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Abstract

The seed is a reproductive organ of vascular plants from which a new individual is generated. Quality
tests were conducted on seeds of five agave species, and morphometry and nutritional content were
determined; the latter was compared with the soil's mineral content. The collection of seeds and
soil was carried out in some localities in the Central Valleys and Mixteca regions of Oaxaca during
2024. A. potatorum and A. salmiana presented the highest germination values, with 65.5% and
58.3%, respectively; A. americana significantly showed the highest weight of 1 000 seeds, with 11.2
g £0.96; in moisture content, A. salmiana and A. karwinskii showed higher values. A. nussaviorum
presented the highest weight gain with 389.4%; in the determination of viability, A. potatorum
reflected the highest value with 72.8%. In the morphometric analysis, a cumulative variation of
61.1% was detected, with an overlap of ellipses between the species. A higher concentration of
Zn, Fe, and Na was found as predominant elements in the seed; their values were not related to
the concentration in the soil. The soil's physical and chemical characteristics were diverse. In a
principal component analysis with all variables, the first three components accounted for 89% of
the total variance. With this methodology, the variables that reduce dimensionality were identified,
giving greater significance to certain minerals.
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Introduction

The seed is a reproductive organ of higher vascular plants, composed of energy reserves that allow
the growth and development of a new individual. It is formed from the plant ovule after fertilization;
its structure includes fats, carbohydrates, and proteins that sustain the future plant during its first
stages of life. These reserves can be found in different tissues or in the embryo (Doria, 2010). The
concentration of essential elements represents an outstanding characteristic of seeds, which has
implications for plants, since they participate as structural components of biomolecules or have a
function as catalysts that guarantee their vital processes (Hernandez-Mora et al., 2025).

Based on their tolerance to dehydration and temperature, the seeds are classified as orthodox,
intermediate and recalcitrant. The former store carbohydrates and have a long latency cycle; the
latter accumulate a high lipid content, but their longevity is reduced, since fatty acids deteriorate with
storage (Gutiérrez-Hernandez et al., 2020). It is advisable to determine the quality of the seeds to
define viability and germination quickly and uniformly, which translates into a better rate of obtaining
vigorous seedlings. The mineral content of seeds can vary across varieties, environmental factors
and associated cultural practices (Temel, 2021).

Seed quality is associated with their ability to produce physiologically viable propagation material
and with the fulfillment of different physical characteristics (ISTA, 2016). Determining the mineral
composition of agave seeds enables us to understand the criteria for their germination and growth,
as well as the storage conditions to maintain their dormancy. In this context, the present study aimed
to evaluate the seeds of five agave species using quality tests, to identify morphometric variation,
and to determine the macro and microelement content and the soil mineral content.

Materials and methods

During 2024, physiologically mature capsules of five Agave species were collected, along with their
respective soil samples at a depth of 30 cm, that is, four individuals from Santa Cruz Mixtepec,
one from Santa Cruz, Xoxocotlan, one from San Martin Mexicapam, one from Ocotlan de Morelos
(these municipalities belong to the region of the Central Valleys), and seven individuals from San
Vicente Nufil, Teposcolula, in the Mixteca region. The capsules were dried in the shade and the
seeds were extracted for further processing in the different tests.

Seed quality tests

For each plant, 50 black seeds were selected in triplicate. Germination (Al-Ansari and Ksiksi, 2016),
imbibition, viability and moisture content were determined. For the weight of 1 000 seeds, 10
groups of 100 seeds of each species were formed. These tests were conducted in accordance with
international rules for seed analysis (ISTA, 2016).

Mineral analysis of seeds and soil

From each plant, seeds were ground to obtain a duplicate 0.5 g sample for wet digestion. A mixture
of nitric acid and perchloric acid in a 2:1 ratio was used; once digested, the sample was made up
to a volume of 50 ml with distilled water. The determination of the minerals Cu, Zn, Mn, Fe, Mg, Ca,
Na and K in seeds was carried out by atomic absorption spectrophotometry (Thermo Scientific®,
Model iCE 3000 Series) based on official methods of analysis (AOAC, 1990). The content of S
and P was quantified with an ultraviolet-visible spectrophotometer (GBC®©, Cintra Model). The soil
samples were analyzed based on the Official Mexican Standard (NOM-021-RECNAT-2000, 2002).
Texture, pH, electrical conductivity and organic matter content were determined. The quantified
elements were Cu, Zn, Mn, Fe, Mg, Ca, Na, K, P and S.
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Morphometric analysis

Photographs of 20 seeds for each species were taken; in each image, reference points were
detected with the Makefan8 program, the TPSutil 1.44-2009 software, and the TPSdig2 2.32-2021
software and 10 landmarks were placed on each, which were analyzed with the MorphoJ software,
version 1.08.02.

Statistical analysis

A test of means (Duncan, p # 0.05) was performed with SAS Studio®, with species as treatments.
Likewise, principal component analyses were performed with all variables.

Results and discussion

Germination

A. potatorum and A. salmiana presented the highest values (65.5% and 58.3%, respectively).
A. americana and A. nussaviorum had lower percentages (43.8% and 41.6%, respectively); no
significant differences were detected between species (p > 0.05). Fernandez et al. (2019) reported
a high germination percentage for A. potatorum (>90%) without any pre-germination treatment, and
they considered the time of seed harvest as a determining factor; that is, the shorter the storage
time, the higher the germination percentage. The same germination pattern associated with storage
time was observed by Martinez-Rodriguez et al. (2022) in A. marmorata, who reported germination
of 90% and 77% for seeds with 12 and 18 months of storage, respectively. For their part, Ramirez-
Tobias et al. (2012) also reported a high value in the germination of seeds of A. salmiana (> 60%)
and associated it with the temperature of the water used in the imbibition, less than 15 °C (Figure 1).

Figure 1. Percentage of germination, viability, imbibition, weight of one thousand seeds and moisture content in
seeds of five Agave species. Different letters indicate statistically significant differences between species (p < 0.05).
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Weight and moisture content

A. americana showed the highest weight of 1 000 seeds (11.2 g) significantly and A. nussaviorum
had the lowest weight (4.8 g). This is because the first seeds are larger in size (length: 10.4 mm
x width: 7.3 mm x thickness: 0.78 mm) and the second are smaller (length: 6.7 mm x width: 4.6
mm x thickness: 0.38 mm) (Figure 1). In their study, Hernandez et al. (2023) reported a weight
of 4.2 and 4.6 g for the same number of seeds of A. cupreata and 10.9 g for A. angustifolia;
they also demonstrated a close association between seed weight and the amount of reserve
substances, which could be reflected as an increase in germination capacity. The moisture content
was less than 5% of the weight of each batch in the five species. A. salmiana and A. karwinskii
showed significantly higher values, whereas A. potatorum presented the lowest value (Figure 1).
The moisture percentage differs from that reported by Bejarano-Ledn et al. (2011) for A. victoria-
reginae (9%).

Imbibition and viability

A. nussaviorum presented the highest percentage of weight gain (389.4%), significantly higher
than A. salmiana, which showed the lowest water absorption level (190.4%). This same
behavior was observed in seeds of Opuntia sp. by Monroy-Véazquez et al. (2017) (Figure 1). The
highest significant viability value was in A. potatorum (72.8%). Authors such as Gutiérrez-
Hernandez et al. (2020) classify A. potatorum seeds as recalcitrant due to the loss of lipid
content and the decrease in the percentage of germination due to the time of collection
(Lechuga-Campuzano et al., 2025) (Figure 1).

Mineral analysis in seeds

It was observed that K was at a higher concentration in A. salmiana, A. potatorum and A.
nussaviorum and that Ca was at a higher concentration in A. karwinskii and Mg in A. americana. S
was in second-to-last place only in A. potatorum, and in the other species, it ranked last (Table 1).
Micronutrients were found in the following decreasing order: Zn> Fe> Na> Mn> Cu, in A. salmiana,
A. potatorum, A. nussaviorum, and A. americana. In A. karwinskii, the decreasing order was Zn>
Na> Fe> Cu> Mn (Table 1). Gutiérrez-Hernandez et al. (2020) relate the chemical composition of
agave seeds to germination capacity and reproductive viability.

Table 1. Concentration of minerals in seeds of five species of agave.

Mineral A. americana A. karwinskii A. nussaviorum A. potatorum A. salmiana

Macronutrients (mg kg™)

Ca 16 969.7 a 8841.2 ab 42186 b 1601.4b 7 704 ab
Mg 17013 a 6281.7 a 5490.8 a 4998.6 a 5463 a
K 7951.1b 75535b 13 863.8a 9580.5b 8411.2b
4117.4b 4214.1b 5938.6 a 54373 a 5359.8 a
2084.2b 2514.8 ab 2922.1a 2517.7 ab 2615ab
Micronutrients (mg kg™)
Cu 9.8¢c 22.8a 13.8 bc 16.7 ab 234 a
Zn 60.6 b 729b 74.7b 60.5b 100.8 a
Mn 18.8b 18.2b 245b 19.2b 393a
Fe 47.7 a 36.4a 67.2a 475a 56.9 a
Na 42.7 a 43.2a 573 a 455a 449 a

Values with the same letter show no significant difference (Duncan, p < 0.05) within each row.
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Mineral analysis and soil properties

The soils of Ocotlan de Morelos (ODM) and San Martin Mexicapam (SMM) had alkaline pH values
(8.2 and 8.3), and Santa Cruz Mixtepec site 2 (SCM 2) registered a moderately acidic pH value.
Electrical conductivity (EC) was higher in SMM and lower in SCM 2 and San Vicente Nufid (SVN)
(0.2-0.3 dS m'l). Organic matter ranged between 1.4 and 4%. In texture, sandy-clay-loam soils
predominated. Ca was found in concentrations similar to those reported by Avila-Uribe et al.
(2025) in soils of the district of Miahuatldn, Oaxaca. Calcium predominated in soils, followed by
phosphorus and, to a lesser extent, potassium (Table 2). Avila-Uribe et al. (2025) mention calcium
as a predominant element in soils used for agave planting. Elements in optimal conditions provide
an appropriate chemical environment for production (Echeverria et al., 2023). No relationship was
found between the nutrient content of the soil and the nutrient content in the agave seeds (Figure 2).

Table 2. Physicochemical characteristics of the soil from the collection sites of five Agave species.

Characteristic A. americana A. potatorum A. karwinskii A. nussaviorum A. salmiana |
pH SCM: 6.3/SCX:8.3 SCM:5.7/0DM: 8.1 SMM: 8.3 SVN: 7.4 SVN: 7.1
EC (dS m™) SCM: 0.7/SCX: 0.6 SCM: 0.3/0ODM: 0.72 SMM: 1.03 SVN: 0.3 SVN: 0.3
OM (%) SCM: 3.9/SCX: 1.3 SCM: 2.4/ ODM: 3.3 SMM: 1.7 SVN: 1.9 SVN: 2.4
Texture (%)
Sand 68.7/80.5 76.7147.7 67.28 36.6 26.5
Clay 18.3/6.1 7.4/30.3 19.44 36.8 55.2
Silt 12.9/13.2 15.9/21.6 13.28 26.5 18.2
Classification Sandy loam Loamy sand / S.C.L. S.C.L. Clay loam Clay

EC= electrical conductivity; OM= organic matter; SCM= Santa Cruz Mixtepec; SCX= Santa Cruz Xoxocotlan; ODM=
Ocotlan de Morelos; SMM= San Martin Mexicapam; SVN= San Vicente Nufiu; S.C.L.= Sandy clay loam.

Figure 2. Macro and microelements in seeds of five agave species and in the substrate associated with each species.
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Morphometry

The morphometric analysis presented 61.1% of accumulated variation with the first two
components (PC1 38.7% and PC2 22.4%) in the defined space. A scattered grouping was
presented for each species with overlapping ellipses (Figure 3). Points far from the central zone
were observed, which suggests the existence of differences in shape, but with insufficient
loading to separate each species. This coincides with what was found by Hernandez-Castro et
al. (2021) and Villanueva-Castillo et al. (2021) in morphometric studies, where they indicate
variation in agave seeds.
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Figure 3. Principal components of the seed morphometry of five Agave species.

Principal component analysis

With the principal component analysis (PCA) applied to the quality variables, mineral content in
seed and minerals in soil, it was demonstrated that the first two components reflected 71.4% of
the total variance, and with the third component 89% was reached (PC1: 40.5%, PC2: 30.9%,
PC3: 17.6%). PC1 was made up of the variables: copper in the substrate, sand, weight of 1 000
seeds, EC and iron content in the substrate; it separates A. karwinskii from the rest of the species,
as it is mostly influenced by Cu and sand in the soil; this species was the one that presented a
high concentration of this element (22.7 mg kg™); in the positive quadrants, the species of agaves
collected in the Central Valleys region were concentrated, and in the negative quadrants, the two
species from the Mixteca region. PC2 is composed of potassium in substrate, moisture percentage
in seed, copper in seed and sodium in substrate. A. americana and A. potatorum grouped in the
guadrant with negative values of component 2, since they were the species with the lowest moisture
content and intermediate Cu concentration in the soil (Figure 4).

elocation-id: e4227 6

—_


https://doi.org/10.29312/remexca.v17i2.4227

- TR

DOI: https://doi.org/10.29312/remexca.v17i2.4227

Figure 4. Dispersion of the species based on principal components 1 and 2, considering all quality variables,
minerals in substrate and seed and physicochemical properties of the soil.
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Conclusions

The germination percentage did not differ significantly among the five agave species. The lowest
germination level was observed in A. nussaviorum (41.6%), and the highest in A. potatorum
(65.5%). The weight of the seeds is related to their size; that is, the largest seeds, which were those
of A. americana, weighed 11.2 g per 1 000 seeds and the smallest seeds, which corresponded to
A. nussaviorum, weighed 4.8 g, highly significant differences. The seed moisture in each species
was less than 5%.

Weight gain in imbibition was significantly higher in A. nussaviorum (389.4%). The seeds of A.
potatorum showed the highest viability (72.8%) significantly. In the seeds, K, Ca, Mg, and Zn were
found at higher concentrations in all analyzed samples; the elements with the lowest concentrations
were Cu and Mn.

The soils where the agaves grew showed diversity in pH, electrical conductivity, organic matter
content and textures. It was found that Ca was the element that stood out across all these soils,
followed by P and K. There is variation in the seed morphometry of the agave species. The
proportion of minerals in the seed and soil did not show a positive or negative relationship. Using the
principal component analysis (PCA) methodology, the variables that reduce dimensionality were
identified, giving greater significance to P, S, Na, K and Fe concentrations in seeds.
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