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Abstract

Background: The genus Agave stands out for its remarkable adaptations that benefit nectarivores and pollinivores that play crucial roles in
ecosystems. The reproductive patterns and their relationship with floral visitors are unknown to many species.

Questions: What is the phenology, reproductive system, nectar production and pollinators of 4. obscura? What is the genetic diversity, popula-
tion structure, and genetic neighborhood size in the study population of 4. obscura?

Studied species: Agave obscura Schiede.

Study site and dates: Toxtlacoaya, Las Vigas de Ramirez, Veracruz, Mexico in May -June 2018.

Methods: Floral and nectar traits were analyzed. We recorded floral visitors and performed controlled crosses to evaluate the reproductive sys-
tem and the role of floral visitors. We estimated the genetic structure and the genetic neighborhood size with ISSRs.

Results: A. obscura is a protandrous species. Floral traits suggest adaptation to nocturnal pollinators. The population shows high genetic diver-
sity, low structure, high gene flow and a neighborhood size consistent with herbaceous plants. Although it is generalist, its pollination system
shows nectarivorous bat-specialization trends. Hummingbirds, bees, bumblebees, and nocturnal moths act as secondary pollinators or nectar
and pollen robbers.

Conclusions: The genetic data indicates high and widespread effective pollinator activity, while the neighborhood size is influenced by pollen
and seed dispersal, the density of reproductive plants, and the pollinators behavior.

Keywords: Asparagaceae, effective population size, genetic variation, nectar-feeding bats, reproductive systems.

Resumen

Antecedentes: El género Agave destaca por sus notables adaptaciones que benefician a nectarivoros y polinivoros que juegan roles cruciales en
los ecosistemas. Los patrones reproductivos y su relacion con visitantes florales son desconocidos en muchas especies.

Preguntas: ;Cual es la fenologia, los sistemas reproductivos, la produccion de néctar y los polinizadores de 4. obscura? {Como es la diversidad
genética, estructura poblacional y el tamafo del vecindario genético en el sitio de estudio de 4. obscura?

Especie de estudio: Agave obscura Schiede.

Sitio y aiios de estudio: Toxtlacoaya, Las Vigas de Ramirez, Veracruz, México, en mayo-junio 2018.

Métodos: Se analizaron los rasgos florales y del néctar. Se registraron los visitantes florales, se realizaron cruzas controladas para evaluar el
sistema reproductivo y el rol de los visitantes florales y se estimo la estructura genética y el tamaiio del vecindario genético con ISSRs.
Resultados: A. obscura es una especie protandrica. Los rasgos florales sugieren adaptacion a los polinizadores nocturnos. La poblacion muestra
altos niveles de diversidad genética, baja estructura, alto flujo genético y un tamaio del vecindario consistente con plantas herbaceas. Aunque
es generalista, su sistema de polinizacidon muestra una tendencia a la especializacion a murciélagos nectarivoros. Colibries, abejas, abejorros y
polillas nocturnas actian como polinizadores secundarios o robadores de néctar o polen.

Conclusiones: Los datos genéticos indican una alta y ampliamente efectiva actividad de los polinizadores, mientras que el tamafio del vecindario
es influenciado por la dispersion de polen y semillas, la densidad de plantas reproductivas y el comportamiento de los polinizadores.

Palabras clave: Asparagaceae, murciélagos nectarivoros, sistemas reproductivos, tamafio efectivo de la poblacion, variacion genética.
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he genus Agave is part of the Asparagaceae family and includes plants native mainly to the arid regions

of the Americas, with a total of 210 species distributed from the southern United States to Colombia and

Venezuela, also present in the Caribbean. However, Mexico is the country with the greatest diversity, with

159 species (75 % of the total), of which 61 % are endemic (129 species), which is why it is considered the
center of diversity of the Agave genus (Garcia-Mendoza 2007, 2011, Garcia-Herrera et al. 2010, Garcia-Mendoza et
al. 2019). Their natural distribution is related to temperature and precipitation (Eguiarte ez al. 2021). Some agaves are
well known for providing the raw material to produce of alcoholic beverages and as ornamental plants. Agaves and
nectar-eating bats interact forming a complex diffuse coevolutionary mosaic (Eguiarte et al. 2021). Therefore, to better
understand this relationship, it is essential to conduct studies on the reproductive ecology and pollination of various
agave species.

Pollination involves the transfer of pollen from the anthers to the stigma of the same or different flowers by biotic
or abiotic factors (Kevan et al. 2013, Sihag 2018, Fattorini & Glover 2020). Pollination biology studies, the repro-
ductive systems of plants, genetic transmission, and their variation in populations (Brown 1990, Kearns & Inouye
1993, Kevan et al. 2013, Sihag 2018), so, the knowledge of reproductive systems is important for managing forests,
crops, and for developing optimal conservation strategies (Brown ef al. 1985). Pollination, pollen, and seed dispersal
studies provide important information on gene flow in populations and for estimating neighborhood size (Handel
1983, Slatkin 1985, Ellstrand 1992, Richards 2000, Ghazoul 2005, Ahee et al. 2015).

Effective population size (Ne) is a measure of the size of a closed panmitic population that experiences the same
amount of genetic drift as the actual population of interest (Wright 1931). However, in many natural populations with
a wide and apparently continuous distribution, mating probabilities depend on the distance between them (isolation
by distance; Wright 1943), or on the resistance of the landscape to gene flow (isolation by resistance; McRae 2006),
making it difficult to set population boundaries. These populations are internally organized into local neighborhoods
of overlapping breeding individuals. To quantify Ne in isolated populations by distance, it has been proposed the
concept of genetic neighborhood size (Shirk & Cushman 2014). Genetic neighborhood size is the area of a popula-
tion where free and random mating between individuals occurs, related to the concept of “isolation by distance”,
which refers to gene flow limited to small areas, leading to local genetic differentiation, where individuals, separated
by different neighborhoods, are genetically less similar compared to those within the same neighborhood (Wright
1943). Thus, the spatial dimension of the neighborhood in plants is influenced by pollen and seed dispersal distances,
pollinator movements, pollen transfer between individuals, and different foraging behaviors when different classes of
pollinators visit the flowers (Crawford 1984, Young 1988, Kearns & Inouye 1993, Parra et al. 1993, Ghazoul 2005).

Inter-Simple Sequence Repeats (ISSRs) are molecular markers whose allelic variation is based on the presence
or absence of amplified products and highly polymorphic (Pradeep et al. 2002, Rentaria 2007). Because it is a PCR-
based marker system, the assessment of genetic diversity using ISSRs is in widespread use (Schmidt et al. 2025).
ISSRs are also used in the identification of germplasm resources, identity of varieties/hybrids, relationships analysis,
genome mapping, gene tagging and phylogenetic reconstruction (Pradeep et al. 2002, Zhao et al. 2024). ISSR is a
simple and quick method that combines most of the advantages of SSR, AFLP, and RAPD markers (Pradeep et al.
2002), including their ease of use, low cost, and being methodologically less demanding than the others molecular
markers and transferable among species (Ng & Tan 2015). Therefore, ISSR markers have been effectively used in
studies of genetic diversity in natural populations (Hernandez-Leal et al. 2024, Zhao et al. 2024, Schmidt et al. 2025).

Agave obscura Schiede (subgenus Littaea, Tagl; group Polycephala), an endemic species to Mexico, has small
to medium-sized rosettes, and over the years form groups of numerous rosettes. A. obscura is not listed in any risk
category of the NOM-059-SEMARNAT-2010 (SEMARNAT 2010), and no prior studies have been conducted on
this species, highlighting the relevance of this work. There are reports on 4. obscura uses for leaf fiber extraction and
as a food source (Garcia-Mendoza & Franco-Martinez 2018). In the study area, local people in the past consumed
the flowers as food, preparing traditional dishes with eggs. More recently, juvenile rosettes of A. obscura have been
observed being sold in local markets of the region during the Christmas season as ornamental decorations. Despite
the ecological and economic importance of the genus Agave, fundamental aspects of reproductive biology and popu-
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lation genetics of many species remain unexplored. 4. obscura is an example; actually, its pollination syndrome,
breeding system, and genetic structure is unknown. Research on the reproductive ecology and pollination of diverse
agave populations and species continues to be critically important and necessary (Eguiarte et al. 2021). Reproductive
traits shape the genetic patterns of the population and the pollinator behavior and seed dispersal determine the spatial
scale of mating, which is quantified by Wright’s neighborhood size (Kearns & Inouye 1993). Integrating pollination
biology with population genetics provides a powerful framework for unravel the links between ecological processes
and genetic consequences, allowing predict how reproductive strategy affects the genetic diversity. We evaluated
the pollination biology and genetic neighborhood size of 4. obscura with the following objectives: 1) to analyze the
phenology and floral morphology of A. obscura; 2) to evaluate the production and sugar concentration of nectar; 3)
to evaluate the effectiveness of its reproductive system; 4) to evaluate the effectiveness, frequency and composition
of diurnal and nocturnal floral visitors; and 5) to evaluate the genetic structure, the size of the genetic neighborhood
and the effective size of the neighborhood using IRRSs.

Materials and methods

Study area. The study was conducted during May -June 2018, in Toxtlacoaya, Veracruz, Mexico (19° 31° - 19° 41’
N; 96° 39° - 97° 05° W; 2,426 m asl), where wild populations of 4. obscura occur (Figure 1). The site features a
temperate humid climate (mean annual temperature: 12.6 °C; average annual precipitation: 1,124.7 mm, CONA-
GUA 2020). Vegetation consists of pine-oak forest (Pinus-Quercus) dominated by Pinus ayacahuite C. Ehrenb. ex
Schitdl., P. leiophylla ex Schiede ex Schltdl. & Cham., P. teocote Schltdl. & Cham., P. patula Schitdl. & Cham.,
Quercus crassifolia Bonpl., Q. laurina Bonpl., Buddleja cordata Kunth, and Hesperocyparis benthamii (Endl.) Bar-
tel (Chazaro 1992). Soil is derived from < 5,000-years-old lava flow (“malpais”) originating from El Volcancillo
volcanic cone (Geissert 1994).
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Figure 1. Study site in the municipality of Vigas de Ramirez, Veracruz, México.
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Study species. Agave obscura Schiede (Asparagaceae: Agavoideae), a member of the Polycephala group (subgenus
Littaea) is a medium -sized (40-60 cm tall), clustering or solitary agave endemic to Mexico’s high-rainfall regions,
including tropical deciduous forest, tropical savannas, and cloud forest in Tamaulipas, San Luis Potosi, Veracruz,
Puebla, and Oaxaca (Chazaro 1981, Gentry 1982, Espejo-Serna 2012). Its rosettes comprise 35-65 lanceolate-acu-
minate leaves (green-yellow, transiently glaucous) with straight margins and small reddish-brown spines. The 2-3 m
floral escape has a spike inflorescence bears dense, reddish, protandrous flowers (to 51 mm) in sequential anthesis.
Fruits are dehiscent capsules containing numerous wind-dispersed seeds (fertile black and infertile white) with high
germination rates (Chazaro 1981, Gentry 1982, Cuéllar-Martinez et al. 2024).

Phenology and floral morphology. To evaluate floral longevity and morphology, and to capture intrapopulation mor-
phology variation with statistical robustness, we monitored 20 randomly selected A. obscura plants, marking five
flower buds per plant (100 buds total) until senescence. Daily measurements of floral structures (ovary length and
diameter, corolla length and diameter, length of the stamens and pistil, and total flower length) were recorded during
anthesis using vernier caliper. We documented anther dehiscence and assessed stigma receptivity through both visual
confirmation of sticky exudate (Slauson 2000, Molina-Freaner & Eguiarte 2003, Rocha ef al. 2005) and 6 % hydro-
gen peroxide application on the stigma, where bubbles formation indicated active receptive (Dafni & Maués 1998).
Observations continued until complete floral senescence.

Nectar production. To quantify nectar production and concentration, we randomly selected five plants with five
flowers each (25 flowers total). Flowers were bagged with mesh fabric to exclude floral visitors. Nectar volume was
measured every three hours using 75 ul capillary tubes (Corning®), while sugar concentration was determined with
a portable refractometer 30PX (Mettler Toledo portableLab™, Columbus, Ohio). To estimate daily nectar produc-
tion, an additional 25 flowers (five plants x five flowers) were randomly selected, bagged and monitored throughout
anthesis. Volume of nectar and sugar concentration were recorded every 24 hr (Rocha et al. 2005).

Reproductive system experiments. To evaluate the reproductive system of 4. obscura, ten plants were randomly
selected, with five flowers per plant assigned to each of four treatments (50 flowers per treatment). Flowers were cho-
sen from the mid-region of the inflorescence at the onset of anthesis. Treatments included: Manual cross-pollination:
daily hand-pollination at 19:00 hr. using pollen from other individuals until styles withering. Self-pollination: Daily
hand-pollinated at 19:00 hr. with pollen from the same inflorescence. Apomixis: flowers were emasculated (anthers
removed) to prevent pollen deposition, testing for asexual reproduction (Arizaga et al. 2000a). Control: flowers were
exposed to both diurnal and nocturnal floral visitors. All treated flowers were bagged with nylon mesh to exclude
visitors before and after manipulations. Pollinations were performed during stigma receptivity, that is, when they
clearly presented the sticky exudate.

Pollinator experiments. To evaluate the contribution of diurnal and nocturnal pollinators in 4. obscura reproduction,
ten plants were randomly selected, with five flowers per plant assigned to each of four treatments (50 flowers per
treatment). Flowers were chosen from the lower/middle inflorescence sections: Diurnal pollination: Flowers bagged
nightly (19:00-06:30 hr.) to exclude nocturnal visitors. Nocturnal pollination: Flowers bagged daily (06:30-19:00
hr.) to exclude diurnal visitors. Pollinator exclusion: flowers remained bagged throughout the flowering period to
prevent all pollinator access. Control: flowers were marked but left unbagged, freely accessible to all pollinators.

Upon maturation before dehiscence, fruits from these treatments were collected. We quantified the fruit set and
mean of fertile and infertile seed set (Slauson 2000).

Floral visitors. The floral visitation rate was quantified by video-recording four mid-flowering inflorescences for five

consecutive days (06:00-08:00 hr and 20:00-22:00 hr), using an infrared-equipped digital camera (Sony DCR-SR65,
Sony Corporation, Tokyo, Japan) mounted on a tripod 1 m away. A visitation event was defined as physical contact
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with the inflorescence. Pollinators were identified using four mist nets (3 x 9 m) deployed near inflorescences for
six days (06:00-10:00 hr and 19:00-24:00 hr) with checks every 30 minutes. Birds and bats were identified using
field guides (Medellin et al. 2008, Arizmendi & Berlanga 2014). Pollen was collected from captured specimens with
a paintbrush, preserved in 70 % ethanol within Eppendorf tubes, and later prepared for microscopic observations.
Pollen grains were compared to Agave obscura reference samples under an optical microscope (Iroscope MOD. MG-
11TF). Specimens were released after sampling at the capture site.

DNA extraction and ISSR analysis. Leaf tissue was collected from 40 A. obscura individuals (minimum 10 m spac-
ing) and stored at -4 °C. DNA extraction was performed using Doyle & Doyle (1987) miniprep protocol modified
by Vazquez Lobo (1996), with quality assessed via agarose gel electrophoresis and an Invitrogen™ Qubit® 3.0
fluorometer (ThermoFisher Scientific, Waltham, Massachusetts). Two high polymorphism ISSR primers (Scheinvar
Gottdiener 2008) were used: 841 (GA) 8 YC and 846 (CA)8 RT. Polymerase chain reaction (PCR) amplifications
was conducted under the following conditions: initial denaturation of 94 °C for 4 min. 35 cycles at 94 °C for 30 s
(denaturation); 51 °C for 50 s (annealing) for primers 846, 811, and 841 (primer 857 was annealed at 53 °C ); 72 °C
for 2 min (extension) with a final extension of 72 °C for 5 min. The final concentrations of the PCR reagents were:
1X Buffer, 1.5 mM MgCl, for primers 811 and 857 (2 mM for 841 and 846), 0.2 mM dNTPs, 0.5 mM primer, 1U Taq
Polymerase and 20 ng/ml of DNA. PCR products were electrophoresed in GelRed®-stained agarose gel using TAE
buffer, visualized and photographed with a UVP Transilluminator UVP MultiDoc-It Imaging System (analytikjena,
Jena, Germany), and read to align gel lanes and manually assign loci using ImageJ (Wayne Rasband National Insti-
tutes of Health, USA) to generate a binary presence/absence matrix (0 = band absent, 1 = band present) for analysis.

Data Analysis. The fruit and seed set percentages were analyzed using non-parametric test (Kruskal-Wallis test fol-
lowed by Wilcoxon-Mann-Whitney post hoc test) due to non-normality of the transformed data. These tests evaluated
the effects of pollination treatments on fruits and seeds set, as well as the influence of floral visitation rates (Hyme-
noptera, moths, hummingbirds and nectar-feeding bats). Nectar volume and sugar concentrations differences were
assessed using Wilcoxon-Mann-Whitney test. All analyses were performed in R (R Core Team 2022).

Genetic structure was inferred using Bayesian clustering analysis in STRUCTURE v. 2.3.4 (Pritchard et al. 2000).
We tested K = 1-5 populations with a burn-in of 10,000 generations and 10,000 Markov Chain Monte Carlo (MCMC)
iterations and 20 runs for each data point. The optimal K was determined using AK method (Evanno et al. 2005) via
STRUCTURE Harvester, which identified the most probable number of genetic clusters (Earl & von Holdt 2012).
Genetic diversity parameters were estimated, including: Observed heterozygosity (H)), genetic diversity within pop-
ulation (H ), general genetic diversity (H), genetic diversity between samples (D), corrected D (Dstp), and a mea-
sure of population differentiation (D, ), whose values range from 0 to 1; where values close to 1 indicate high genetic
diversity and genetic differentiation, and values close to 0 represent low diversity and genetic differentiation. We
quantified genetic differentiation using Nei’s F-statistics (Nei 1987): the fixation index (F) and corrected F (F,)
and the inbreeding coefficient (£ ) and we also calculated the percentage of polymorphic loci (% P) and the genetic
differentiation coefficient (G_). All genetic diversity parameters, Nei’s F-statistic and % P were computed via the
Hierfstat R package (Goudet et al. 2022) and GenAlex 6.5 (Peakall & Smouse 2012). Gene flow (Nm) was derived
from G as Nm = 0.5 (1 -G_/D_) (McDermott & McDonald 1993) using POPGENE v. 1.32 (Yeh et al. 1999).

We estimated genetic neighborhood size using the mean squared axial parent-offspring dispersal distance (62),
calculated from the regression slope between genetic distances (a) on the logarithm of geographic distances (r)
among individuals. The inverse of the slope of that regression (b) is an estimate of the product 4Dnc2, where D is
population density (Rousset 2000) and was inferred using GenAlex. The mean square axial distance of the parents-
offspring 62 was estimated as Broquet et al. 2006:

02 =1/b x4 XD Xm (1)
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Population density (D) was derived by averaging counts of reproductive adults across three randomly 10 m? plots
within the study area. The genetic neighborhood size was estimated as (Wright 1946):

Nl=4XmX02XD 2)

Assuming normal dispersion distances, where 62 is variance of the dispersal distance between offspring and parents;
D is population density and N, is effective population size of the neighborhood (Wright 1946, Beattie & Culver
1979).

The neighborhood area (Na) was calculated as:

Na = 4 no2 3)

Representing the circular area where expected heterozygosity matched observed heterozygosity excluding selfing
effects (Fenster et al. 2003).

Results

Flowering phenology and morphology. The flowering season in the study area extended from May to early August.
Flowers are hermaphroditic and protandrous, with stamens (staminate phase) maturing before pistil (pistillate phase).
Anther dehiscence initiated at dusk (~ 19:00 hr.), on the third day post-anthesis, while stigma receptivity began at
~ 20:00 hr. on the fifth day (Figure 2). Mean floral longevity was 5.95 + 0.19 days (mean + SE), with senescence
marked by tepals wilting. Mean maximum stamen length was 6.73 = 0.10 cm (mean = SE), while pistil length mea-
sured 6.65 = 0.13 cm (mean + SE), and total flower length was 9.02 + 0.12 cm (mean + SE) (Table 1).

—@— pistil — A—  stamen

A _
- K-

6

Length (cm)

Day
Figure 2. Development of stamen and pistil of Agave obscura flowers. Dotted line represents the average length of the stamens; the solid line represents
pistils. The lower lines represent different phases: staminated (dotted ') and pistillated (continuous §). The symbol (%) represents the average day of

anther dehiscence, and the symbol (x) represents the average day stigma receptivity; the bars correspond to the standard error (N = 100), see text.
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Table 1. Morphological attributes of Agave obscura (mean + SE), N =.100 flowers.

Floral traits Values

Mean ovary diameter (cm) (0.453 £ 0.005)
Mean ovary length (cm) (2.110 £0.028)
Mean corolla length (cm) (1.974 £ 0.334)
Mean corolla diameter (cm) (3.131 £ 0.057)
Mean maximum stamen length (cm) (6.726 + 0.100)
Mean maximum pistil length (cm) (6.659 +0.135)
Mean Flower length (cm) (9.022 £ 0.127)
Dehiscence (Day) (3.424£0.07)
Receptivity (Day) (5.530 £ 0.097)

Nectar production. Nectar volume and sugar concentration were quantified under two extraction frequencies (every
3 and 24 hr. intervals). Flowers sampled every 3-hour produced significantly greater mean total volume (223.30 pl +
4.50, mean + SE) but lower sugar concentration (15.39 % + 0.36, mean + SE), compared to 24-hour extraction (83.71
pl £ 6.97, mean + SE volume; 18.62 % + 0.41 mean + SE concentration; Mann-Whitney U Test: 7,307, P-value <
0.05 for both). Nectar production initiated at 21:00 hr. on the first day of anthesis. Patterns production revealed peak
nectar volume at 24:00 hr. (39.2 pl + 3.50, mean = SE) and peak concentration at 03:00 hr. (17.97 % + 0.38, mean +
SE), with minima for both at 15:00 hr. (10.33 pl + 0.88, mean + SE volume; 10.35 % + 4.65, mean + SE concentration,
Figure 3A). Under 24-hour sampling, maximum volume occurred on day 1 post-anthesis (132.53 pl £ 22.08, mean +
SE), decreasing by day 5 (51.14 pl + 14.18, mean + SE). Sugar concentration peaked on day 3 (19.87 % = 0.59, mean
+ SE) before decreasing on day 5 (16 % = 2.65, mean £ SE) nectar production ceased after the fifth day (Figure 3B).

Reproductive systems. Fruit and seed production varied significantly among reproductive treatments (3> = 13.354,
df =2, P < 0.05). Control yielded the highest fruit set, outperforming both cross-pollination and self-pollination.
Self-pollination showed the lowest reproductive success, with reduced fertile seed production per fruit(y> = 12.819,
df =2, P <0.05), increased infertile seeds, and minimal fruit set (Table 2). No apomictic reproduction was detected.

Floral visitors and pollinators. A. obscura exhibited significantly higher fruit set under nocturnal pollination than
diurnal pollination (x> = 13.057, df = 2, P < 0.05; Table 3). Although viable seed set did not differ significantly be-
tween pollination treatments, the control group produced the highest fertile seeds set (x> = 12.915, df =2, P < 0.05).
The diurnal treatment yielded more infertile seeds set, though not significantly different from nocturnal pollination,
while the control showed the lowest infertile seed set.

Floral visitors. We recorded 22 hours and 51 minutes of video (11 h 53 min nocturnal, 10 h 57 min diurnal) to
quantify visitation rates. Hymenoptera (Apis mellifera, Bombus sp., and other species) showed the highest visitation
frequency (mean = SE = 32.4 + 5.397 visits/h; x> = 17.243, df = 3, P < 0.05), followed by nectarivorous bats (mean
+ SE =23.6 £ 6.973 visits/h). Nocturnal moths (mean + SE = 9.4 + 2.495 visits/h), and hummingbirds (mean + SE =
4.7 + 2.160 visits/h) exhibited significantly lower activity (Figure 4).

We captured 18 nectarivorous (Leptonycteris nivalis: n = 9; Choeronycteris mexicana: n = 3; Anoura geoffroyi: n
= 6), of which, fifteen individuals carrying A. obscura pollen on body surfaces (snout, chest, head, and wing mem-
branes); excluding C. mexicana, which carried no pollen. Eleven hummingbirds (Lampornis clemenciae: n = 6;
Hylocaris leucotis: n = 5 were captured diurnally (Figure 5), none carried pollen.
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Figure 3. Nectar dynamics in Agave obscura. (A) Average sugar concentration (solid line) and average nectar volume (dashed line) measured every 3h

(N =40). (B) Average sugar concentration (solid line) and nectar volume (dashed line) measured every 24h (N = 25). The values are the means and bars
correspond to standard error.

Genetic variation and neighborhood size. Seventeen polymorphic loci (6 from ISSR 841, 11 from ISSR 846) were
identified. The most probable K value was K =2 with 17 loci (Figure 6). The 4. obscura population exhibited 67 %
polymorphic loci, with high genetic variation (H = 0.338, H = 0.336, H, = 0.372), a high number of effective mi-
grants (Nm = 11.995) and low genetic structuring (¥ = 0.096). The inbreeding coefficient was negative (¥, =-0.006),
indicating heterozygotes excess, and high genetic diversity (Table 4).

The regression slope of genetic distances against logarithmic geographic distances was 0.0151, indicating no
significant isolation by distance (IBD) in the population, further supporting low population genetic structure. The
mean density of reproductive adult 4. obscura individuals (flowering individuals across three 10 m? quadrats) was
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Table 2. Fruit and seed production in Agave obscura for different reproductive systems treatments. A and b indicate groups with sig-
nificant differences for the number of fruits (y*> = 13.354, df = 2, P < 0.05) and the number of viable and unviable seeds (y*> = 12.819, df
=2, P<0.05).

Treatments Number of fruits % Fruit set % Viable seed per fruit % Unviable seed per fruit
(mean + SE) (mean = SE) (mean + SE)
Cross-pollination 23 51.346 £ 7.514a 45.442 + 2.886a 44.557+£2.886 a
Self-pollination 9 36.246 = 5.928a 25.110 £ 1.752b 64.884 +1.752b
Control 47 83.420+0.213b 41.230+2.164a 48.769 + 2.164a

Table 3. Fruit and seed production in Agave obscura according to different pollination treatments. The groups a and b represent
significant differences in fruit number (}> = 13.057, df = 2, P < 0.05) and number of viable and unviable seeds (}> = 12.195, df =2,
P <0.05).

Treatments % Fruit set % Viable seed per fruit % Unviable seed per fruit
(mean £ SE) (mean £ SE) (mean = SE)
Diurnal pollination 35.009 +4.222a 20.543 + 3.865a 69.456 + 3.865a
Nocturnal pollination 39.005 +£6.732a 28.469 + 3.733a 61.530+3.733a
Control 83.420 + 4.486b 41.230 + 2.164b 48.769 + 2.164b

estimated at 0.33 ind/m? (ca. 1 individual every 3 m?). Using formula 1, where b = 0.0151 and D = 0.33 ind/m?, the
axial variance of dispersal (c?) was estimated at 15.96 m?, suggesting a pattern of moderately restricted dispersal.
From this, the neighborhood size (formula 2) was 66.22 individuals and the genetic neighborhood area (formula 3)
was 200.67 m?, indicating a high population density and dispersal ability. This contrast with the total sampled popula-
tion of 63 adults, including only one reproductive individual (in bloom) in the sampled area.

Discussion

The nectar characteristics of Agave obscura attract diverse floral visitors, with nocturnal pollinators (particularly
nectarivorous bats) demonstrating the highest pollination efficiency, as evidence by superior fruit and viable seed
set compared to other pollination modes (Galindo-Gonzélez et al. 2024), this aligns with findings in related Agave
species (Molina-Freaner & Eguiarte 2003). Both diurnal and nocturnal visitors contribute significantly to reproduc-
tive success, supported by high seed germination rates (76 %) (Cuéllar-Martinez et al. 2024). The estimated genetic
neighborhood size reflects the combined effects of anemochorous seed dispersal and efficient pollen dispersal medi-
ated by pollinator movement.

Floral phenology and morphology. Agave obscura exhibits key floral traits with congeneric species (4. striata, A.
horrida, A. macroacantha, and A. palmeri), particularly protandry and comparable floral longevity (Arizaga et al.
2000a, Slauson 2000, Molina-Freaner & Eguiarte 2003, Gonzalez Pérez 2004, Rocha et al. 2005, Flores-Torres &
Galindo-Escamilla 2017). While protandry reduces self-pollination, the temporal variation in inflorescences flower-
ing does not completely eliminate it (Arizaga et al. 2000a). The floral morphology of 4. obscura-including nocturnal
anther dehiscence and stigma receptivity strongly supports bat pollination, a syndrome consistent with other mem-
bers of subgenus Littaea (Silva-Montellano & Eguiarte 2003a, Gonzalez Pérez 2004, Rocha et al. 2005, Flores-
Torres & Galindo-Escamilla 2017, Galindo-Gonzalez et al. 2024).
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30.

Mean visitation rate (h /inflorescence)

Bees Hummingbirds Nectarivorous bats Moths

Visitor guilds
Figure 4. Rate of floral visitors per hour. The bars represent the mean frequency of visits and with standard error (x> = 17.243, df = 3, P < 0.05). The
different labels (A, B) correspond to significance differences.

Nectar production. The nectar dynamics (volume and sugar concentration) in A. obscura reflect a bimodal pollina-
tion syndrome, with production patterns overlapping both nocturnal and diurnal pollinator activity periods. This is
consistent with reports for 4. striata (Rocha et al. 2005) and other Agave species, including A. celsii var. albicans,
A. difformis, A. xylonacantha, A. garciae-mendozae, A. horrida, and A. lechuguilla (Eguiarte et al. 2000, Gonzalez
Pérez 2004, Rocha et al. 2005, Flores-Torres & Galindo-Escamilla 2017). The sugar concentration in 4. obscura
nectar (15-18 %) is characteristic of chiropterophilous species (Schaffer & Schaffer 1977, Slauson 2000, Gonzalez
Pérez 2004, Rocha et al. 2005, Flores-Torres & Galindo-Escamilla 2017), contrasting markedly with agaves polli-
nated exclusively by insects and hummingbirds (e.g., A. parviflora and A. toumeyana), produce low nectar volumes
(0.9-4.6 pl) with high sugar concentrations (37-62 %) (Schaffer & Schaffer 1977). The pronounced nectar peak at
24:00 hr. and subsequent decline after 06:00 hr. further support a nocturnal adaptation, although the remaining diur-
nal production may facilitate pollination by secondary pollinators.

Reproductive systems and pollination experiments. Agave obscura aligns with the reproductive pattern observed
in other Agave species, where cross-pollination produces significantly higher fruit and viable seeds sets than self-
pollination (Arizaga et al. 2000a, Slauson 2000, Molina-Freaner & Eguiarte 2003, Gonzalez Pérez 2004, Rocha et
al. 2005, Flores-Torres & Galindo-Escamilla 2017). Although floral visitors, including bats and insects, may inad-
vertently facilitate geitonogamy during foraging (Gonzalez Pérez 2004), A. obscura likely minimizes self-pollination
through mechanisms such self-incompatibility systems, dichogamy, acropetal flowering and fruit (de Jong et al.
1993, Finer & Morgan 2003). Unlike most agaves, which depend heavily on nocturnal pollinators for reproductive
success (Arizaga et al. 2000a, Gonzalez Pérez 2004, Rocha et al. 2005, Flores-Torres & Galindo-Escamilla 2017),
A. obscura exhibits no clear pollination preference, with both diurnal and nocturnal visitors demonstrating efficiency
in fruit and seed production, a trait shared with 4. subsimplex (Molina-Freaner & Eguiarte 2003). Although agaves
exhibit inbreeding depression- characterized by reduced seed viability or germination by self-pollination (Trame et
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al. 1995, Borbon-Palomares ef al. 2018), A. obscura appears to deviate from this trend. Despite favoring cross-polli-
nation, its self-pollinated seeds achieved higher germination rates (69 %) compared to cross-pollinated seeds (50 %)
(Cuéllar-Martinez et al. 2024). This suggests that 4. obscura is self-compatible and may have adapted to reproduce
effectively even in scenarios with few pollinators.

Floral visitors. Agave obscura exhibits a generalist pollination system with chiropterophilous tendencies, a com-
mon pattern among agaves of the subgenus Littaea (Arizaga et al. 2000a, Slauson 2000, Ornelas ef al. 2002, Mo-
lina-Freaner & Eguiarte 2003, Rocha et al. 2005, Magafia et al. 2008, Trejo-Salazar et al. 2015, Flores-Torres &
Galindo-Escamilla 2017). While the high specialization of pollinators endangers ecosystem vulnerability (Johnson
& Steinerb 2000), agaves maintain their reproductive capacity thanks to their long lifespan and vegetative propaga-
tion (Bond 1994). Their generalist pollination strategy may enhance reproductive success via supplemental visits
from co-adapted pollinators, particularly in areas lacking nectarivorous bats (Rocha et al. 2005). In our study area,
three nectarivorous bat species visited A. obscura flowers: Anoura geoffroyi and Leptonycteris nivalis- a known
agave specialist (Moreno-Valdez ef al. 2004, Sanchez & Medellin 2007, Burke et al. 2019)- serving as the primary
pollinator; in contrast, Choeronycteris mexicana, although a frequent visitor, showed no pollen transfer (Galindo-

Figure 5. Some floral visitors. (A) Anoura geoffroyi, with pollen grains, (B) Choeronycteris mexicana, (C) Leptonycteris nivalis, (D) Hylocharis leucotis,
(E) Lampornis clemenciae, (F) visit from H. leucotis and (G) bat visit to A. obscura captured in video.
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Gonzalez et al. 2024), probably to its long tongue (Nowak 1994), enabling nectar access without facial contact with
reproductive structures (Arizaga et al. 2000b, Trejo-Salazar et al. 2015); C. mexicana is a generalist visitor to both
columnar cacti and agaves (Arizaga et al. 2000b, Fleming & Holland 2018, Burke et al. 2019, Pérez-Hernandez &
Martinez-Coronel 2023), its role in 4. obscura production warrants further study. Our results align with studies high-
lighting Leptonycteris bats-agaves coevolution. Phylogenetic evidence confirms this mutualism (Good-Avila et al.
2006, Gutiérrez-Guerrero et al. 2020), which likely drove semelparity in Agave via selection for bat-attractive traits
like tall inflorescences, high floral density and high floral resource allocation (Eguiarte ef al. 2021).

Secondary pollinators, including Hymenoptera and nocturnal moths, typically interact with flowers during sta-
minate phase and often moving between them without stigmas contact, resulting in reduced pollination efficiency
(Gonzalez Pérez 2004, Silva-Montellano & Eguiarte 2003a, Trejo-Salazar et al. 2015, Clark et al. 2022). While some
Littaea subgenus agaves species exhibit floral adaptations promoting entomophily (e.g., Agave lechuguilla; Schaffer
& Schaffer 1977, Silva-Montellano & Eguiarte 2003a, Clark ef al. 2022), bats remain the primary pollinators in most
cases (Trejo-Salazar et al. 2015), as evidenced by the complete absence of fruit set in Agave horrida flowers visited
by insects (Flores-Torres & Galindo-Escamilla 2017). We classified hummingbirds as secondary pollinators due to
their infrequent visits and lack of 4. obscura pollen transport, probably due to a temporal mismatch between their
daytime activity and nocturnal anther dehiscence. Additionally, Apis mellifera removes up to 99 % of available pol-
len (e.g., in Clusia arrudae Planchon & Triana), negatively impacting native bee and wasp populations (do Carmo et
al. 2004, Paini 2004, Cane & Tepedino 2017).

Genetic diversity and neighborhood size. The number of polymorphic loci in A. obscura obtained by ISSRs is com-
parable to other studies in agaves (Aguirre Dugua 2004, Gonzalez Pérez 2004, Rocha Munive 2006, Trejo Hernandez
2006, Scheinvar Gottdiener 2008, Eguiarte et al. 2013) and exhibits high genetic diversity (67 % of polymorphic
ISSR loci). Our estimates of high genetic diversity and low structuring (Table 4) align with ranges typical for agaves
using ISSRs (H = 0.118 — 0.350, ' or G, = 0.063 — 0.350) and other molecular markers (# = 0.059, F = 0.057
—0.39) (Eguiarte et al. 2003, Silva-Montellano & Eguiarte 2003b, Aguirre Dugua 2004, Gonzalez Pérez 2004, Bar-
raza-Morales et al. 2006, Rocha Munive 2006, Trejo Hernandez 2006, Alfaro-Rojas et al. 2007, Vargas-Ponce 2007,
Scheinvar Gottdiener 2008, Figueredo & Nassar 2011, Félix Valdez 2014, Figueredo et al. 2015, Figueredo-Urbina

DeltaK = mean(|"(K)|) / sd(L(K))
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Figure 6. Estimated number of genetic groups (K) using Structure. The Delta K value was calculated with the Evanno method (Evanno et al. 2005).
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et al. 2017, Lindsay et al. 2018). Agaves typically exhibit moderate genetic variation and low structure (Eguiarte et
al. 2013), particularly in cross-pollinated species and wind-dispersed seeds (Eguiarte et al. 2013, Torres-Moran et al.
2024). These patterns reflect efficient pollinator activity (Silva-Montellano & Eguiarte 2003b, Aguirre Dugua 2004,
Vargas-Ponce 2007, Scheinvar Gottdiener 2008, Figueredo & Nassar 2011). The slight heterozygote excess in A.
obscura, suggests inbreeding depression, as reported in others 4gave species (Silva-Montellano & Eguiarte 2003b,
Figueredo & Nassar 2011, Eguiarte et al. 2013), this pattern is consistent with the rates of pollinator visits and the
greater cross-pollination fruit set that we reported in this study, because the self-pollination rarely produces viable
seeds (Gonzalez Pérez 2004) or produce them in low quantities as we reported.

Neighborhood size (N,) is an estimate of the effective population size (Ne) in distance-isolated continuous popula-
tion (Wright 1969), neighborhood size and gene flow in plants are influenced by pollen and seed dispersal (Kearns &
Inouye 1993, Collevatti et al. 2010). For A. obscura, we found a neighborhood area (Na) of 200 m? and a neighbor-
hood size (N ) of 66 individuals, consistent with values of pollen and seed dispersal data reported for herbaceous spe-
cies (N, =3-40 individual and Na = 15-1,089 m*; Eguiarte Fruns 1990, Parra et al. 1993, Eguiarte et al. 1994, Loh et
al. 2020) and specifically for hummingbird-pollinated herbaceous plants (1-3,844 individuals; Eguiarte et al. 1994).
These results are comparable for congeneric species, such 4. inaequidensis (N, = 36-709; Figueredo et al. 2015). No-
tably, our N value was derived from a total of 63 adult individuals, only one reproductive adult. ISSR markers have
been effectively used in animal and plant studies, presenting the advantages of being cost-effective, reproducible,
and technically straightforward (Eguiarte & Souza 2007). Their implementation requires basic molecular laboratory
equipment, and the necessary software for data analysis is typically open-access (e.g., RStudio, GenAlex). A thor-
ough understanding of the advantages and limitations of ISSR markers, along with their proper implementation, is
crucial for providing a solid justification for future, more sophisticated studies and methodologies (Ng & Tan 2015).

Table 4. Genetic diversity statistics. Percentage of polymorphic loci; Observed Heterozygosity (H,); Average expected heterozygosity
(H ); total heterozygosity (H); genetic diversity between individuals (D,); corrected genetic diversity (#, p); corrected genetic diversity
between individuals (DSIP); population fixation index (F ); corrected population fixation index (£, . )); inbreeding coefficient (7, ); genetic
differentiation coefficient (G ); population differentiation (D, ).

% P H, H H, D, H
67.65 0.338 0.336 0372 0.036 0375
Dstp Fst F, F, G, D,
0.038 0.096 0.102 -0.006 0.0400 0.057

Pollinator foraging behavior directly shapes pollen dispersal patterns and neighborhood size. While humming-
birds promote localized pollen flow due to territorial foraging behavior (Kearns & Inouye 1993, Parra et al. 1993,
Loh et al. 2020), nectarivorous bats enable long-distance dispersal 77-144 m typically, up to 50 km like Leptonycteris
yerbabuenae can travel up to 50 km between roosting and foraging sites (Collevatti ef al. 2010, Medellin et al. 2018,
Diniz et al. 2019). Bat flight patterns are influenced by several factors, including high flowering synchrony and asyn-
chrony of the food plants, plant population density, nectar production and foraging behavior of bats (Gribel & Hay
1993, Fuchs et al. 2003, Collevatti et al. 2010, Diniz et al. 2019, Loh et al. 2020). The elevated N, value observed in
our study implies substantial pollen immigration from outside the sampled population.

We propose that Agave obscura exhibits a set of floral traits consistent with a generalist or mixed pollination
systems, a recurring pattern that includes others Agave species (Schaffer & Schaffer 1977, 1979, Trame et al. 1995,
Rocha et al. 2005, Trejo-Salazar et al. 2015, Flores-Torres & Galindo-Escamilla 2017) yet with a distinct tendency
toward chiropterophily specialization: exposed inflorescences, reddish or greenish-white flowers, nocturnal anther
dehiscence and diurnal and nocturnal nectar production, and abundant nectar characterized by low sugar concentra-
tion. This represents a conserved evolutionary strategy within the genus Agave that ensures both short-and long-
distance gene flow while providing resilience against potential fluctuations in nectarivorous bat populations. This
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reproductive strategy is reflected in the high diversity and the neighborhood size reported, which is characteristic of
species with efficient and long-distance pollinators. Conversely, species like A. parviflora and A. toumeyana exhibit
a distinct pattern: diurnal nectar production, low volume, and high sugar concentrations (> 37 %, Schaffer & Schaffer
1977), suggesting specialization to diurnal insect pollinators, representing an alternative extreme among agaves. In
the study area, A. obscura faces no constraints on sexual reproduction: both cross-pollination and self-pollination en-
sure fruit and seed production, complemented by its high capacity for vegetative asexual reproduction and occasional
recruitment of new individuals into the population. While nectarivorous bats serve as the primary pollinators, several
insects-in addition to hummingbirds- act as secondary pollinators. The combined activity of diurnal and nocturnal
pollinators facilitates cross-pollination, contributing to the high genetic diversity observed in 4. obscura population.
Neighborhood size is influenced by multiple factors, including reproductive adult density, pollen and seed dispersal
patterns, flowering synchrony, nectar availability, and pollinator foraging behavior. The non-significant isolation-by-
distance pattern, combined with the moderate axial dispersal variance and large neighborhood size reported in this
study, suggests that while localized pollen and seed dispersal is frequent, long-distance gene flow events-primarily
mediated by nectarivorous bats or even strong winds- prevent genetic structuring in the population. These results
reinforce the strong association between 4. obscura and its pollinators, implying a potential vulnerability to scenarios
of pollination decline. Future studies integrating both population genetics and reproductive ecology in diverse Agave
species and populations are essential to advance our understanding of their evolutionary dynamics and ecological
interactions with pollinators. Such integrated approaches will not only elucidate patterns of genetic changes within
populations but also reveal the bases behind these patterns, providing a scientific basis for species management and
conservation strategies in face of environmental change.
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