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Abstract

Obtaining agave plants from seed promotes genetic diversity and resistance to biotic and abiotic
factors; however, seed-propagated plants take longer to reach maturity than those propagated by
suckers. It has been proven that substrate mixtures favor plant growth; nevertheless, there are
still few studies that firmly support their specific effect on seedling development. The objective of
the work was to evaluate substrates with different proportions of humus and sand on the growth
of A. salmiana seedlings. The research was conducted at the Higher Technological Institute of
Huichapan; 60 days after sowing the seeds, plants with homogeneous heights were selected.
The treatments were substrates prepared by mixing humus (H) and sand (S): T1(90:10 H: S),
T2(70:30 H: S), T3(60:40 H: S), T4 (40:60 H: S), T5 (30:70 H: S) and T6 (10:90 H: S), with 15
replications. Agronomic variables, chlorophyll (a, b and total), dry biomass, and nutrients in plant
tissue were evaluated. The data were checked for normality and homogeneity of variances using the
Kolmogorov-Smirnov and Bartlett tests; subsequently, an analysis of variance and Tukey's
multiple comparison of means (a< 0.05) were performed. The results showed that plants in T2
(70:30 H:S) excelled in agronomic variables, chlorophyll, dry biomass, and leaf elements. A
substrate with this proportion of sand and humus is an alternative to promote the nursery growth
of agave plants from seeds.
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Introduction

In 1590, the Jesuit scientist, anthropologist, and naturalist José Acosta referred to the maguey
(Agave salmiana L.) as ‘the tree of wonders’ (Luna-Morales, 2002), in connection with the diversity
of uses attributed to it in the medicinal, cultural, agro-industrial, ecological and gastronomic fields
(Sanchez-Licona et al., 2024). In Latin America, there are 211 species of Agave spp., of which 75%
are distributed in the states of Tlaxcala, State of Mexico, Puebla, San Luis Potosi, and Hidalgo
(Garcia-Mendoza et al., 2019; Morales-Maldonado et al., 2022; Leal-Robles et al., 2024).

Various parts of A. salmiana, including seeds, thorns, leaves, fiber, flower stalk, flowers and
sap, are utilized, which impacts the economic and social income of inhabitants of rural areas
(Garcia et al., 2016; Robles et al., 2024). Despite these qualities, the number of plants has been
reduced (Chéavez-Giiitréon et al., 2019) due to poaching and little interest in propagation and
cultivation, which includes fertilization (Morales et al., 2009) and low genetic variability of the
species since it has been propagated by rhizome suckers (Cruz-Vasconcelos et al., 2024),
aggravating their possible vulnerability to pests and diseases when they are propagated
asexually and established in the field.

Recent studies mention that obtaining agave plants from seeds promotes greater genetic
diversity, which allows us to select individuals with greater adaptation to biotic and abiotic
factors (Flores-Morales et al., 2021). Nonetheless, the time it takes for seed-born plants to
reach maturity is longer than that of those propagated asexually, which is why it is not accepted
by most producers in the region.

It is known that, under nursery conditions, the physical and chemical characteristics of substrates
in which agave plants are established affect their development, growth, and yield (Cardoza-Viera
et al., 2024; Guillén et al., 2024). On the other hand, a wide range of materials used as growth
mediums are classified as: 1) natural: sand, gravel, volcanic soil, peat moss, coconut fiber and
bark and 2) artificial: perlite, rock wool, expanded clay, expanded polystyrene and vermiculite.

There is currently limited availability of studies that comprehensively address the effect of mixtures
of organic and inorganic substrates on seedling growth. Therefore, in this context, it was
considered necessary to identify the optimal proportion of humus and sand that favors the initial
development of Agave salmiana; due to the above, the objective of the research was to evaluate
the effect of different proportions of humus and sand on the growth of Agave salmiana seedlings
under controlled conditions.

Materials and methods

Experiment location

The present research was conducted in Huichapan, Hidalgo, Mexico (20° 19’ 09.93" north latitude
and 99° 42’ 29.27" west longitude), with an altitude of 2 172 m. The average annual temperature
is 15.7 °C, and the precipitation is 516.4 mm.

Biological material and seedling selection

A. salmiana seeds were used and sown individually in each cavity in five expanded polystyrene trays
measuring 30 cm long, 30 cm wide and 5 cm high, divided into 30 cavities of 190 cm?, containing
commercial substrate Cosmopeat®. Sixty days after sowing, 150 seedlings were obtained, of
which 90 were selected for being more homogeneous in size, with an average height of 3 cm.

Treatments

The seedlings were transplanted into 500-gram plastic containers (15 cm diameter x 12 cm
height); six substrates (treatments) were prepared, corresponding to mixtures that varied in
proportions of humus and sand (H:S), and there were 15 pots with each type of substrate. The
humus comes from the excrement of Eisenia foetida fed with pre-composted material
composed of 50% stover, 40% sheep excreta and 10% fruit and vegetable waste. A seedling was
established in each container.
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The experimental unit consisted of three plants, with five replications per treatment. The
treatments were as follows: T1 (90:10 H:S); T2 (70:30 H:S); T3 (60:40 H:S); T4 (40:60 H:S), and
T5 (30:70 H:S).

Irrigation

Irrigation was applied to field capacity, which involved saturating the pot with water until it drained
and then calculating the moisture content. All treatments were irrigated three times a week during
the first 60 days, and from day 61 to day 365, irrigation was performed twice a week.

Agronomic variables

Plant height (cm) was measured using a digital caliper (Truper®, Mexico), placed from the neck of
the plant to the tip of the stem. The leaves were counted visually; the specific leaf area (cm®) was
determined for each leaf of the plant using the Easy Leaf Area program; the total leaf area (cm®)
was determined for each plant by adding the areas of all its leaves; finally, for the stem diameter
(cm), the digital caliper was placed on the neck of the plant.

Chlorophyll a, b, and total (pg g™)

Chlorophyll was determined using the spectrophotometric method described by Hiscox and
Israelstam (1979), which consisted of cutting 5 g of an agave leaf with a scalpel and macerating it
inside a mortar with 5 ml of 80% acetone until all the pigment of the sample was extracted;
then the sample was placed inside an Eppendorf tube and centrifuged at 2 000 rpm for 10
min. The supernatant was emptied into a quartz cuvette, which was then introduced into a
spectrophotometer (Automatic UV Spectrophotometer, Juchuang 723N) and absorbance was
measured at wavelengths of 645 and 663 nm using an 80% acetone sample as a blank.

The chlorophyll content was determined with the following formula:

ChlorophyllA=12.7*Abs663- 2.69*Abs6 45
ChlorophyllB = 22.9*Abs645- 4.68*Abs663
Totalchlorophyll = 20.2*Abs645 +(8.0 2* Abs6 6 3)

Dry biomass (%

To determine the dry biomass, the fresh weight of the whole plant (g) was recorded, then the plant
was cut with a scalpel, separating the aerial part and the root to record the fresh weight of the
aerial part (g) and the weight of the root part (g) using a digital scale (Truper® Base-5ep). Each
sample was placed in a brown paper bag that had been previously identified with the treatment
number. The bags were placed inside a convection drying oven (Luzeren® Mexico) for three days
at a temperature of 70 °C or until they reached a constant weight. Finally, the samples were taken
from the oven, and the dry weight (g) was recorded. The dry biomass content was determined with
the following formula.

Nutrients in plant tissue

The aerial part of the agave samples was placed inside previously identified kraft paper bags.
Subsequently, they were sent to the Soil Laboratory of the Chapingo Autonomous University
(UACH), for its Spanish acronym where the following analyses were performed: total nitrogen (TN),
subjected to digestion with diacid mixture and determined by steam distillation by the Kjeldahl
method; phosphorus (P): digested with diacid mixture and determined by photocolorimetry by the
molybdovanadate method; potassium (K): digested with diacid mixture and determined by flame
emission spectrophotometry (FP8800 from Kriss Optronic); calcium and magnesium (Ca and
Mg): digested with diacid mixture and determined by atomic absorption spectrophotometry
(Spectrum DD10TZ-L SP-3500).
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Statistical analysis

The data were analyzed for normality and homogeneity of variances with the Kolmogorov-Smirnov
and Bartlett tests, respectively (Sokal and Rohlf, 1995). Subsequently, a one-way analysis of
variance (Anova) was performed, and to identify the differences between the treatments, a Tukey
mean test (a< 0.05) was used. In all cases, the statistical analysis program used was Infostat (Di
Rienzo et al., 2010).

Results and discussion

Agronomic variables

When comparing the final data with the initial data, statistically significant differences (p< 0.05)
were observed in height, diameter, number of leaves, and total leaf area, with the plants
established in T1 (90:10 H:S) standing out. The plant established in the various substrates
specifies that there were no statistical differences in leaf area; in contrast, the plants with the
lowest height were those established in T2 (70:30 H:S), those with the lowest diameter were in TS
(30:70 H:S) and T6 (10:90 H:S) and those with the lowest number of leaves and total leaf area
were in T6 (10:90 H:S) (Figure 1).
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Figure 1. Agronomic variables of the treatments evaluated at the beginning and end of the experiment. Means with
equal letters are not statistically different (Tukey, a < 0.05). Altura= height; diametro= diameter; hoja= number of
leaves; AFE= specific leaf area; AFT= total leaf area.

In this sense, Morales Maldonado et al. (2022), when evaluating the growth of Agave
salmiana inoculated with mycorrhiza (Oftifert®) and established in a nursery for six months,
obtained plants with heights of 7.7, 7.5 and 7.2 cm and a diameter of 0.24 cm, using 15, 10 and
5 g of mycorrhiza, respectively. These heights were 53, 52 and 50% higher than treatment T5
(30:70 H:S); however, the diameters were lower by 82.42, 82.71, and 83% compared to
treatment T2 (70:30 H:S) in the experiment.

For their part, Enriquez del Valle et al. (2023) evaluated Agave angustifolia shoots that were initially
grown in Murashige and Skoog medium and transferred, after nine months, to germination trays
with mixtures of peat moss (PM) and perlite (PE), and they obtained plants with an average height
of 7.09 cm. This value was lower than that recorded in treatment T5 (30:70 H:S) of the present
study, which reached a height of 7.2 cm.

In their study, Canseco-Santiago et al. (2024) obtained in vitro plants of A. americana var.
oaxacensis by organogenesis of adventitious shoots, which they transferred to substrate, and after
one year of ex vitro growth in pots with agricultural soil and water, they reported values that were
9.8%, 2.04% and 33.3% higher in height, diameter and number of leaves, respectively, compared
to T1 (90:10 H:S).

Leal-Robles et al. (2024) evaluated the growth of A. salmiana seedlings originating from seeds
established in cosmopeat substrate, and after nine months, the plants were 5.4 cm in diameter,
which was 94.25% larger than the stem diameter of the plants in T2 (70:30 H:S). In their research,
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Sanchez-Mendoza and Bautista-Cruz (2024) obtained seedlings of Agave angustifolia Haw., which,
after 75 days, were placed in 20 x 25 cm polyethylene bags containing 9 kg of soil and placed in
trays inside an 8 x 20 nursery (25% shade netting); these authors reported a height of 14.7 cm and
a diameter of 6.2 cm, which are 51 and 67.7% higher than those of T5 (30:70 H:S).

Chlorophyll a, b and total (ug g™)

The plants that presented the most chlorophyll per unit of fresh leaf weight were those that were in
substrates with a high amount (60 to 90%) of humus. The highest chlorophyll a content (p< 0.05)
was present in: T1 (90: 10 H:S) 20.40 mg g™, T2 (70: 30 H:S) 23.24 mg g™, T3 (60: 40 H:S) 24.16
mg g*, T4 (40:60 H:S) 19.53 mg g™, and T5 (30: 70 H:S) 23.70 mg g™, except for T6 (10:90 H:S)
10.58 (mg g™*), which registered the lowest chlorophyll a content.

As for chlorophyll b (p< 0.05), the highest content was obtained by the plants of T3 (60: 40 H:S),
with 49.82 mg g™ and T4 (40:60 H:S), with 48.28 mg g™, which were statistically similar (p< 0.05)
to T1 (90: 10 H:S), T2 (70: 30 H:S) and T5 (30:70 H:S); on the other hand, the lowest content of
chlorophyll b was obtained by the plants of T6 (10:90 H:S). In terms of total chlorophyll, T3 (60:40
H:S) (73.94 mg g*) and T4 (40:60 H:S) (71.97 mg g*) stood out (p< 0.05) and were similar (p<
0.05) to T1 (90:10 H:S), T2 (70:30 H:S) and T5 (30:70 H:S); in contrast, T6 (10:90 H:S) recorded
the lowest total chlorophyll content (Figure 2).

Figure 2. Determination of chlorophyll a, b and total of A. salmiana in each treatment. Means with equal letters are
not statistically different (Tukey, a< 0.05).

Similarly, Ruiz et al. (2007) evaluated Agave salmiana plants for one year in a greenhouse with
Xerosol soil and irrigation at field capacity and they reported 38.57 mg g™ of chlorophyll a, 23.14
mg g™ of chlorophyll b and 61.14 mg g™ of total chlorophyll in leaves, values that were 37.3% higher
in chlorophyll a, and 53.5 and 16.6% lower in chlorophyll b and total, respectively, compared to T3
(60:40 H:S) in the present research. In this regard, Morales-Maldonado et al. (2022) worked with
A. salmiana plants in a substrate of worm humus and tezontle (70:30) and foliar applications of
chitosan (1 mg L™) for one year to evaluate the growth of A. salmiana seedlings from seeds and
they reported 170.79 mg g™ of total chlorophyll, a value 59% higher than that of T3 (60:40 H:S)
in the present research.
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Dry biomass (%

The highest content (p # 0.05) of dry biomass of whole plant (16.32%), aerial part (11.89%) and
root part (9.51%) was recorded in T6 (10:90 H:S), being statistically similar (p< 0.05) to T2 (70:30
H:S), T3 (60:40 H:S), T5 (30:70 H:S) and T4 (40:60 H:S), except for the root part; in contrast, T1
(90:10 H:S) had the lowest value in biomass of whole plant, aerial part and root part (Figure 3).

Figure 3. Biomass content of the whole plant, aerial part and root part of each treatment. Means with equal letters
are not statistically different (Tukey, a< 0.05).

Morales-Maldonado et al. (2022) established A. salmiana plants in a substrate of worm humus and
tezontle (70:30) and applied chitosan foliar sprays (1 mg L™). After 12 months, they reported a value
of 1.8% in dry biomass of the whole plant, which differs from the 16.32% reported for T6 (10:90
H:S) in the present work. For their part, Rios-Ramirez et al. (2021) evaluated 18-month-old Agave
angustifolia plants that were established in pots with sandy loam soil. The application of the 50%
and 75% Steiner solution resulted in a dry leaf biomass of 10.64 mg kg™ and a root biomass of
77.21%. These values were lower than those of treatment T6 (10:90 H:S) of the present study,
which reached 10.8% in leaf biomass and 87.6% in root biomass.

Nutrients in plant tissue

Regarding nitrogen (N) and phosphorus (P) content, there were no differences (p< 0.05) among
the treatments evaluated; nevertheless, the plants established in T2 (70:30 H:S) had 5.49%
potassium (K), a value similar (p< 0.05) to that of T1 (90: 10 H:S), T3 (60: 40 H:S), T4 (40:60 H:S)
and T5 (30: 70 H:S), with T6 (10:90 H:S) having the lowest K content. On the other hand, in
calcium (Ca), the highest percentages (p< 0.05) were reported in T3 (60:40 H:S) 0.76%, T4 (40:60
H:S) 0.8%and T6 (10:90 H:S) 0.73%, which are similar (p< 0.05) to those of T1 (90:10 H:S) and
T2 (70:30 H:S), with T5 (30:70 H:S) having the lowest Ca content.

In terms of magnesium (Mg) content, the highest values (p< 0.05) were recorded in T1 (90:10
H:S), with 0.75%, they are similar (p< 0.05) to T2 (70:30 H:S), T3 (60:40 H:S), T4 (40:60 H:S) and
T5 (30:70 H:S); in contrast, T6 (10:90 H:S) registered the lowest value in mg (Figure 4).
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Figure 4. Content of elements in leaves of the treatments evaluated. Means with equal letters are not sta
tistically different (Tukey, a< 0.05).

For their part, Rios-Ramirez et al. (2021) evaluated 18-month-old A. angustifolia plants obtained
from inflorescence bulbils and established in pots with sandy loam soil. The plants to which the
Steiner solution was applied at 50 and 75% had 5.01% of N, an amount 97.3% higher than the N
content of the plants in T4 (40:60 H:S), and 16.2% of P, 57.4% higher than that of T1 (90:10 H:S).

Castillejos-Reyes (2023) observed the response of 7- to 8-month-old rhizomatous agave
suckers fertilized with 100 g of Osmocote Plus, and they registered a content of 2 730 mg
kg™ of K and 391 mg kg™ of Ca, values that are higher than those recorded in the present work.
These results may be due to the low use of fertilizers in the field, resulting from losses
caused by leaching, microorganisms, and retention by other plants, which causes problems in
the internal structure of the plant.

Conclusions

The mixtures of humus and sand stimulate the growth of maguey seedlings derived from seeds,
particularly in the plants that were established in the mixture of humus: sand (70:30), which excelled
in agronomic variables, chlorophyll, dry biomass and leaf elements; therefore, this proportion is an
alternative that agave producers can use in the Huichapan region, Hidalgo, and areas of influence
to promote the growth of agave plants.
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