treatment and the control. The
T4 treatment recorded a mean germination time of 5.91 days, significantly faster than the control,
which presented the longest time with 6.21 days (Figure 4 (c)). This indicates that T4 improves
germination efficiency. No significant differences were observed between the control and the other
treatments, with the exception of T4. Furthermore, when considering the mean germination rate,
which is the inverse of the mean germination time, T4 stands out notably for its efficiency,
accelerating germination 5% faster than the control, representing a reduction of approximately 0.3
days or 7 h (Figure 4 (d)).

According to Farooq et al. [39], rapid germination is essential to optimize the use of favorable
environmental conditions, which is critical in agricultural environments where optimal windows for
germination are limited. On the other hand, Kaya et al. [30] suggest that the efficacy of priming
treatments, as observed with T4, can significantly modify the rate of water uptake and dormancy
breakdown, facilitating a more rapid and uniform onset of seed growth. These findings highlight the
importance of selecting and optimizing seed treatment techniques to improve germination. In
agricultural contexts, this can translate into more effective crop establishment, which is crucial for
maximizing yields and resource efficiency [40].

3.2.4. Uncertainty Index of Germination

Uncertainty in seed germination is a crucial aspect in agriculture and plant biology, as it directly
affects plant productivity, seedling survival, and ultimately yields and overall crop quality. This
uncertainty can be influenced by a variety of environmental and genetic factors [41].

In our study, in the uncertainty index, significant differences were found between treatments T1
and T3 compared to the control, T2 and T4. Specifically, treatment T1 showed the lowest uncertainty
index in germination at 8 (DAS), being 42% lower compared to T4, which presented the highest value
(Figure 4 (e)).

A study by Xu et al. [42] showed that factors such as light, temperature, salinity and osmotic
stress have a significant impact on germination and seedling emergence in Cucumis melo L. var.
Agrestis Naud. marking the importance of controlling these factors to reduce uncertainty in
germination. On the other hand, Hayashi et al. [41] highlighted the influence of microenvironmental
and management factors on the variability of germination time, which reinforces the need to analyze
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these aspects to improve predictability in plant production. In addition, Soltani et al. [43] reviewed
how environmental cues affect germination of non-dormant seeds, concluding that a better
understanding of these cues can improve the efficiency of seedling establishment and reduce
uncertainty in germination.

3.3. Morphological and Seedling Vigor Parameters

Table 1 shows the results of morphological parameters and vigor of jalapefio pepper (Capsicum
annuum L.) seedlings under different doses of nanopriming. The analysis of variance for plumule
length showed statistically significant differences (p < 0.05) between the T3 treatment and the other
treatments, highlighting T3 with a mean value of 36.1 mm, 25% higher than T1, which presented the
lowest mean value of 28.5 mm.

Table 1. Plumule length, Root length, Stem diameter, Fresh weight, Vigor index I, Vigor index II, of
jalapefio pepper (Capsicum annum L.) seedlings under nanopriming treatments at different doses of
Zn-Mo nanofertilizer.

Treatments Plumule Root length Steam Fresh weight ~ VigorindexI  Vigor index II
length (mm) (mm) diameter (mm) (mg) (weight) (length)
TO
(Control) 289 33.0 0.26 209 18.43 19.64
T1
(0-0) mg Lt 28.5 30.6 0.43%*** 21.2 20.98 20.51
T2
(62-5) mg L1 314 35.3 0.55*** 209 19.46 20.26
T3
(124-10) mg L 36.1* 359 0.55%** 28.9* 28.31%** 30.9%**
T4
(248-20) mg Lt 29.5 35.5 0.63** 33.1* 25.427%%* 22.11

* and *** show significant difference when comparing each variable with the control (T0) at p < 0.05 and 0.001,
respectively.

For the root length variable, no statistically significant differences (p < 0.05) were observed
among treatments. However, T3 had the highest average value with 35.9 mm, while T1 had the lowest
average value with 30.6 mm.

Regarding stem diameter, statistically significant differences (p < 0.001) were found among all
treatments with respect to the control. The T4 treatment presented the highest value, being 112%
thicker than the control.

In the seedling fresh weight parameter, there were statistically significant differences (p < 0.05)
between T3 and T4 compared to the control. The T4 treatment had the highest value with 33.1 mg,
while the control presented the lowest value with 20.9 mg, showing a difference of 58% between the
two.

Analysis of the seedling vigor I index revealed statistically highly significant differences (p <
0.001) between treatments T3 and T4 with respect to the control, with T3 showing 53% more vigor I
than the control. The vigor II index showed similar com-portance, with highly significant differences
(p £0.001) between T3 and the control, with T3 being 57% more vigorous than the control.

The use of nanopriming to improve the morphological characteristics and vigorousness of
seedlings has been studied in several investigations. For example, a study by Li et al. [44] showed
that nanoparticle treatment significantly improved germination and initial seedling growth in
different plant species. This research supports the findings of our study, where nanopriming
treatments showed significant improvements in several growth parameters.
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In addition, Soltani et al. [45] reviewed the impact of various environmental cues on seed
germination, highlighting the importance of factors such as temperature and water availability,
which are also critical in the context of nanopriming treatments.

3.4. Correlation Analysis and Heat Map

The heat map was generated to find correlations between germination and early growth
variables in our second experiment. Figure 5 (a) shows that vigor index I with seed weight and
percentage of germinated seeds have a very high correlation (0.94), suggesting that improvement in
the percentage of germinated seeds is strongly associated with an increase in the vigor index
weighted by seedling weight.

In addition, the vigor index I with length and plumule length also show a high correlation (0.92),
indicating that seedling length is a determining factor in their overall vigor. Stem diameter and
germinated seeds (0.87) show a positive correlation, which may indicate that seeds germinated under
optimal conditions tend to develop seedlings with thicker stems. It is also seen that root length and
plumule length have a correlation of (0.77), suggesting that good root development is associated with
healthier aerial growth. The strong correlations between vigor indexes and germination metrics
reinforce the importance of proper seed treatment to ensure success in the early stages of seedling
development.

These results offer the possibility of adjusting seed conditions and treatments to optimize both
germination and early seedling growth, which could result in more efficient and sustainable
agricultural practices.

3.5. Principal Component Analysis

Principal component analysis (PCA) reduces the dimensionality of the data and helps to identify
underlying patterns. In this case, multiple variables have been reduced to two principal components.

The analysis shows the distribution of treatments in the space defined by the first two principal
components. Each point represents a specific treatment, and similar treatments tend to cluster
together (Figure 5 (b)).

Principal Component 1 (PC1): Explains 54.67% of the total variation in the data.

Principal Component 2 (PC2): Explains 23.81% of the total variation in the data.

Treatments T3 and T4 appear to be separated from the control and the other treatments in the
principal component space. This suggests that these treatments have distinctive characteristics
compared to the others.

Treatments such as T1 and T2 are closer to the control, indicating that their effects on the
measured variables are more similar to the control than to T3 and T4. The first two principal
components explain approximately 78.48% of the total variation in the data. Treatments T3 and T4
show more pronounced effects on morphological and vigorous variables, while T1 and T2 are more
similar to the control. This information can be crucial to optimize growing conditions and improve
agricultural efficiency.
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Figure 5. (a) Pearson correlation analysis represented in a heat map; (b) Principal component analysis. Both figures are made with the variables of germination and early growth, where
the effect of nanopriming on seeds of Jalapefio bell pepper (Capsicum annuum L.) can be seen.
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4. Conclusions

The use of nanopriming with a dose of 124-10 mg L' of ZnMo, respectively, improved the
increase of vigor indexes with weight and stem length, reflecting a higher germination rate in seeds,
as well as seedlings that are more resistant to various stress factors. Therefore, it is observed that the
use of ZnMo nanopriming promotes the viability of producing jalapefio peppers (Capsicum annuum
L.) and also contributes to the sustainability of this crop.

Based on these findings, the Zinc-Molybdenum nanopriming method could potentially
transform jalapefio pepper cultivation by improving seed quality and resistance. This could lead to
more robust crop yields and reduce the need for chemical inputs such as fertilizers and pesticides,
thus lowering production costs and environmental impact. In addition, the improved initial
performance of seedlings suggests that they could be more resistant to environmental stresses such
as drought and temperature fluctuations, critical factors in the context of climate change.

These aspects highlight the potential of nanopriming to contribute to the adaptation and
sustainability of agricultural practices, ensuring food security and economic stability for farmers
focused on jalapefio pepper production.
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