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Abstract

Seed quality attributes relate to their physical, physiological, and genetic health. Agave salmiana Otto
ex Salm-Dyck mostly propagates asexually, although each plant produces hundreds of viable seeds.
This research aims to assess the effects of native environments on the partial chemical composition,
and physical and physiological characteristics of A. salmiana seeds on their initial plant development.
Seeds were collected at the Estado de México (EM; at 19° 48’ 18” N, 99° 49’ 46” W, 2822 m a.s.l., and
9.1-15.5° C annual mean temperature) and San Luis Potosi (SLP; 22° 40’ 10” N, 100° 44’ 38” W, 1870
m as.l., and 13.4-21.7° C annual mean temperature) States, Mexico. Seeds that developed in a
temperate environment and greater humidity (EM) accumulated a higher glucose and fructose
concentration but less protein seed food reserves than those developed in a warmer and drier
environment (SLP). Plants growing in drier and hotter environments also produce heavier, thicker,

shorter, and less wide seeds than those growing in a wet and cool environment. Seed germination
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(25 °C and complete darkness) in both samples (without pre-germinative treatments, and no
scarification) was synchronous, following a logistic trend and maximum germination over 96 %, in
under 170 h. According to their Dickson and slenderness indices, seedlings of A. salmiana have low
quality but resist wind, cold, and drought. Initial plants growth, for 120 days, was remarkably similar
between locations. Chemical composition and physical quality contrast to the physiological quality in

A. salmiana seeds depending on the plant growing region.
Keywords: Agave, seed germination, maguey, seedling, plant growth.

1. Introduction

The basic parameters and attributes to evaluate seed quality are: (a) physical qualities (size, shape,
color), (b) physiological qualities (i.e., germination capacity or viability and seed vigor), (c) specific
genetic quality of the variety, and (d) health (diseases and pests’ absence) of the seed lot (ISTA 2016).
From those, the seed germination, and seed vigor are seedling’s indicators of their ability to emerge
from the soil and produce a plant in the field in natural conditions and survive the potentially stressful
field conditions, or rapidly grow in favorable ones (Baskin & Baskin 1988). Maternal effects on the
seed’s characteristics have been documented in many plant species (Donohue 2009). Emphasis has
been focused on the environmental effects on mother plants and how it alters seed germinability.
However, other assessed maternal effects include other seed characteristics, such as size, color,
chemical composition, and quality of the offspring (Nguyen et al. 2021).

Agave salmiana Otto ex Salm-Dyck is a species of the Agave genus, Agavaceae family (sensu
stricto) (Garcia-Mendoza & Chavez-Rend6n 2013) or Asparagaceae (APG I11 2009, Chase et al. 2009).
It distributes from the northern Coahuila state to the south of the Mexican territory (Chiapas state). It is
endemic to Mexico, considered semi-domesticated, and found both cultivated and growing in the wild,
with different degrees of anthropocentric interaction (Mora-Lépez et al. 2011; Reyes-Aguero et al.
2019). Agave salmiana plants reduce erosion in their ecosystems, and as such, are elements that shape
the agricultural landscape, and provide food and habitat for birds, mammals, and insects (Aguilar et al.
2014; Eguiarte et al. 2000; GOmez-Aiza & Zuiria 2010). Their anthropogenic uses include ornamental,
as construction materials, textile fiber extraction, as a food source (flower buds, flowers, and young
leaves), sugar source for fermented drinks and medicines, firewood, and fodder; also, these plants act
as windbreaks, among other applications (Aguilar et al. 2014; Garcia-Mendoza 2011; Mora-L6pez et
al. 2011; Reyes-Aguero et al. 2019).

Agave salmiana are long-living (up to 25 years) plants, have a single flowering event during
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their life cycle (semelparous species), and produce several hundred viable seeds (up to 200,000 and
600,000) per plant (Huerta-Lovera et al. 2018). Although, this species reproduces both, sexually and
asexually, the latter, through aerial bulbils and basal suckers and rhizomes is the most common
(Ramirez-Tobias et al. 2012). Agave salmiana mostly propagates asexually, even with its high number
of viable seeds production (Huerta-Lovera et al. 2018). According to Nobel (1988) and Arizaga &
Ezcurra (2002), asexual propagation ensures the plants” establishment and gives them certain
uniformity that facilitates agronomic management but can also make them susceptible to diseases
(Piven et al. 2001). The asexual propagation of most commercial Agave species is mostly due to the
misbelief that maguey seeds are unviable and, therefore, dispersion happens via suckers and bulbils
(Gentry 1982; Pefia-Valdivia et al. 2006). This asexual propagation tendency probably relates to
unsuitable in situ conditions for germination and decreasing quantity and quality of seeds as a result of
herbivory, or diminished seed production due to plants’ usage before flowering, i.e., for fermented and
distilled beverages like tequila, and during flowering (to consume inflorescences) or low seedlings
quality (Pefia-Valdivia et al. 2006).

In Agave spp. the relation between the physical and physiological characteristics of the seeds
to their ability to germinate and produce healthy seedlings has been incipiently assessed. Probably due
to the belief that reproduction by seeds requires more care and lengthens the growth period
(Anonymous 1988). Also, it is documented that depending on the species, a variable proportion of
seeds in the wild can remain dormant (Pefia-Valdivia et al. 2013). Seed germination, seedling
emergence patterns, and initial plant growth depend on the morphological, physiological, and
biochemical characteristics of the seeds, which also geographically variate their response to the
environment (e.g., to precipitation, and temperature) (Jimenez-Torres et al. 2021; Pefia-Valdivia et al.
2006); although, they likely depend on a combination of two or more of these factors (Baskin &
Baskin 1988). Also, it has been postulated that the physiological and biochemical characteristics of
seeds partially depend on their developmental environment and their interaction with the initial growth
environment (Elizalde et al. 2017; Jimenez-Torres et al. 2021). Seed germination and viability of H.
perotensis significantly varied between the year’s seeds were collected, due to the contrasting climate
between the seed’s development cycle (Elizalde et al. 2017). Also, moderate-high night temperatures
drastically affected the initial plant growth and the metabolism of A. mapisaga and A. salmiana,
suggesting the responses to stressing temperatures is partly specific, but less on the seed’s origin
(Jimenez-Torres et al. 2021).

It is reported that A. americana, A. asperrima, A. cupreata, A. duranguensis, A. lechuguilla, A.

salmiana, and A. striata lack seed dormancy and can reach greater than 90 % maximum germination in
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laboratory conditions (Campos et al. 2020; Pefia-Valdivia et al. 2006; Pritchard & Miller 1995;
Ramirez-Tobias et al. 2012). Similar results are reported for A. parryi (Freeman 1975), A. lechuguilla
(Freeman et al. 1977; Jiménez-Aguilar & Flores 2010), A. americana (Pritchard & Miller 1995), A.
macroacantha (Arizaga & Ezcurra 2002), A. attenuate, A. jarcia and A. victoria-reginae (Maiti et al.
2005), and in A. striata (Jiménez-Aguilar & Flores 2010). This lack of dormancy contrasts with the
widespread vegetative reproduction of these species, the huge reproductive effort implied by
semelparity, and the great number of small seeds produced (Arizaga & Ezcurra 2002). Still, the lack of
dormancy and massive production of viable small seeds provide hints at a strategy to maximize the
repopulation of sexually originated plants.

This research evaluates the partial chemical composition and physical, and physiological
characteristics of A. salmiana seeds collected in two distinct Mexican regions, contrasting in altitude
and climate. The tested hypothesis was that the chemical composition, and physical and physiological
characteristics of the A. salmiana seeds and the initial growth of their plants are significant, regarding

their area of collection and their environments.

2. Materials and methods

2.1 Seed samples

For this research, A. salmiana Otto ex Salm-Dyck seeds were collected from plants growing at two
different Mexican locations (Figure 1 A). One, the “Cerro Tepari”, San José del Tunal, Atlacomulco,
Estado de México, with a (Cb (w2)(w)(i")g climate; this is the most humid of the sub-humid climates,
with predominant rainfall during summer, summer rains, and less than 5 % of the total annual rainfall
during winter. The mean annual temperature of 12.7 °C, lower than 21 °C mean temperature during the
warmest month and greater than —2 °C in the coldest. In this environment, along with the rain, dew
accumulates during morning hours, fog from the mountains and frosts during winter, which are a
significant source of humidity (Garcia 1987; INEGI, National Institute of Statistics and Geography
2009a) (Figure 1 B). The other location, San Luis Potosi, SLP, Mexico with a (BSokw(e)gw" climate.
This climate corresponds to a dry steppe, arid temperate, with summer rains, extreme annual mean
monthly oscillation temperatures between 7 and 14 oC (e), with maximums and minimums during cold
and warm seasons between 5-13 and 22-30 oC, type Ganges (g) temperature during march and
canicula (w"). During its rainy season (6.6 months) total precipitation reaches 95 mm and during the

dry season (5.4 months) total precipitation amounts to 5 mm (Garcia 1987; INEGI 2009b) (Figure 1
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C).

The capsules from plants with mature fruiting stems (Figure 2 A) were harvested after
collecting the 5-6 m tall stems as Huerta-Lovera et al. (2018) described. The evaluated seeds were
obtained from 250 capsules per site and kept in paper bags in cardboard boxes at 25 + 3 °C one-two
months until evaluation. All the evaluated seeds were mature and separated from sterile ones in the
capsules. Mature seeds seemed normal, well-formed, and without apparent damage. These, differ from
sterile ones in their black color and thickness, greater than that of the sterile ones, which tend to be

clear and thin (Figure 2 B).
2.2 Evaluated variables

Whole seeds (25 g) were grounded in a mortar. The flour powder was used to quantify their chemical
composition; the assessment included glucose, fructose, sucrose, total protein, lipids, ashes, and
soluble phenolics concentration. Sugars were quantified in 100 mg of flour, following the enzymatic
method described by Viola & Davies (1992) and Bernal et al. (2005). The flour powder was also used
to quantify moisture, total lipids, crude proteins, and ash, following the AOAC methods (2005). The
lipids were assessed from 0.5 g flour samples via the Soxhlet method; crude protein was quantified in
0.4 g flour samples using the Kjendahl method; and 1 g flour samples were used to determine the ash
content (AOAC 2005). Phenolics were quantified in ethanolic 100 mg flour extracts following the
spectrophotometric method described by Magalhdes et al. (2010) in a microplate reader (Thermo
Multiskan FC), using gallic acid as standard. The seeds” chemical analysis included ten repetitions. On
250 seeds from each site, the width, thickness, and length were individually evaluated with a Vernier
digital calibrator, standard millimeter (Truper, CALDI-6MP, 14388), and their biomass determined in
an analytical balance (precision of £ 0.0001 g, Scientech® SA 120).

Seed germination was evaluated in 15 replicates, with 10 seeds per experimental unit at 25 oC
in constant darkness, following the methodology by the ISTA (2016). Seed germination was recorded
every 12 h and their final percentage was determined after 200 h. The seedlings’ quality was assessed
with the slenderness or robustness index (height/diameter), following Séenz et al. (2010), and Dickson

(Rueda et al. 2012), following equation 1:

. . total dray biomass (g) )
Dickson index = height [cm) N seedling dray biomass (i) (Equatlon 1)

diameter {mm) root dray biomass (@)
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A hundred and twenty seeds from each sample were sown in pots (12 cm length x12 cm width x 7
cm depth) with 70 g of peat moss and kept at field capacity. Plants were placed in a glasshouse
(day/night temperature of 33/12 °C and natural photoperiod). At noon, the average greenhouse PPFD at
plant height was 332 pumol m™ s under a white anti-aphid mesh, placed approximately 50 cm above
plant height. This is because young Agave plants are sensitive to high light intensity (Jimenez-Torres et
al. 2021). The seedlings’ emergence was recorded every 12 h for 70 days. The emergence rate was
calculated using the Maguire equation (1962), M =nl/tl + n2/t2 + n120 / t70; where nl1, n2, n120
are the number of seedlings emerged at times t1, t2, t14 in days.

Other one hundred and fifty seeds of each sample were sown in similar conditions to those
described to evaluate the seedlings” emergence. After 40 days in the greenhouse, five plants were
sampled every eight days and their number of roots, length of their main root, stem diameter, plant
eight, leaves per plant, leaves length, leaves base width, and fresh and dry biomass of the roots and

shoot were evaluated up to 120-day.
2.3 Experimental design and statistical analysis

The experimental design was completely random, and different repetitions were carried out depending
on the evaluation. The results were then analyzed with the ANOVA and Tukey multiple means
comparison tests (P < 0.05). When the statistical assumptions of heterogeneity were not met, the
Kruskall Wallis test (H) was used, followed by a pairwise comparisons test performed in the InfoStat
software, version 2008. When the data did not meet the H test assumptions, the Mann-Whitney U test
was used (P < 0.05). In addition, the biomass and seed dimensions were evaluated with the Pearson
correlation test; the germination parameters, the seedling emergence, and plant growth variables were
analyzed in the STATGRAPHICS Centurion XVI statistical software.

3. Results

3.1 Partial seed chemical composition

Among the evaluated soluble sugars, the EM seed sample contained twice (P < 0.05) as much glucose
compared to the SLP sample (Figure 3 A). In contrast, the differences in the concentration of fructose
and sucrose were not significant (P > 0.05) among samples (Figure 3 B-C). Both seed samples
contained similar concentrations of lipids, minerals, and phenolics. In contrast, the seeds of the SLP

samples were 13.65 % higher (P < 0.05) in protein content (Fig 4).
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3.2 Seeds biomass

The seed’s moisture content varied, from 5.28 to 6.06 %, between sampling sites and was not
significant (P > 0.05); the 100 seeds’ mean biomass, ranged between 1180 mg and 1200 mg (P < 0.05).
The seeds biomass from the EM sample ranged between 2.2 and 14.8 mg and in the SLP sample
between 3.3 and 16.7 mg. The seeds biomass distribution was asymmetric (left-skewed) in both
samples. The maximum frequency occurred in the same interval (12.00 to 13.00 mg per seed) in both

samples (Figure 5 A-B).

3.3 Seed width

The width of the assessed seeds heterogeneously varied among samples; values fluctuated between
2.76 and 7.87 mm in the EM sample and from 3.81 to 6.79 mm in the SLP sample. The seed width
frequency distribution in the EM sample was asymmetric with two maximums. The highest frequency
in the EM sample occurred in the 5.50-7.49 mm interval and included 89 % of the sample. In the
SLP sample, the seed width frequency distribution was left asymmetric, occurring between 3.81 and
6.79 mm. This sample included 46.6 % of the seeds in the 5.5 to 5.99 mm interval (Figure 5 C-D).

3.4 Seed thickness

The seeds” thickness in the EM sample ranged from 0.28 to 2.36 mm. The seed thickness frequency of
this sample showed a closely symmetric distribution. The distribution of this seed character in the EM
sample indicates the prevalence of seeds between 0.5- and 0.7-mm thicknesses. The seed thickness in
the SLP sample ranged from 0.32 to 1.26 mm. The distribution of the seed thickness of this sample

showed some flatness (platykurtic distribution) and was multimodal (Figure 5 E-F).

3.5 Seed length

Seed length among the EM sample varied between 5.26 and 10.22 mm. The seed length frequency

distribution was asymmetric (left-skewed) with three maximums. Most seeds (71.6 %) were in the
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length range between 7.52 and 9.45 mm. In contrast, the distribution frequency of the seed length in
the SLP sample ranged between 5.79 and 9.28 mm and was asymmetric (left-skewed). Most seeds
(51.27 %) of this sample were at the higher end of the range between 8.39 and 8.99 mm (Figure 5
G-H).

3.6 Seed germination

The seeds from both sites started germination around 60 h, and both samples reached their maximum
accumulated germination of 95-97 % within 160-168 h, with no significant difference among samples
(P > 0.05). As with the above, both seed samples reached a similar maximum seed rate germination of
33 seeds d-1, in around 90 h (Figure 6 A-B).

3.7 Seedling emergence

The maximum cumulative emergence among samples was not significantly different (P > 0.05). On
average, amounted to 90- 91 % and reached around day 30. Seedling emergence rate was no different

among samples, their maximum reached after 19 d (Figure 6 C-D).

3.8 Seedling quality

The Dickson and the slenderness indexes were evaluated on 20- and 23-day-old seedlings with lengths
between 10 and 120 mm. The difference between samples was that the 20-day-old seedlings had not
exposed their first nomophile. Regardless of the seedling length, the Dickson index ranged between
3.14 x 10-4 in shorter seedlings and 5.93 x 10-4 in seedlings around 50-60 mm in length. There were
no significant differences (P > 0.05) among samples and seedlings with and without exposed
nomophile. The slenderness index increased, from 1 to 8, linearly along the seedling length (10 to 125
mm) (Figure 6 E-F). This index positively correlated with the size of the seedlings (r = 0.9979 and
0.9989, P < 0.05).

3.9 Initial plant growth and development

Plant growth was evaluated during the first 125 days of development. During this time, the root
number and leaves per plant grew in an exponential manner (y = a(1-e™)) in plants of both seed
samples. Similarly, the root and some of the younger leaf’s growth in their length, stem diameter, and

base width also showed an exponential fit (y = a(1-e™)) increase in the plants of both samples. The
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EM sample plants showed similar height in some dates compared to those of the SLP sample; as in
64-72 and 96-120 days of age. However, when comparing the average height of both groups of plants,
the t-test showed that the EM sample plants were 26 % taller (P < 0.0001) than those from the SLP
seed sample (Figure 7 A-D; Figure 8 A-C).

The total accumulated biomass and dry biomass in the roots and shoots in the evaluated period
linearly increased (y = mx + b) in the plants of the seeds from both provenances. Also, the average
biomass accumulation, total and dry, of the plants from each region showed no significant differences
(P > 0.05), according to the t-test comparison between the plants of the seeds from both samples
(Figure 9 A-D).

4, Discussion

The evaluated seeds were collected in localities at different longitudes, latitudes, and altitudes; the
difference in the latter was more than 700 m (Figure 1 A). Localities also contrasted in their climate
(Figure 1 B-C). The highest monthly precipitation at the EM locality, from May to November, on
average almost double that of the SLP locality. The minimum temperatures (Tmin) in EM fluctuated
between -1.9 °C in January, the coldest month, and 7.4 °C in June and July; the mean maximum
temperatures (Tmax) fluctuated between 20.1 and 25 °C °C in January and April. In contrast, in the
SLP locality, Tmin fluctuated between 6.6 and 15.2 °C, in January and June, and Tmax ranged from
20.2 °C to 28.6 °C (Figure 1 B-C).

Seeds from both localities showed low fructose, intermediate glucose, and high sucrose
concentration. These differences amounted to three and about four times more glucose than the
fructose in the EM and SLP samples, respectively; Also, the sucrose concentration was 20 and 36 times
higher than that of fructose in each sample. In contrast to the monosaccharides, the difference between
sucrose concentrations was not significant between samples. According to the above, soluble sugars in
the EM sample were 27 % more abundant than in SLP seeds. Lipids and proteins were the most
abundant seed reserves in both samples, amounting on average around 20 % and up to 23 % of the dry
mass, respectively. However, the SLP sample was about 14 % richer in protein compared to that from
EM. In contrast, differences in minerals and phenolics concentrations were not significant between
samples. The chemical composition of the seeds of the Agave genus is poorly documented. In this
regard, Gutiérrez-Hernandez et al. (2020) quantified the partial seed chemical composition of A.
potatorum (“Tobala”) collected for three years from Oaxaca, Mexico. On average, Tobald seeds

contain 15.7 % lipids, 37.7 % protein, and 4.3 % minerals; only protein varied, from 36.4 to 38.3 %,
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between years. In this research, A. salmiana seeds were on average 30 % richer in lipids but had 73 %
less protein than those of A potatorum. Regardless of this, due to its seed composition, A. salmiana
corresponds to the oleoproteaginous seed type. Regarding their mineral content, these depend on
genotypic and phenotypic influences, including maternal and environmental effects (Fenner 1992).
However, the seeds of EM and SLP, such as those three collected samples of A. potatorum, from
Oaxaca (Gutiérrez-Hernandez et al. 2020), independently of the species or site of collection, all had
similar mineral content (4 %). Mineral content affects seeds germination and seedlings’ development,
and at the same time relates to the seed size and plant species; this is due to the role of Ca, Cu, Fe, Mg,
Mn, Mo, Ni, S, and Zn, as enzymatic cofactors, and others, such as B and Ca, in stabilizing cell walls
and cell elongation (Eggert & von Wirén 2013). The results indicated that the environment of
development influenced the seed’s sugars and protein content; those in cooler areas and greater
humidity availability (EM) accumulated a higher concentration of glucose and fructose, but less
protein seed food reserves compared to those developed in a warmer-dryer environment (SLP).

The intervals of the seed biomass, their dimensions, i.e., width, thickness, length, and the
distribution and maximum frequency of each of these seminal variables were different among seed
samples. The SLP sample was 5.3 % heavier than the EM one. Its lower C.V. indicated a greater
homogeneity (Table 1). The EM sample included a wider seed width interval and two maximums,
compared to the SLP sample; thus, the EM sample, had greater variability, almost 9 % wider compared
to the SLP one (Table 1). In contrast to the width, the SLP sample showed more than one maximum
seed thickness and, exhibiting less variability, was 8.5 % thicker than the EM sample. Still, seeds in the
last were 2.26 % larger than those of SLP; but, equally homogeneous (C.V. 10.9 and 8.3 %,
respectively) (Table 1). Also, the distribution of the seed length of the EM sample showed two maxima
and the highest proportion (72 %), between 7.5 and 9.5 mm in length. In contrast, the negative bias of
the frequency distribution of this seed character, in the SLP sample, indicated that seeds ranging
between 8 and 9 mm prevailed (62 %). These results indicate that A. salmiana plants growing in a drier
and hotter environment, such as San Luis Potosi, produce less wide, heavier, thicker, and shorter seeds
than those growing in a wet and cooler environment, as that in Atlacomulco, Estado de México.

The average seed biomass of both samples in this study is within the interval (9.31 to 12.41
mg) of other A. salmiana seeds collected in SLP by Huerta-Lovera et al. (2018) and (9.5-14.0 mg) by
Pefia-Valdivia et al. (2006); but, heavier (70 %) than those collected by Ramirez-Tobias et al. (2012)
also in SLP (7.17 mg). The average seed length of both assessed samples here coincides with the
intervals documented by Gentry (1982) in A. salmiana seeds, which was between 8 and 9 mm; also,

with that documented in seeds from the Mexico Valley (Rzedowski & Rzedowski 2005) and from the
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Tehuacan-Cuicatlan Valley (7.0-9.0 mm) (Garcia-Mendoza 2011). The main seed’s dimensions concur
with those of the seeds of the Xamini and Salmiana variant, of A. salmiana from Hidalgo, México,
ranging between 6.56 and 8.33 mm, 4.75 and 6.21 mm, and 0.69 and 0.75 mm in length, width, and
thickness (Gonzélez-Cruz et al. 2014). The seed dimensions also matched those of three variants of A.
salmiana collected in SLP by Vazquez et al. (2011) (seed width, length, and biomass between 7.1 and
8.4 mm, 5.4 and 6.5 mm, and 10.8 to 14.5 mg). Overall, all these results indicate that A. salmiana seed
shows low variability in the physical characteristics, regardless of the area of origin and therefore
growth environment.

Seed germination in both samples (without pre-germinative treatments, with no scarification
in 25 °C and darkness) was synchronous, following a logistic trend, with r2 of 0.9634 and 0.9355 (EM
and SLP samples, respectively). This model includes parameters to describe the germination onset and
maximum percentage of seed germination. Both samples started germination after 60 h, and reached an
average maximum germination of over 96 % in less than 170 h. Also, the seed germination rate
throughout the 170 h described a symmetric bell-shaped trend with a mean maximum of 35 seeds h*
after 90 h in both samples. Regarding the seed’s germination, Pefia-Valdivia et al. (2006) and
Ramirez-Tobias et al. (2012) determined, in a 7 to 40 °C interval, that the optimum temperature for A.
salmiana is around 25-26 °C. The maximum accumulated seed germination of the EM and SLP
samples is similar to that quantified by Ramirez-Tobias et al. (2012) and Pérez-Sanchez et al. (2011)
(96 and 98 %), from seeds collected in SLP and in the Southern Chihuahuan Desert, Mexico,
respectively. In contrast, the germination of the seeds of eight samples of A. salmiana, from four
locations, at altitudes between 1370 and 2030 m a.s.l., and diverse climates, from SLP varied between
44 and 95 % (Pefia-Valdivia et al. 2006). These authors demonstrated between 30 and 55 % of
dormancy in six of these samples, which increased their synchronous germination up to 98 + 2 % at 84
h with mechanical scarification; furthermore, they observed the inverse relation between dormancy and
seed storage time. The seed dormancy percentage in samples from EM and SLP in the present research
was lower than 1-3 %, including seeds not germinating because of a lack of embryonic axis; this result
is like that reported by Ramirez-Tobias et al. (2012) and Pérez-Sanchez et al. (2011).

The differences in the maximum cumulative emergence (90 and 91 %), and maximum
seedling emergence rates (0.4 seedling h-1 around 500 h) were not significant between EM and SLP
samples. Both took 3 days to start seedling emergence. Furthermore, the maximum accumulative
germination in the laboratory was not significantly different from that of seedlings emerging in a
greenhouse. In this regard, seed germination is frequently higher than seedling emergence, both in

greenhouse and field conditions. This difference depends on the seed vigor, or the embryo”s inability to
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generate vigorous seedlings that traverse the soil and emerge to the surface (Bewley 1997). Soluble
sugars as seed reserves, can support seed germination and good seedling development, as previously
reported in other Cactaceae seeds (Alencar et al. 2012). However, the sugar content differences in the
seeds among both samples did not affect any of these processes. Maximum seedling emergence in the
present study was higher than in other A. salmiana samples from San Luis Potosi by Sanchez-Urdaneta
et al. (2011) and Vazquez et al. (2011), which reached a maximum of 71 % seedling emergence. These
differences likely relate to seed reserves and the efficiency to translocate them to the growing seedling
(Werker 1997). In the present research, Dickson’s and slenderness index, or robustness coefficient,
showed no differences between both samples. The slenderness index linearly increased with the
seedling’s height; At the same time, regardless of the size of the seedlings, the Dickson and slenderness
indexes show that Agave seedlings of up to 100 mm length, with and without nomophile, had the
potential to withstand certain adverse environmental conditions. However, according to the Dickson
index, its quality was relatively low. The slenderness index relates to plant resistance and its potential
photosynthetic capacity. Values between 5 and 10 in this index indicate high plant quality and a good
balance between morphological and physiological characteristics (Rueda et al. 2012). The Dickson
index reported here indicates that the Agave seedlings have low quality because they are far from the
maximum value (one). Still, according to the slenderness index, they are resistant to wind, cold, and
drought, given they had greater than six values (Saenz et al. 2010). This information is useful to
partially explain the low sexual in situ A. salmiana reproduction and its common asexual propagation
via bulbils, shoots, and rhizomes (Pérez-Sanchez et al. 2015).

Plants from the seeds of both locations showed more similarities than differences during their
first 120 days of development. The number of roots per plant and their length, as well as the diameter
of their stems and number of leaves per plant, exponentially increased regardless of their locality of
origin. In contrast, the root and shoot biomass linearly increase and did not differ between samples. On
average, the shoot and root biomass per plant was 3.57 and 1.32 g, that is a shoot: root index of 1:3. All
these increases contrasted with the relative stability of plant height, leaf length, and basal leaf width in
plants of seeds of both samples.

Seeds from both maternal environments had high germinability and similar initial plant
growth in the absence of stressful conditions. However, it is documented that the maternal environment
interacts with the growing temperature during initial plant growth in A. salmiana. As a result of the
interaction, young plants accumulate different amounts of biomass,-soluble sugars, total free amino
acids, total phenols, and in maximum quantum efficiency of PSII photochemistry (Jimenez-Torres et

al., 2021). Similarly, Petunia x hybrida seeds from contrasting maternal environments had high and
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similar germinability and seedling vigor with no stress treatment but exhibited significant differences
in their response to stressful conditions (Nguyen et al. 2021); the authors, concluded that the epigenetic
mechanisms are involved in this response.

In conclusion, chemical composition and physical quality, in contrast to the physiological

quality of A. salmiana seeds depends on the maternal environment.

References

Aguilar B, Enriquez J, Rodriguez-Ortiz G, Granados D, Martinez B (2014) El estado actual de Agave

salmiana y A. mapisaga del Valle de México. Rev Mex Agroecosistemas 1:106-120

Alencar NLM, Innecco R, Gomes-Filho E, Galldo MI, Alvarez-Pizarro JC, Prisco JT, Oliveira AB
(2012) Seed reserve composition and mobilization during germination and early seedling
establishment of Cereus jamacaru D.C. ssp. jamacaru (Cactaceae). Anais Acad Brasil Ci 84(3):
823-832

Anonymous. 1988. El maguey: arbol de las maravillas. Museo Nacional de Culturas Populares.
México, DF. 178 p.

AOAC (2005) Official Methods of Analysis. 18 a ed. Association of Official Analytical Chemists.
Gaithersburgh, MD, USA.

APG 11l (2009) An update of the Angiosperm Phylogeny Group classification for the orders and
families of flowering plants: APG Ill. Bot J Linn Soc 161:105-121

Arizaga S, Ezcurra E (2002) Propagation mechanisms in Agave macrocantha (Agavaceae), a tropical
arid-land succulent rosette. Am J Bot 89:632-641

Baskin CC, Baskin JM (1988) Germination ecophysiology of herbaceous plant species in a temperate
region. Am J Bot 75:286-305

Bernal L, Coello P, Martinez-Barajas E. 2005. Possible role played by R1 protein in starch
accumulation in bean (Phaseolus vulgaris) seedlings under phosphate deficiency. J Plant Physiol
162:970-976

14 office@multidisciplinarywulfenia.org



WULFLENIA

JOURNAL T 1 ooy Vol 30, No. 7;Jul 2023

KLAGENFURT, AUSTRIA

Bewley JD (1997) Seed germination and dormancy. Plant Cell 9:1055-1066

Campos H, Trejo C, Pefia-Valdivia CB, Garcia-Nava R, Conde-Martinez FV, Cruz-Ortega R (2020)
Water availability effects on germination, membrane stability and initial root growth of Agave

lechuguilla and A. salmiana. Flora 268:1-7

Chase MW, Reveal JL, Fay MF (2009) A subfamilial classification for the expanded asparagalean

families Amaryllidaceae, Asparagaceae and Xanthorrhoeaceae. Bot J Linn Soc 161:132-136

CONAGUA (2020) Normal weather information 1981-2010 of Hidalgo state climatic stations.
Information retrieved online from:

https://smn.conagua.gob.mx/es/informacion-climatologica-por-estado?estado=hgo.

Donohue K (2009) Completing the cycle: maternal effects as the missing link in plant life histories.
Phil Trans R Soc B 364:1059-1074

Eggert K, von Wirén N (2013) Dynamics and partitioning of the ionome in seeds and germinating

seedlings of winter oilseed rape. Metallomics 5: 1316-1325

Eguiarte LE, Souza V, Silva-Montellano A (2000) Evolucion de la familia Agavaceae: filogenia,

biologia reproductiva y genética de poblaciones. Bol Soc Bot Méx 66:131-150

Elizalde V, Garcia JR, Pefia-Valdivia CB, Ybarra Ma. C, Leyva OR, Trejo C (2017) Viabilidad y

germinacion de semillas de Hechtia perotensis (Bromeliaceae). Rev Biol Trop 65:153-165.
Fenner M (1992) Environmental influences on seed size and composition. Hortic Rev 13:183-213.

Freeman CE (1975) Germination responses of a New Mexico population of parry agave (Agave parryi

Engelm. var. parryi) to constant temperature, water stress, and pH. Southwest Nat 20:69-74.

Freeman CE, Tiffany RS, Reid WH (1977) Germination responses of Agave lecheguilla, A. parryi, and
Fouquieria splendens. Southwest Nat 22:195-204.

Garcia E (1987) Modificaciones al sistema de clasificacion climéatica de Koppen (para adaptarlo a las
condiciones de la Republica Mexicana). 42 ed. UNAM. México. pp. 130, 169.

Garcia-Mendoza AJ (2011) Flora del Valle de Tehuacan-Cuicatlan. Fasciculo 88. Agavaceae. Instituto

15 office@multidisciplinarywulfenia.org



WULFLENIA

JOURNAL momm———— i
hl acenruRT, aUsTrs | I 195X:1561-852X Vol 30, No. 7;Jul 2023

de Biologia. Universidad Nacional Auténoma de México. México. 95 p.

Garcia-Mendoza AJ, Chavez-Rendén C (2013) Agave kavandivi (Agavaceae: group Striatae), una

especie nueva de Oaxaca, México. Rev Mex Biodivers 84:1070-1076

Gentry HS (1982) Agaves of continental North America. The University of Arizona Press. U.S.A. 605
p.

Gbmez-Aiza L, Zuria | (2010) Aves visitantes a las flores del maguey (Agave salmiana) en una zona

urbana del centro de México. Ornitol Neotrop 21:17-30

Gonzalez-Cruz L, Teniente-Martinez G, Montafiez-Soto JL, Vivar-Vera MA, Filardo-Kerstupp S,
Bernardino-Nicanor A (2014) Agave seeds: physical and chemical characterization and identification

of storage proteins. Res J Chem Environ Sci 2:28-35

Gutiérrez-Herndndez G F, Ortiz-Hernandez YD, Corzo-Rios LJ, Aquino-Bolafios T (2020)
Composicién quimica y germinacion de semillas de Tobald (Agave potatorum). Interciencia
45(5):223-228

Huerta-Lovera M, Pefia-Valdivia CB, Garcia-Esteva A, Kohashi-Shibata J, Campos-Garcia H,
Aguirre-Rivera JR (2018) Maguey (Agave salmiana) infructescence morphology and its relationship to

yield components. Genet Resour Crop Ev 65:1649-1661

INEGI (Instituto Nacional de Estadistica y Geografia). 2009a. Prontuario de informacidn geogréafica
municipal de los Estados Unidos Mexicanos. Atlacomulco. México.

http://www3.inegi.org.mx/sistemas/mexicocifras/datos-geograficos/15/15014.pdf

INEGI (Instituto Nacional de Estadistica y Geografia). 2009b. Prontuario de informacién geogréfica
municipal de los Estados Unidos Mexicanos. San Luis Potosi, San Luis Potosi.

http://wwwa3.inegi.org.mx/sistemas/mexicocifras/datos-geograficos/24/24028.pdf

ISTA (2016) Reglas internacionales para el analisis de las semillas 2016. International Seed Testing
Association. Zirichstr. Suiza.
http://sgci.dyndns.org/view/ArguivosDambo/ISTA Rules 2016 Spanish.pdf

Jiménez-Aguilar A & Flores J (2010) Effect of light on seed germination of succulent species from the

16 office@multidisciplinarywulfenia.org



WULFLENIA

JOURNAL T 1 ooy Vol 30, No. 7;Jul 2023

KLAGENFURT, AUSTRIA

southern Chihuahuan Desert: comparing germinability and relative light germination. J Prof Assoc
Cactus Dev 12: 12-19

Jimenez-Torres JA, Pefia-Valdivia CB, Padilla-Chacén D, Garcia-Nava R (2021) Physiological and
biochemical responses of Agave to temperature and climate of their native environment. FLORA
278:1-10

Magalhdes LM, Santos F, Segundo MA, Reis S, Lima JLFC (2010) Rapid microplate high-throughput

methodology for assessment of Folin-Ciocalteu reducing capacity. Talanta 83:441-447

Maguire JD (1962) Speed of germination aid in selection and evaluation for seedling emergence and
vigor. Crop Sci 2:176-177

Maiti RK, Wesche—Ebeling P, Sanchez—Arreola E, Ramirez—Bravo OE (2005) Effect of different lights

on germination and seedling growth of Agave species. Crop Research 30:90-95

Mora-Ldpez JL, Reyes-Agliero JA, Flores-Flores JL, Pefia-Valdivia CB, Aguirre-Rivera JR (2011)
Variacion morfoldgica y humanizacion de la seccion Salmianae del género Agave. Agrociencia
45:465-477

Nguyen CD, Chen J, Clark D, Perez H, Huo H (2021) Effects of maternal environment on seed
germination and seedling vigor of Petunia x hybrida under different abiotic stresses. Plants 10:
581.https://doi.org/10.3390/plants10030581

Nobel PS (1988) Environmental biology of agaves and cacti. Cambridge University Press. Cambridge,
NY. EU. 288 p.

Pefia-Valdivia CB, Sanchez-Urdaneta AB, Aguirre RJR., Trejo C, Céardenas E, Villegas A (2006)
Temperature and mechanical scarification on seed germination of “maguey” (Agave salmiana Otto ex

Salm-Dyck). Seed Sci Technol 34:47-56

Pefia-Valdivia CB, Aguirre-Rivera JR, Arroyo-Pefia VB (2013) El frijol: Sindrome de domesticacion.
Editorial del Colegio de Postgraduados. México. 198 p.

Pérez-Sanchez RM, Jurado E, Chapa-Vargas L, Flores J (2011) Seed germination of Southern

Chihuahuan Desert plants in response to elevated temperatures. J Arid Environ 75:978-980

17 office@multidisciplinarywulfenia.org



WULFLENIA

JOURNAL momm———— i
hl acenruRT, aUsTrs | I 195X:1561-852X Vol 30, No. 7;Jul 2023

Pérez-Sanchez RM, Flores J, Jurado E, Gonzélez-Salvatierra C (2015) Growth and ecophysiology of
succulent seedlings under the protection of nurse plants in the Southern Chihuahuan Desert. Ecosphere
6(3):36. http://dx.doi.org/10.1890/ES14-00408.1

Piven NM, Barredo-Pool FA, Borges-Argaez IC, Herrera-Alamillo MA, Mayo-Mosqueda A,
Herrera-Herrera JL, Robert ML (2001) Reproductive biology of henequen (Agave fourcroydes) and its
wild ancestor Agave angustifolia (Agavaceae). I. Gametophyte development. Am J Bot 88:1966-1976

Pritchard HW, Miller AP (1995) The effect of constant temperatures, light and seed quality on the

germination characteristics of Agave americana. Bol Soc Bot México 57:11-14

Ramirez-Tobias HM, Pefia-Valdivia CB, Aguirre RJR, Reyes-Agiero JA, Sanchéz-Urdaneta AB, Valle
S (2012) Seed germination temperatures of eight Mexican Agave species with economic importance.
Plant Species Biol 27:124-137

Reyes-Aglero JA, Pefia-Valdivia CB, Aguirre-Rivera JR, Mora-Lépez JL (2019) Infraspecific
variation of Agave mapisaga Trel. and A. salmiana Otto ex Salm-Dyck. (Asparagaceae) related to

ancestral usages at the HAahfiu region in central MEXICO. Agrociencia 53:563-579

Rueda SA, Benavides SJD, Prieto-Ruiz JA, Sadenz RJT, Orozco-Gutiérrez G, Molina CA (2012)

Calidad de planta producida en los viveros forestales de Jalisco. Rev Mex Cienc Forestales 3:9-82

Rzedowski GC, Rzedowski J (2005) Flora fanerogamica del Valle de México. 2% ed. Instituto de
Ecologia, A. C. y Comision Nacional para el Conocimiento y Uso de la Biodiversidad, Patzcuaro
(Michoacéan), México. pp 1243-1246

Séenz JT, Villasefior FJ, Mufioz HJ, Rueda A, Prieto JA (2010) Calidad de planta en viveros forestales
de clima templado en Michoacan. Folleto Técnico NUm. 17. SAGARPA-INIFAP-CIRPAC-Campo

Experimental Uruapan. Uruapan, Michoacan, México. 48 p

Sanchez-Urdaneta AB, Ortega I, Cano A, Gonzélez A, Pefia-Valdivia CB, Rivero G, Sthormes G,
Pacheco D (2011) Effect of seed scarification and substrate on growth of Agave salmiana seedlings.
Rev Fac Agron (LUZ) 28 Supl 1:40-50

Véazquez DE, Garcia NJR, Pena-Valdivia CB, Ramirez THM, Morales RV (2011) Tamafio de la

semilla, emergencia y desarrollo de la plantula de maguey (Agave salmiana Otto ex Salm-Dyck). Rev

18 office@multidisciplinarywulfenia.org



WULFENIA

OURNAL s .
F\Il AGENFURT, AUSTRIA O I 155151552 Vol 30, No. 7;Jul 2023

Fitotec Mex 34:167-173

Viola R, Davies HV (1992) A microplate reader assay for rapid enzymatic quantification of sugars in

potato tubers. Potato Res 35:55-58.

Werker E (1997) Seed anatomy. Berlin, Stuttgart: Gebruder Borntraeger, 1997. 424 p.

19 office@multidisciplinarywulfenia.org



WULFLENIA

JOURNAL

m scenrurr, avstris | 155N:1561-552%

Vol 30, No. 7;Jul 2023

Table 1 Biomass, width, length, and average thickness of Agave salmiana Otto ex Salm-Dyck seed

plants from Cerro Tepari, Atlacomulco, Estado de México and San Luis Potosi, México.

Characteristic

Estado de México

20

Biomass (mg) Width (mm) Thickness (mm) Length (mm)
Mean 0.0113 a 6.1419b 0.6313a 8.4281 D
Minimum 0.0022 2.7633 0.2800 5.2567
Maximum 0.0148 7.8667 2.3567 10.2233
Standard error 0.00014 0.0547 0.0122 0.0593
C.V. (%) 19.1071 13.7938 29.8907 10.8981

San Luis Potosi

Biomass (mg) Width (mm) Thickness (mm) Length (mm)
Mean 0.0119 b 5.6434 a 0.6849 b 8.2422 a
Minimum 0.0033 3.8067 0.3173 5.7933
Maximum 0.0167 6.7867 1.2567 9.2833
Standard error 0.0001 0.0368 0.0109 0.0446
C.V. (%) 15.5000 9.9621 24.2371 8.2575
n =250
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Figure 1. Localities sampled for Agave salmiana Otto ex Salm-Dyck of the seeds in Mexico and
climographs based on average precipitation (bars), and average minimum (black circles), medium
(green circles), and maximum (red circles) temperature at Cerro Tepari, Atlacomulco, Estado de
Meéxico(B), and San Luis Potosi, Mexico (C); each bar and circle represent the mean monthly (1:
January ... 12: December) data over a three-decade period from 1981 to 2010 (CONAGUA,
2020).
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Figure 2. Mature capsules on the lateral branches or umbels in the upper third of the 5-6 m long
reproductive stalk of Agave salmiana Otto ex Salm-Dyck (A). Normal (black color) and sterile

(light color) seeds and their arrangement inside a capsule of A. salmiana (B).
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Figure 3. Glucose (A), fructose (B), and sucrose (C) concentration in seed of Agave salmiana Otto ex

Salm-Dyck from Estado de México (blue bars) and San Luis Potosi (red bars), Mexico (n = 10).

23 office@multidisciplinarywulfenia.org



WULFENIA

h]I(\()I[\Il]R{I\\;H\I{E\‘ O O 155561562 Vol 30, No. 7;Jul 2023
25 25
(A (B)

Lipids (mg/100 mg)
Total protein (mg/100 mg)

(© (D)

800 -

400 -

Ashes (mg/100 mg)
N w EEN
-
Phenolics (nMols/100 mg)

200
Xe) ‘%\ XS ‘:9\
¥ N ® P
® N ® S
Sample Sample

Figure 4. Lipids (A), total protein (B), ashes (C), and total phenolics concentration in seed of Agave
salmiana Otto ex Salm-Dyck from Estado de México (blue bars) and San Luis Potosi (red bars),

Mexico (n = 10).
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Figure 5. Frequency distribution of seed biomass (A, B), seed width (C, D), seed thickness (E, F), and
seed length (G, H) of Agave salmiana Otto ex Salm-Dyck from Estado de México (blue bars) and
San Luis Potosi (red bars), Mexico (n = 250).
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Figure 6. Cumulative seed germination + s.e. (A), seed germination rate + s.e. (B) (at 25 °C in
darkness), cumulative seedling emergence + s.e. (C), cumulative seedling emergence rate +
s.e. (D) in greenhouse conditions, Dickson's index + s.e. (E) and slenderness index + s.e. (F)
of seedlings of Agave salmiana Otto ex Salm-Dyck seeds (n = 30). Seeds were collected from
plants at the Estado de México (blue circles), and from San Luis Potosi (red triangles),

Mexico.
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Figure 7. Increase of root number per plant + s.e. (A), maximum root length + s.e. (B), stem diameter +
s.e. (C), and plant height + s.e. (D) of plants from seeds of Agave salmiana Otto ex Salm-Dyck (n

=5) collected at Estado de Mexico (blue circles), and San Luis Potosi (red triangles), Mexico.
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Figure 8. Increase of leaves per plant £ s.e. (A), leaves length £ s.e. (B), and leaves base width * s.e.
(C) of plants of seeds of Agave salmiana Otto ex Salm-Dyck (n = 5) collected at Estado de
Mexico (blue circles), and San Luis Potosi (red triangles), Mexico. Large, medium and small
symbols size in (B) and (C) correspond to the basal, central and upper leaves, respectively, on

the rosette.
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Figure 9. Increase of root fresh (A) and dry biomass + s.e. (B), and shoot fresh (C) and dry biomass +
s.e. (D) per plant of seeds of Agave salmiana Otto ex Salm-Dyck (n = 5) collected at Estado

de Mexico (blue circles), and San Luis Potosi (red triangles), Mexico.
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