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Genomicanalysis unveils reduced genetic variability but increased
proportion of heterozygotic genotypes of the intensively managed
mezcal agave, Agave angustifolia
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Abstract

Premise: The central Oaxaca Basin has a century-long history of agave cultivation and
is hypothesized to be the region of origin of other cultivated crops. Widely cultivated
for mezcal production, the perennial crop known as “espadin” is putatively derived
from wild Agave angustifolia. Nevertheless, little is known about its genetic
relationship to the wild A. angustifolia or how the decades-long clonal propagation
has affected its genetics.

Methods: Using restriction-site-associated DNA sequencing and over 8000 single-
nucleotide polymorphisms, we studied aspects of the population genomics of wild and
cultivated A. angustifolia in Puebla and Oaxaca, Mexico. We assessed patterns of
genetic diversity, inbreeding, distribution of genetic variation, and differentiation
among and within wild populations and plantations.

Results: Genetic differentiation between wild and cultivated plants was strong, and
both gene pools harbored multiple unique alleles. Nevertheless, we found several
cultivated individuals with high genetic affinity with wild samples. Higher
heterozygosity was observed in the cultivated individuals, while in total, they
harbored considerably fewer alleles and presented higher linkage disequilibrium
compared to the wild plants. Independently of geographic distance among sampled
plantations, the genetic relatedness of the cultivated plants was high, suggesting a
common origin and prevalent role of clonal propagation.

Conclusions: The considerable heterozygosity found in espadin is contained within a
network of highly related individuals, displaying high linkage disequilibrium
generated by decades of clonal propagation and possibly by the accumulation of
somatic mutations. Wild A. angustifolia, on the other hand, represents a significant
genetic diversity reservoir that should be carefully studied and conserved.
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Mesoamerica has been recognized as a major world center
of plant domestication (Vavilov, 1931; Smith, 2001; Clement
et al,, 2021). Pre-Columbian people domesticated over 200
native species (Pickersgill, 2016), some of which are now of
global importance, including maize, beans, and squashes
(Shiferaw et al., 2011; Bitocchi et al., 2017). Domestication is

a complex evolutionary process in which human selection
and cultivation of a plant leads to genetic, morphological,
and physiological changes that distinguish domesticated
plant populations from their wild relatives (Ross-Ibarra
et al., 2007; Zeller and Géttert, 2019). In general, only a tiny
proportion of wild progenitors are used for propagation;
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this process may result in genetic bottlenecks and founder
effects that vary in intensity and duration, which ultimately
would lead to the erosion of genetic diversity (Khoury
et al.,, 2021). A reduction of genetic diversity attributed to
domestication has been reported in several species, such as
soybean, tomato, maize, and rice (Hyten et al., 2006; Bai and
Lindhout, 2007; Tian et al, 2009; Khoury et al, 2021).
Besides the genetic and demographic effects of genetic drift,
human selection further decreases genetic diversity in plants
under domestication through the elimination of allelic
variants of genes with undesirable traits (Kantar et al., 2017).
Moreover, strong positive selection on loci controlling a
trait of interest can result in a selective sweep at linked
genetic regions. Many selective sweeps have been found at
loci associated with domesticated traits (Shi and Lai, 2015).
However, the degree of the selective sweep would depend on
the present linkage among loci, selection intensity, and
species reproductive system (Racimo et al., 2016).

Therefore, domestication and artificial selection may
have eroded genetic diversity at specific loci in many
modern crops, thus limiting to some extent their potential
for developing novel varieties. Furthermore, in many crops
species, during domestication, and due to clonal propaga-
tion and insufficient genomic recombination events, mildly
deleterious mutations can reach high frequency (Ramu
et al,, 2017; Zhu et al., 2022), resulting in a fitness reduction
of the domesticated plant and yield losses. Crop wild
relatives, on the other hand, usually present higher levels of
genetic variability in comparison to their domesticated
conspecifics (Hiibner and Kantar, 2021; Bohra et al., 2022).
Usually, wild relatives possess more genetic diversity at the
population and individual levels (e.g., heterozygosity), with
the notorious exception of clonally propagated crops
(McKey et al., 2010; Potato Genome Sequencing Consor-
tium, 2011; Zhang et al, 2016). High heterozygosity in
clonal species has been theoretically and empirically
demonstrated (Balloux et al.,, 2003). In clonal crops, it has
been attributed to the preservation of ancestral diversity and
further accumulation of somatic mutations (Fischer
and Van Kleunen, 2001; Schoen and Schultz, 2019; Yu
et al., 2020).

Clonal propagation and its advantages for cultivation
have significantly impacted the domestication of many crop
species (e.g., cassava, hops, strawberry, agave, and potato)
and were readily exploited by farmers (McKey et al., 2010).
Clonal propagation allows the preservation of desirable
genotypes that, in some cases, are highly heterozygous
genotypes that show hybrid vigor, as well as rapid fixation of
the agronomically valuable traits (McKey et al., 2010).
Favorable mutations can easily be identified in the field and
quickly propagated. Moreover, clonal propagation prevents
genetic exchange with crop wild relatives, and farmers can
control the introduction of genes from wild populations
(McKey et al., 2010; Denham et al.,, 2020). Finally, clonal
propagation is also the easiest way to multiply crop species
compared to propagation by seed (Arizaga and
Ezcurra, 2002; Gaut et al., 2015). Clonal propagation has a

number of drawbacks, such as the accumulation of
deleterious mutation, erosion of genetic diversity, and an
increase in pathogen burden (McKey et al, 2010; Lian
et al.,, 2019).

Agave (Asparagaceae, Agavoideae) species have had
immense cultural and economic value in Mexico, where
their use by humans dates back at least 9000 years.
Mesoamericans historically used agave for food, fiber, and
its sweet sap, consumed directly or used to prepare
fermented beverages (Callen, 1965, 1967; MacNeish, 1967).
Moreover, agaves have a wide array of ecological, reproduc-
tive, and morphological adaptations to arid environments,
and they are an essential part of arid landscapes
(Gentry, 2004; Eguiarte et al, 2013, 2021). Many agave
species combine vegetative and sexual propagation, which
allows them to extend generation time and secure survival
in harsh desert environments (Gentry, 1972; Arizaga and
Ezcurra, 2002). At least 40 agave species are used for mezcal
and similar beverage production (Tetreault et al., 2021;
COMERCAM, 2022). Some species are cultivated from wild
seeds and subjected to almost no artificial selection and
management; consequently, in some cases, cultivated Agave
individuals are genetically indistinguishable from their wild
relatives (Félix-Valdez et al, 2015; Cabrera-Toledo
et al., 2020; Klimova et al., 2022). In contrast, others, such
as A. tequilana var. Azul, have been intensively managed
and clonally propagated for decades (Vargas-Ponce
et al., 2009; Trejo et al., 2018; Ruiz-Mondragon et al., 2022).

Time under cultivation and the intensity of manage-
ment practices have been reflected in the degree of genetic
and morphological differentiation between wild and culti-
vated agave conspecifics (Félix-Valdez et al, 2015;
Figueredo et al, 2015; Klimova et al., 2022). Several
intensively managed agave species are reported to adjust
to a domestication syndrome in different traits, including
larger leaves and smaller leaf dentition (Valenzuela, 2010;
Figueredo-Urbina et al., 2021). Furthermore, the genetic
diversity of species such as A. tequilana var. Azul seems to
be compromised (Gil-Vega et al, 2001; Vargas-Ponce
et al., 2009; Trejo et al., 2018). Nevertheless, more recent
studies based on single-nucleotide polymorphisms (SNPs)
found heterozygosity excess and negative inbreeding index
at plantations with clonally propagated agave plants (Ruiz-
Mondragon et al., 2022; Cabrera-Toledo et al., 2022). These
contrasting findings are probably the product of the low-
resolution markers used in the older studies, which may be
inappropriate for the research of the clonally propagated
species (Arnaud-Haond et al., 2005).

In recent decades, the production of alcoholic beverages
derived from agave distillation in Mexico has been growing
exponentially (Arellano-Plaza et al., 2022), threatening wild
agave populations, destroying natural vegetation, and
introducing intensive management to cultivation (Tetreault
et al., 2021; Lira et al., 2022). Alongside tequila, mezcal has
become an iconic Mexican alcoholic beverage (Arellano-
Plaza et al., 2022). Mezcal production reached 8 million
liters in 2021 compared to only 1 million in 2011
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(COMERCAM, 2022). According to the official Mexican
standard (NOM-070-SCFI-2016), 13 Mexican states cur-
rently have a federal Mezcal Denomination of Origin. Each
state specializes in different agave species; for example, the
main species for mezcal production in the state of
Michoacan is A. cupreata, A. salmiana in the state of San
Luis Potosi, and A. potatorum and A. marmorata in Puebla.
However, around 90% of mezcal production is concentrated
in Oaxaca state in central Mexico (Arellano-Plaza
et al., 2022). The main variety (88.11%) used to produce
mezcal is known among producers as “espadin® (COMER-
CAM 2022). Cultivated espadin is believed to have
originated from the wild A. angustifolia (Gentry, 2004),
but the exact geographic and genetic origin of the cultivated
espadin is still under debate (Rivera-Lugo et al., 2018).
Wild A. angustifolia has the broadest geographic
distribution among the Agave species. It can be found from
Sonora in northern Mexico to Costa Rica in Central America
(Gentry, 2004). Agave angustifolia is a diploid, self-
incompatible species (Molina-Freaner and Eguiarte, 2003;
Moreno Salazar et al., 2007; Rivera-Lugo et al., 2018) that can
be propagated sexually and vegetatively (Gentry, 2004). It has
a broad group of pollinators, including Leptonycteris bats,
birds, and bees (Molina-Freaner and Eguiarte, 2003).
Although central Mexico and particularly the state of
Oaxaca potentially harbor an enormous reservoir of genetic
diversity of A. angustifolia and has a century-long history of
agave cultivation, virtually nothing is known about the
genetic composition of either wild or cultivated agaves in
this region (Rivera-Lugo et al., 2018). Moreover, very little is
known about how intensive management may have affected
the genomic composition of the cultivated espadin and
whether or not it has differentiated from its wild relatives.
Therefore, information on genomewide patterns of genetic
variation and knowledge of population structure of wild and
cultivated A. angustifolia in Oaxaca state is essential to
define priorities for managing and conserving gene pools, to
develop new sustainable cropping systems, and to study the
impact of ongoing domestication on agave genome.
Genetic variation in crops represents a combination of
diversity found in ancestral wild populations, possible
secondary sexual contact with the wild conspecifics found
close to the cultivation area, and intensity and direction of
artificial selection (Kantar et al., 2017). However, in clonally
propagated crops, once sexual recombination becomes
infrequent, mitotic processes such as the accumulation of
spontaneous somatic mutations (Balloux et al., 2003) may
become increasingly important (Myles et al., 2011; Zhou
et al., 2017; Favre et al., 2022). Therefore, we expect novel
variations from these sources to accumulate over time in
cultivated espadin and be detectable in the form of
increased heterozygosity and reduced inbreeding index.
Moreover, due to decades of intensive management, clonal
propagation, and restricted gene flow, we expect detectable
genetic differentiation between wild and cultivated samples.
To better understand the trade-offs associated with
clonal propagation, we measured the effect of the ongoing

domestication on the genomic diversity in one of the most
economically important agave species, A. angustifolia,
and its cultivated variety, espadin. We used RADseq and
focused on the genomic diversity of wild and cultivated
A. angustifolia in the Oaxaca and adjacent Puebla state. We
addressed the following questions: (1) Are cultivated
espadin plants genetically different from wild A. angustifolia
individuals in the region? (2) How was the genetic diversity
of cultivated plants affected by long-term intensive manage-
ment and clonal propagation? (3) How much (local) genetic
diversity is preserved in cultivated plants? (4) How
ubiquitous is clonal propagation as the principal reproduc-
tion strategy across wild and domesticated plants? (5) What
are the implications for conserving cultivated espadin and
wild A. angustifolia genetic resources in Mexico?

MATERIALS AND METHODS
Sample collection

In 2021 and 2022, we sampled 16 plantations and 13 wild
sites in Puebla and Oaxaca, Mexico (Figure 1; Appendix S1).
At each plantation, we collected cultivated plants locally
known as espadin. Wild sampling sites of A. angustifolia
were located far enough from managed land, and the
sampled plants were apparently not propagated or culti-
vated by humans. Although we did not measure the distance
explicitly while sampling, the two closest (OW7 and OM14)
wild and cultivated sites were 5 km from each other. From
each sampling site, we collected one to six plants depending
on availability, because wild plants of this species in the
region seldom have large populations. Leaves from
individual plants were collected fresh and kept in paper
bags at room temperature, away from heat and direct
sunlight. Once in the laboratory, samples were stored at
—-20°C until DNA extraction. The final number of the
collected samples was 49 for wild and 47 for cultivated
agaves. Details on geographic coordinates, the number of
specimens collected at each site, and management type are
in Appendix S1.

Molecular analysis and SNP selection

For DNA extraction, one to four individuals were randomly
chosen from each sampling site (Appendix S1). Total DNA
was extracted from leaf tissue using a modified CTAB
protocol (Doyle and Doyle, 1987; Klimova et al,, 2022). DNA
quality and quantity were checked in 1% agarose and a Qubit
3.0 fluorometer (Qubit dsDNA broad-range kit). DNA of
adequate quantity and quality from 94 plants was sent to the
University of Wisconsin Biotechnology Center for RADseq,
library preparation, and 150-bp paired-end sequencing using
the Illumina NovaSeq platform (Illumina, San Diego, CA,
USA). A combination of methylation-sensitive restriction
enzymes (Pstl/MspI) was used for DNA digestion.
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FIGURE 1 Map of sampling sites of wild Agave angustifolia (brown) and cultivated espadin (green) from the states of Puebla and Oaxaca, Mexico. The

full names of each site, geographic coordinates, and sample sizes are given in Appendix SI.

Raw sequences were demultiplexed and filtered by
removing adapters, short (<55 bp), and low-quality reads
based on strict parameters as implemented in ipyrad v.
0.9.79 (Eaton and Overcast, 2020). Filtered reads were
mapped to the reference transcriptome of Agave tequilana
(GAHU00000000.1; Gross et al., 2013), and variants were
called using the paired-end double enzyme methodology
described in ipyrad. The posterior variant filtering was
performed using VCFtools v.0.1.15 (Danecek et al., 2011).
Only loci with mean depth (across individuals) of over five
and less than 200, a maximum of two alleles with no
insertions or deletions, were kept. Additionally, we set a
minor allele frequency at 0.05 to reduce the possibility of
including singletons or removing rare alleles necessary in
elucidating fine-scale structure (Linck and Battey, 2019). We

excluded DNA sites based on the proportion of missing
data, keeping sites with no more than 20% missing data
(-max-missing 0.8). We then filtered out the variants that
significantly deviated from Hardy-Weinberg equilibrium
(P < 0.05 after multiple test corrections). We also estimated
the correlation between each pair of loci (). Then, to
ameliorate the confounding effects of linkage disequilibrium
(LD), we eliminated markers with r* of over 0.2 as
implemented in plink (--indep-pairwise 50 5 0.2) (Purcell
et al., 2007). Finally, to determine the genotype's unique-
ness, we used the mlg function implemented in the R
package poppr (Kamvar et al., 2014).

Since some analyses were performed separately for the
wild and cultivated samples, we prepared three data sets:
wild samples only, cultivated samples only, and all samples.
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All the filters mentioned above were performed separately
for each of the three data sets. Whenever multiple tests were
used, the resulting P-values were adjusted for false discovery
rate (FDR) using the R package stats (R Core Team, 2021).
The final VCEF files were then produced for all downstream
analyses. The same filtering parameters were applied to the
complete data set of 94 samples and the two files for wild
and cultivated samples.

Genetic diversity and relatedness

Basic diversity statistics, such as expected (Hg) and observed
(Ho) heterozygosity, were calculated overall and for wild
and cultivated samples separately. For each type of sample,
we also estimated the weighted average nucleotide diversity
per site (II), where the weights are determined by the
number of genotyped samples at each site as implemented
in pixy software (Korunes and Samuk, 2021). We also
estimated multilocus heterozygosity (MLH) and standard-
ized multilocus heterozygosity (sMLH) for each individual
(Stoffel et al., 2016). Multilocus heterozygosity is defined as
the total number of heterozygous loci in an individual
divided by the number of loci typed in this individual. It is
easily interpreted; for example, an MLH of 0.2 means that
20% of loci are heterozygous in an individual in question.
Whereas sMLH is defined as the total number of
heterozygous loci in an individual divided by the sum of
average observed heterozygosities in the population over the
subset of loci successfully typed in the focal individual.
Thus, the standardization ensures that all individuals are
measured on an identical scale, despite the differences in
marker information (Slate et al, 2004). The diversity
statistics mentioned above were calculated using R packages
adegenet and inbreedR (Stoffel et al., 2016). In addition, we
used plink 1.9 (Purcell et al., 2007) to calculate the
individual-based inbreeding index Fhat3 (Yang et al.,, 2011)
and Wright's Fig statistic. Diversity estimates for the wild
and cultivated samples were compared for significant
differences using the Wilcox test in the R package ggpurb.

We also estimated the relatedness coefficient between
each pair of individuals using the relatedness2 function and
methodology described by Manichaikul et al. (2010) and
implemented in VCFtools. The possible kinship coefficient
ranges from over 0.354, corresponding to duplicate/MZ
twin, while relationships from 0.177 to 0.354, from 0.0884 to
0.177, and from 0.0442 to 0.0884 correspond to 1st-, 2nd-,
and 3rd-degree relationships, respectively; a negative
relatedness estimate means that individuals are less related
than the average, indicating a genetic structure within the
analyzed group of samples (Manichaikul et al., 2010). The
relatedness coefficient was estimated for each data set
separately.

The relatedness pattern among and within wild and
cultivated plants was further evaluated using a pairwise
identity-by-state (IBS) allele-sharing analysis as implemen-
ted in plink. The IBS for each pair of individuals represents

the average proportion of alleles shared at genotyped SNPs
and is estimated using wild and cultivated individuals
(Purcell et al,, 2007; Chang et al., 2015).

To evaluate the impact of a population bottleneck
during domestication, we identified alleles that were (1)
private to the wild population (lost during domestication),
(2) shared between the wild and domesticated population
(retained during domestication, or introgressed after
domestication), or (3) private to the domesticated popula-
tion (novel in the domesticated population). For example,
the proportion of wild variation retained during domestica-
tion was calculated as shared alleles divided by private wild
alleles plus shared alleles. The number of private alleles
within wild and cultivated samples was determined using
the population module in STACKS (Catchen et al., 2013).

Genetic differentiation and population
structure

Genetic differentiation between wild and cultivated samples
and among individuals was explored using several comple-
mentary approaches, such as principal component analysis
(PCA), individual genetic clustering, and distance-based
relationships. First, we visualized genetic relationships
among samples using PCA, an efficient nonmodel-based
method for assessing population structure in high-
dimensional data sets (Patterson et al., 2006), using the R
package SNPrelate (Zheng et al., 2012).

We also used a clustering approach without a priori
grouping, as implemented in ADMIXTURE v.1.23
(Alexander et al., 2009). Admixture analysis was run using
2000 bootstraps; clusters were set from 1 to 10 (K), with five
replicates for each K value. The support for different values
of K was assessed according to the likelihood distribution
(i.e., lowest cross-validation error) among replicates and by
visual inspection of the coancestry values for each
individual. Clustering analysis was performed on the
complete data set and exclusively for the wild samples
using the same parameters.

To further assess and visualize the genetic relationships
among samples, we also constructed a distance tree using
the R package poppr (Kamvar et al., 2014). The distance tree
was based on the UPGMA algorithm, with 1000 bootstrap
replicates to assess branch support. In addition, we
estimated pairwise Fs between wild and cultivated samples
and among sampling sites using the StAMPP package
(Pembleton et al., 2013).

Moreover, we used fineRADstructure (Malinsky
et al, 2018) to infer fine-scale genetic structure using a
model-based Bayesian clustering approach that groups
individuals with high levels of shared coancestry. A
“coancestry matrix” of all wild and cultivated individuals,
defined as a summary of nearest neighbor haplotype
relationships, is required as input and was generated from
a VCF file using the population module of STACKS. We
subsequently used 1,000,000 Markov chain Monte Carlo
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(MCMC) iterations with a burn-in of 1,000,000 and sampling
occurring every 1000 iterations. Finally, a tree was con-
structed with 100,000 hill-climbing iterations, and the results
were visualized using the scripts fineradstructureplot.R and
finestructurelibrary.R, which are available from https://
github.com/edgardomortiz/fineRADstructure-tools.

To better understand the geographic structuring of
genetic variation within wild samples, we used the R
package vegan (Oksanen et al., 2017) to perform the Mantel
test based on 10,000 permutations of the data sets.
Geographic distance and pairwise Fgp genetic distances
among sampling sites were calculated using the Geographic
Distance Matrix Generator 1.2.3 (Ersts, 2022) and the R
package StAMPP (Pembleton et al., 2013), respectively.

Finally, we used the clustering method implemented in
TESS3R (Caye et al., 2015); this methodology considers
genetic and geographic data to determine the most probable
number of clusters in a geographic space. We tested K=1-5
possible genetic groups with 20 replicates of each K and
kept the most supported model (i.e., “best” based on cross-
entropy scores) within each of the 20 replicates. Locations
on the map were colored according to the resulting
dominant ancestry cluster. TESS3R analysis was performed
exclusively for the wild samples.

RESULTS

The RADseq of 94 wild and cultivated A. angustifolia plants
from Oaxaca and Puebla resulted in a total of 579,581,048
paired-end raw reads, with an average of 6,037,302 reads per
sample (range: 4,670,374 to 7,376,597). After quality
filtering and adapters removal, we obtained 4,297,472 to
6,388,091 high-quality reads per sample. From this data,
511,309 variants were called using the A. tequilana
transcriptome (Gross et al., 2013) as a reference. Posteriorly,
we removed three individuals sampled from one particular
plantation that presented high differentiation levels (Fsry:
0.24, 95% CI: 0.23-0.25) compared to the rest of the data.
These samples, although they were identified as espadin by
the plantation owner, were morphologically similar to
managed A. rhodacantha, so we decided to remove them.

After filtering, our final data set consisted of 91
individuals and 8616 SNPs, with 9.5% missing data and a
mean individual depth of 56.2 (7.46) (Appendix S2). All the
multilocus genotypes were unique, indicating that no
individuals have been inadvertently sampled more than
once and that our SNPs data set had good discriminatory
power. The average sequencing depth for each individual
and missingness per site and per individual are presented in
Appendix S2. Interestingly, when wild and -cultivated
samples were filtered and analyzed separately, considerably
fewer SNPs were recovered for the cultivated samples (8395
in cultivated vs. 33,396 in wild plants before filtering for LD;
Table 1). Accordingly, the average r* was higher for
cultivated plants than the wild agaves (0.69 vs. 0.19,
respectively) before filtering for LD (Table 1).
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Genetic diversity

Based on 8616 SNPs, the overall mean observed heterozygosity
(Hy: 0.22, SD: 0.17) was lower than the expected heterozygosity
(Hg: 0.25, SD: 0.12). The difference between expected and
observed heterozygosity was significant even after multiple test
corrections (Bartlett's test, all samples K-squared =774.8, P <
0.001). For the wild plants, the mean H, among 42 individuals
was lower (0.17, SD: 0.12) than the expected heterozygosity
(Hg=0.24, SD: 0.14), indicating a deficit of heterozygous
individuals. Contrasting results were obtained for the culti-
vated samples that presented significant excess of observed
heterozygosity, H,: 0.27, SD: 0.34, Hg: 0.19, SD: 0.20 (Table 2).
When each data set was analyzed separately (wild samples
20,342 SNPs and cultivated samples 4096 SNPs), the main
trend remained. We found heterozygosity excess for cultivated
samples and heterozygosity deficiency for wild samples
(Table 1). However, the heterozygosity of the cultivated
samples increased (H,: 0.35, SD: 0.33, and Hg: 0.29, SD: 0.16),
whereas, for the wild samples, the estimates were almost
identical to the estimates based on 8616 SNPs (H,: 0.19, SD:
0.12, and Hg: 0.24, SD: 0.13), indicating that in the case of the
wild samples the increase in number SNPs did not affect
diversity estimates (Table 1; Appendix S3).

Cultivated samples presented significantly lower average
nucleotide diversity (0.04, SD: 0.05) than wild samples (0.07,
SD: 0.05). Individual-based multilocus heterozygosity (MLH)
was similar to the H, for wild and cultivated plants,
independent of the sample partition strategy (Table 2; Appen-
dix S3). Similar to our other heterozygosity estimates, SMLH
was significantly higher in cultivated samples than in wild
plants, ranging from 0.71 in one wild sample from Oaxaca to as
high as 1.41 in a cultivated plant from Oaxaca. Furthermore,
cultivated samples had negative values for Fig and Fhat3. In
contrast, wild samples had high and positive inbreeding
estimates (Table 2; Appendix S4). Seven cultivated plants had
high positive Fys, similar to the values found in wild plants
(Appendix S4). Nevertheless, wild samples overall had
significantly lower levels of heterozygosity and higher inbreed-
ing than in cultivated samples (Table 2; Appendix S3).

In general, the wild samples were unrelated to each other
(Figure 2; Appendix S5), and their mean relatedness was —0.27
(SD 0.13). Nevertheless, we found close genetic relationships
between several individuals collected at two sites (Figure 2;
Appendix S5). Contrasting results were found for the cultivated
individuals (Figure 2; Appendix S5). To avoid biases in
relatedness estimation, we removed four additional individuals;

these samples had the genetic profile of the wild samples, which
resulted in highly negative relatedness with the rest of the
cultivated individuals, and therefore skewed the mean estimate.
Furthermore, those samples were represented by four indivi-
duals from a unique plantation in Puebla state (site PM1).
Plants at that site were not under intensive management (i.e.,
they looked like they had been planted in a wild setting). After
removing the samples mentioned above, the mean relatedness
for the cultivated samples was 0.24 (SD: 0.27), which suggested
that the remaining 45 cultivated individuals had, on average, a
first-degree relationship among them (Figure 2; Appendix S5).

Relationships among wild and cultivated agave individuals
were also explored by estimating identity-by-state (IBS) allele-
sharing values for all pairwise comparisons. The frequency
distribution of IBS estimates (Appendix S6) showed that wild
samples presented low allele-sharing values within them and
with cultivated samples. In contrast, most cultivated individuals
fall in the bin from 0.75 to 0.8 (mean: 0.7, SD: 0.28), suggesting
that cultivated plants are highly related.

Similarly, private allele analyses revealed that alleles that
were private (exclusive) to the wild population (1285)
exceeded the number of private alleles in the domesticated
population (717). Overall, we estimated that approximately
84% of wild alleles were retained in the cultivated plants.
However, we caution that our sampling of wild populations
may be incomplete, and some populations may have
become locally extinct due to extensive land-use change in
Oaxaca state. We suggest that the private alleles found in
cultivated espadin may be the product of accumulated
somatic mutations (because of clonal propagation for
several generations) or may indicate that we have not yet
found the ancestral espadin population.

Population genetic structure

The genetic differentiation between wild and cultivated
samples was strong, Fsr=0.24, and significant (95% CI:
0.235-0.242). The lowest differentiation was found between
two cultivated sites from Oaxaca (Fgt = -0.063) 55 km from
each other. In general, all cultivated sites had low Fst among
them but were considerably differentiated from wild
samples (Appendix S7). The highest differentiation was
found between one cultivated site from Oaxaca and a wild
site from Puebla (Fsy over 0.4). These findings were
confirmed by PCA, distance tree, and clustering algorithm
implemented in ADMIXTURE (Figure 3).

TABLE 2 Descriptive genomic diversity estimates and standard deviation in parenthesis as determined for wild Agave angustifolia and cultivated

espadin plants in the states of Oaxaca and Puebla, Mexico, using 8618 SNPs. N = number of samples; MLG = multilocus genotype; MLH = multilocus
heterozygosity; sSMLH = standardized multilocus heterozygosity; Fis = Wright's inbreeding index; Fhat3 = inbreeding index; IT = standardized nucleotide
diversity. The standard deviation for each estimate is presented in parentheses.

Management N MLG MLH sMLH Fig Fhat3 II
wild 42 42 0.17 (0.01) 0.77 (0.03) 0.31 (0.03) 0.47 (0.03) 0.07 (0.05)
Cultivated 49 49 0.26 (0.03) 1.19 (0.15) -0.07 (0.13) -0.07 (0.19) 0.04 (0.05)
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FIGURE 2 Density plots of individual relatedness estimates among wild A. angustifolia (brown) and cultivated espadin (green) plants from the states of
Puebla and Oaxaca, Mexico. The methodology described by Manichaikul et al. (2010) was used. The dashed lines represent the mean of the respective data
set. The relatedness was estimated separately for wild and cultivated plants.
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FIGURE 3 Population genetic structure of the wild A. angustifolia and cultivated espadin samples from Puebla and Oaxaca states, Mexico, based on
8618 SNPs. (A) UPGMA tree based on Nei's genetic distance and (B) bar plot of the individual assignment probabilities (vertical axis) for the most likely
number of genetic clusters K = 2 inferred using the program ADMIXTURE. Samples were clustered according to the site as specified in Appendix S1. Green:
cultivated samples; brown: wild samples.
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Estimates of the cross-validation error (CVE) in the
ADMIXTURE analysis showed that the model fit was
optimized at K =2 (Appendix S8). Variation in CVE among
the replicates was relatively low across all K-values
(Appendix S8). Wild populations were clearly separated
from the cultivated plants (at K=2), except for one
cultivated site in Puebla (PM1) that genetically belonged
to the wild samples, as commented above. ADMIXTURE
was also able to distinguish three cultivated individuals with
mixed ancestry collected at three different plantations in
Oaxaca. Nevertheless, the cultivated plants were generally
consistently distinct from the wild samples (Figure 3). A
UPGMA tree analysis (Figure 3) performed with all the
individuals and 8618 SNPs showed strong agreement with
the clustering analysis results. However, the tree allowed
better insight into the within-group relationships. For
example, genetic differentiation within cultivated samples
was extremely low, with relatively short branches of similar
length among samples (Figure 3). Wild samples, on the
other hand, showed a clustering based on the sampling site,
suggesting fine-scale structuring within them.

Similar results were obtained with the PCA (Appen-
dix S9); the cultivated samples formed a small cluster
strongly differentiated from the wild plants (EV1, 22.8%),
whereas the cloud of wild samples was dispersed, indicating
possible population genetic structure (Appendix S9). Six
cultivated samples were also separated from the main cloud
and genetically similar to wild ones. Four of those plants
were represented by one cultivated site in Puebla (PM1),
and two individuals were from two intensively managed
plantations. Interestingly, the owner recognized one of these
samples (site OM14) as a “lumbre” variety. This plant was
morphologically similar to wild A. angustifolia found in the
area but had fewer spines and a reddish color.

Next, to infer fine-scale population structure via shared
coancestry among individuals, we used a model-based
Bayesian clustering approach implemented in fineRAD-
structure. The resulting coancestry matrix and cladogram
shown in Figure 4 largely confirmed the results of the
previous analyses. First, wild and cultivated plants were
resolved as distinct, well-supported groups, except for seven
samples. Four of those belonged to one managed population
PM1, which clustered with wild samples from Puebla and
northern Oaxaca; another belonged to the managed site
(OM14) and clustered with northern Oaxaca wild samples.
Yet, the other two samples collected at two different
plantations in Oaxaca (OM2 and AM10) formed a separate
group but were more related to the wild samples. Finally,
substantially higher levels of shared coancestry were found
among cultivated individuals, reflecting lower levels of
genetic diversity (Figure 4).

An interesting pattern emerged when wild samples were
analyzed separately (Appendices S10 and S11). Although
ADMIXTURE analysis indicated that the best K for wild
samples was one (Appendix S10), when the individual
ancestry was plotted (Appendix S11), we found several
sampling sites, mainly from the southern part of Oaxaca,

presenting distinct ancestry. Nevertheless, each site had one
or more individuals of mixed ancestry (Appendix S11).

A Mantel test indicated that there was not a significant
relationship between genetic distance (pairwise Fsy) and
geographic distance among wild A. angustifolia (Appen-
dix S12). A spatially explicit TESS analysis, in accordance
with ADMIXTURE results, indicated that southern wild
samples (south to Oaxaca city) were genetically separated
from the northern group that comprised all samples from
Puebla state and samples from north to Oaxaca city.
Nevertheless, the majority of individuals presented mixed
ancestry (Appendix S13).

DISCUSSION

The genetic resources maintained in the crop wild relatives
provide the most promising option for improving domesti-
cated species and conserving and managing the remnant
wild populations (Bohra et al., 2022). Furthermore, this
genetic variation may be crucial for the gene pools depleted
by intensive breeding and artificial selection (Dempewolf
et al,, 2017). Therefore, if the latest genotyping tools are
used to describe the standing genetic variation in the wild
populations and the remaining diversity in cultivated
varieties (Andrews et al., 2016), using this variation, the
eroded diversity in crop species might be improved and
genomically informed management strategies can be
implemented.

In this study, we used over 8000 SNPs to determine the
population structure and genomewide diversity of wild
A. angustifolia and cultivated espadin individuals from
Oaxaca and Puebla, Mexico. The resulting data set provides
unique insight into the genomic consequences of intensive
management and clonal propagation in an economically
important agave species. We found that cultivated espadin
plants are genetically different from wild A. angustifolia
individuals of the Oaxaca and Puebla states. Moreover, we
found that clonal propagation seems to be the principal
reproduction strategy for espadin, with its diversity affected
accordingly (i.e., an increase in heterozygosity at the
individual level but a reduction in genotypic diversity at
the population level). This information will be important for
developing conservation and management strategies to
preserve genetic resources in this agave and preventing
rapid, unsustainable destruction of wild populations.

Genetic diversity in wild A. angustifolia
and clonally propagated espadin

The significance of genetic diversity for wild plant and
animal species is indisputable (Allendorf et al, 2022).
However, diversity is also crucial for cultivated plant species
because it can be used for future crop improvement and
adaptation to changing climate and evolving pests (Khoury
et al., 2021; Swarup et al, 2021). Moreover, this genetic
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Individual ID

Shared co-ancestry

FIGURE 4 Results of the fineRADstructure analysis of the genomic data for wild and cultivated samples of A. angustifolia, based on 8618 SNPs. The
heat map depicts variation in pairwise coancestry among individuals according to the color scale on the right, which indicates relatedness between
individuals: yellow, low relatedness; blue/black, high relatedness. The values next to the dendrogram branches are posterior probabilities of population
assignments: they reflect the proportion of MCMC samples in which the individuals in question formed a specific group.

diversity can be preserved in germplasm collections (e.g.,
seeds or plant nurseries) that eventually can be used to
develop new crop varieties resistant to pests and diseases
and that are better adapted to different climates, soils, and
agricultural systems (Gutaker et al, 2019; Azhar and
Wani, 2021). However, the genetic diversity of the cultivated
crop species is usually reduced because of the evolutionary
events related to domestication and development of the
local landraces (Gaut et al., 2018; Khoury et al., 2021), such
as genetic drift and artificial selection (Doebley et al., 2006).
Accordingly, an overall reduction of genetic diversity has
been reported in various cultivated plant species (Doebley

et al, 2006; Swarup et al, 2021) and managed agaves
(Vargas-Ponce et al., 2009; Trejo et al., 2018).

In clonally propagated crops, once sexual reproduction
becomes rare, mitotic processes such as the accumulation of
somatic mutations (Balloux et al, 2003) may become
increasingly important (Foster and Aranzana, 2018; Zheng
et al, 2022). In clonally propagated agave varieties, this novel
variation will accumulate over time and may be detectable as
increased observed heterozygosity (Cabrera-Toledo et al., 2022;
Ruiz-Mondragon et al,, 2022). Accordingly, observed heterozy-
gosity (Hp) levels in the genome of wild A. angustifolia were
significantly lower (Hp = 0.17) compared to cultivated samples
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(Ho =0.27). Moreover, wild samples were characterized by
homozygote excess, suggesting frequent inbreeding. Interest-
ingly, the observed heterozygosity of the wild individuals from
Oaxaca and Puebla was also lower than those reported for
A. angustifolia var. pacifica from Sonora (Ho =0.22) (Klimova
et al., 2022) and in wild A. angustifolia from Jalisco (Ho = 0.28)
(Cabrera-Toledo et al, 2022). For all wild A. angustifolia
populations analyzed to date and in other agave species (e.g.,
Cabrera-Toledo et al, 2020; Figueredo-Urbina et al., 2021;
Cabrera-Toledo et al, 2022), inbreeding has been reported,
suggesting that it may be a hallmark of agave as a group.

High levels of inbreeding increase homozygote frequen-
cies; thus, individuals will express recessive or partially
recessive deleterious mutations and, consequently, suffer
from inbreeding depression, expressed as lower survival and
reduced fertility (Charlesworth et al., 2009). Therefore, the
considerable inbreeding levels in wild agave populations
demand an explanation. An interesting hypothesis that may
explain high levels of inbreeding in natural plant popula-
tions was proposed by Robertson (1964). He suggested that
when a population splits into sublines with occasional
mixing of these subpopulations, the overall rate of
inbreeding would be minimized. Nevertheless, within the
sublines, inbreeding and genetic drift would be increased. In
support of this hypothesis, we found that the relatedness
among wild A. angustifolia was very low. However, within
some wild sampling sites, we found levels of relatedness
ranging from 0.08 to 0.41. Moreover, the possibility of
clonal reproduction, clonal longevity, limited seed dispersal,
a high number of inbred progeny (Trame et al., 1995), and
marked discontinuity in the distribution of natural popula-
tions may also contribute to the observed pattern of
heterozygosity. Further population genetic studies are
needed to precisely determine the causes and consequences
of inbreeding on these species in the wild.

Although agaves have been extensively studied, histori-
cally, the main focus has been concentrated on A. tequilana,
the species used for tequila production (Gil-Vega et al., 2006;
Rodriguez-Garay et al, 2009; Cabrera-Toledo et al., 2022;
Ruiz-Mondragon et al,, 2022). In contrast, other species and
varieties have received less attention (Félix-Valdez et al., 2015;
Klimova et al., 2022). One previous study, based on AFLPs,
found that the genetic diversity—estimated as Nei's
heterozygosity—of the cultivated espadin in Oaxaca was
similar to that observed in wild A. angustifolia populations
(Rivera-Lugo et al., 2018). Moreover, several recent SNP-based
studies reported comparatively high levels of heterozygosity
and a negative inbreeding index in cultivated A. angustifolia in
Jalisco (Cabrera-Toledo et al., 2022) and in intensively
managed A. tequilana (Ruiz-Mondragon et al., 2022).

A high level of clonal propagation increases heterozygos-
ity (Balloux et al., 2003; Yu et al, 2020). Long-established
clones of several crop species have been reported to be highly
heterozygous, for example, cassava landraces (Pujol et al,
2005), vanilla (Favre et al., 2022), grapes (Aradhya et al., 2003;
Laucou et al, 2018), and potatoes (Manrique-Carpintero
et al., 2018). Moreover, LD in clonally propagated samples is

also expected to be higher than in their wild relatives (Balloux
et al,, 2003; De Meelis and Balloux, 2004). Li et al. (2018),
Hyten et al. (2007), and Hu et al. (2021) found a marked
increase in LD decay in cultivated potatoes, soybean, and
cassava compared to their wild conspecifics. These results are
expected because the decrease in the rate of sexual
reproduction and recombination ultimately will generate
nonrandom associations between loci. Therefore, high
linkage disequilibrium is expected to be found in clonal
plants (Tibayrenc and Ayala, 1991) because clonality mimics
complete physical linkage over the entire genome (Balloux
et al., 2003; De Mee(is and Balloux, 2004).

Interestingly, if the levels of heterozygosity are due to
the accumulation of mutations during clonal propagation
rather than from demographic and reproductive history,
only SNP markers will detect such mutations because
microsatellites assess length variations in the number of
microsatellite repeats. This difference between SNPs and
microsatellites may have caused the discrepancies in
diversity estimates found between studies that used different
markers (i.e., Vargas-Ponce et al., 2009; Trejo et al., 2018).
Therefore, the high genomewide observed heterozygosity
levels detected in cultivated clonal espadin may be explained
in part by decades of intense clonal propagation (Zizumbo-
Villarreal and Colunga-GarcfaMarin, 2007) and accumula-
tion of somatic mutations (Balloux et al., 2003; Foster and
Aranzana, 2018). Moreover, some espadin individuals are
reported to be triploid (Rivera-Lugo et al., 2018), which
could have contributed to the increased levels of
heterozygosity.

We suggest that the diversity previously detected in
cultivated A. angustifolia (Cabrera-Toledo et al., 2022) using
GBS could correspond, at least in part, to somatic mutations
accumulated in clones (Ruiz-Mondragén et al., 2022). We
also argue that levels of heterozygosity may be an inaccurate
index to estimate diversity in cultivated clonal crops, and
any management and conservation recommendations based
on this estimate alone should be taken with caution. For
example, nucleotide diversity was almost twice as high in
the wild A. angustifolia than in the cultivated samples.
Moreover, wild samples presented more private alleles and
low levels of relatedness within and among sites. Further-
more, due to the extremely high LD and a high number of
low-frequency alleles found in cultivated A. angustifolia
individuals, when wild and cultivated samples were
analyzed separately, more SNPs were detected in wild
samples (over 20,000) compared to cultivated samples
(4000). These findings are in accordance with the apparently
contradictory notion that although clonal reproduction
would increase heterozygosity, at the same time, it will
decrease genotypic diversity (Balloux et al, 2003;
Klekowski, 2003). Therefore, at least in the clonally
propagated agave species and specifically when SNPs are
used, the heterozygosity levels alone should never be used to
decide whether the genetic diversity is high or low. Instead,
we suggest using additional and complementary diversity
estimates, such as unbiased nucleotide diversity.
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Genetic differentiation within the
A. angustifolia in Oaxaca and Puebla

We applied RADseq to explore the genetic relationships and
structure of the intensively managed espadin and its wild
relatives from Oaxaca and Puebla. It has been noted that, in
general, the genetic differentiation among wild populations of
A. angustifolia is relatively low (Eguiarte et al., 2013; Klimova
et al., 2022). Moreover, a recent study showed that the genetic
relationships among A. tequilana, wild A. angustifolia from
Jalisco state, and A. rhodacantha are close and that these
species do not clearly differentiate into separate genetic
clusters (Cabrera-Toledo et al., 2022). These findings
have been explained by extensive gene flow promoted by
the primary agave pollinators, i.e., nectar-feeding bats of the
genus Leptonycteris and other genera (Molina-Freaner and
Eguiarte, 2003), and the possibility that, at least in traditional
cultivation settings, farmers still readily incorporate wild
plants. Consistent with the aforementioned studies, we found
almost no genetic differentiation among 14 sampling sites of
wild A. angustifolia (e.g., ADMIXTURE results indicate that
the most supported value of K for wild samples was 1).

The population differentiation values Fsr for wild
populations ranged from -0.0005 between nearby sites
separated by 3.1 km to 0.17 between sites separated by 207
km, suggesting that there may be a spatial component, such
as isolation by distance, involved in the population
differentiation of A. angustifolia. Accordingly, the TESS
analysis separated southern and northern localities into two
genetic groups; nevertheless, almost all individuals pre-
sented mixed ancestry, and there was no isolation by
distance according to the Mantel test. These findings are
similar to those reported for A. angustifolia var. pacifica in
the northern Mexican state of Sonora (Klimova et al., 2022),
where population differentiation between coastal vs. inland
populations was low. Future studies should analyze the
population genetic structure of the wild A. angustifolia,
covering the entire distribution of the species and including
populations at different elevations, environments, and broad
geographic distances.

Genetic differentiation (Fsy) between crops and their
wild relatives varies widely among species, from as low as
0.006 for the squash Cucurbita pepo, to moderate differen-
tiation for maize and grapes (Fsr=0.11 and 0.12, respec-
tively) and high (Fst = 0.35) for soybean (Hufford et al., 2012;
Zhou et al., 2015; Marrano et al., 2018; Martinez-Gonzalez
et al., 2021). For agave species, the divergence between wild
and cultivated conspecifics seems to be related to time
under management and management intensity (Cabrera-
Toledo et al., 2022; Klimova et al, 2022). When wild
samples were compared to the cultivated espadin plants, we
found strong differentiation (Fsr=0.24), with almost no
admixed individuals. In contrast, virtually no genetic
differentiation was found among the cultivated plants,
except at one cultivated site from Puebla. There are several
possible explanations for these findings. First, espadin
might be closely related to cultivated A. tequilana or

A. rhodacantha (Rivera-Lugo et al., 2018). It is possible that
relatively recently, farmers from Oaxaca brought ramets or
seeds from a few individuals collected from cultivated A.
tequilana or other cultivated A. angustifolia or A. rhoda-
cantha varieties from Jalisco or from elsewhere and grew
them on their parcels. The cultivated populations
were then maintained from generation to generation
through clonal propagation, interchange among farmers,
and minimal sexual reproduction.

On the other hand, the observed differentiation pattern
fits into a simple scenario of domestication that considers a
demographic pattern of limited sampling from specific wild
populations that may be already extinct and periodic
bottlenecks for managed plants. Vegetative propagation
may have further increased the genetic homogeneity of
espadin at the population level and increased differentiation
from the wild conspecifics. Similar results were found in
some cultivated varieties of A. angustifolia in Jalisco (Trejo
et al, 2018; Cabrera-Toledo et al, 2022). To confidently
answer this question, espadin samples should be compared to
other cultivated A. angustifolia varieties and the wild
A. angustifolia from its entire distribution range. Future
studies, including samples from all of Mexico (cultivated and
wild), may help to shed light on the genetic origin of the
cultivated espadin.

Genetic background of cultivated espadin

Combining vegetative propagation and sexual reproduction
is relatively common in angiosperms (Silvertown, 2008;
Barrett, 2015). However, both propagation strategies have
different ecological and genetic trade-offs (Fischer and Van
Kleunen, 2001; Klekowski, 2003; Barrett, 2015). In general,
clonal reproduction may help to increase reproductive
assurance when sexual reproduction is difficult and preserve
locally adapted genotypes while avoiding the relatively high
costs and uncertainties (e.g., availability of suitable con-
specific partners and adequate pollinators) of sexual
reproduction (Olofsson and Lundberg, 2007; Silvertown,
2008). In the case of agave, this advantage may be sizeable
considering the production costs of their very large
inflorescences, many flowers, large amounts of nectar and
pollen, and the dependence on bats and other animals for
pollination (Arizaga and Ezcurra, 1995).

Many agave species can propagate vegetatively through
aerial bulbils, ground-level basal shoots, and rhizomes or
sexual reproduction by seeds (Arizaga and Ezcurra, 1995;
Szarek et al.,, 1996). This characteristic has been considered an
adaptation to life in the harsh conditions of arid lands
(Gentry, 1972). Agave producers have used clonal propagation
to increase the productivity of many agave species. Indeed,
some agave species used for mezcal and related beverage
production, in particular, A. tequilana, A. angustifolia var.
pacifica, and agave espadin, are capable of clonal reproduction.
Clonal reproduction offers many advantages for farmers, such
as homogeneous progeny with fixed desirable characteristics,
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easily detectable favorable mutations, limited or null gene
flow, and easier overall propagation (McKey et al., 2010).

Based on relatedness and heterozygosity patterns, we
suggest that vegetative propagation is the predominant form
of reproduction in cultivated espadin, but additional field
studies are still needed. This practice seems to contribute to
the maintenance of high levels of heterozygosity in espadin
individuals and has enabled the preservation of clones with
unique and desirable traits. However, we also suggest that it
has reduced the possibility of crossing and breeding new
varieties. In support of this scenario, we found that over
90% of the espadin samples from 16 different plantations
had the equivalent of first-degree relationships. Moreover,
the pairwise IBS distribution also indicates many higher-
order relationships within the sampled espadin individuals
and that most individuals shared large stretches of DNA.

Our findings contrast with those for A. angustifolia var.
pacifica cultivated for bacanora (a regional type of mezcal)
production in Sonora state, where cultivated plants have
high genetic similarity to their wild counterparts, with low
relatedness. These results were attributed to a very recent
start of cultivation of the variety; thus, no single clone has
been extensively planted in the state (Klimova et al., 2022).
Similarly, our findings contrast with those for cultivated A.
angustifolia from Jalisco, where several genetic groups
corresponding to different cultivated varieties were reported
(Vargas-Ponce et al., 2009; Cabrera-Toledo et al., 2022).
Nevertheless, our results are similar to those for the
intensively managed, vegetatively propagated tequila agave
(A. tequilana; Ruiz-Mondragon et al., 2022) and grape
cultivars (Zhou et al., 2017).

Thus, the genetic structure of cultivated espadin in Oaxaca
can be largely understood as one closely related family group.
We propose that this relatedness structure resulted from a
small number of individuals that have been vegetatively
propagated for many decades. These findings indicate a
unique genetic origin of cultivated espadin and that only a
small number of the possible genetic combinations have been
explored. Our findings are, therefore, consistent with a
scenario of recent rapid domestication (i.e, an immediate
switch to clonal propagation using favorable genotypes
identified from wild populations or another related cultivated
species). Under this scenario, the plant's heterozygosity would
remain unchanged and later may increase with the accumula-
tion of somatic mutations, which was apparently observed.

We, therefore, suggest that the widespread use of
intensive management, clonal propagation, and prevention
of flowering and pollination during espadin breeding may
have a doubtful advantage. In the short term, the
production of mezcal benefits from the control over genetic
varijability and homogeneous phenotypes that vegetative
propagation offers. Nevertheless, clonal propagation has
also discouraged the breeding of new varieties and may
increase the susceptibility of the cultivated plants to
different diseases and pests, as previously noted in agaves
(Fucikovsky, 2001; Dalton, 2005; Ramirez-Ramirez
et al., 2017; Rubio-Rios et al., 2019).

On a positive note, we found three samples that
presented mixed ancestry between wild and cultivated
samples from managed sites in Oaxaca (OM2, OM10, and
OM14). Interestingly, one of these samples was indicated to
belong to the lumbre variety rather than espadin, which is of
interest to some producers (personal communications with
plantation owners). These findings suggest that although
restricted, there may be a genetic interchange between wild
and cultivated agave plants.

Conservation implications

The demand for mezcal-like beverages has been growing fast
and shows no sign of decreasing. However, activities related
to mezcal production are already threatening the natural
population of over 40 agave species, changing traditional
agricultural land-use, deforesting pristine natural lands, and
decreasing biodiversity (Delgado-Lemus et al., 2014; Goettsch
et al., 2021; Tetreault et al, 2021; Lira et al., 2022). These
practices degrade and reduce the natural communities and
endanger the traditional landraces of many species in these
high diversity areas of Mexico. The mezcal boom also
encourages intensive management and clonal reproduction
of a few genotypes. Developing an environmentally sustain-
able mezcal industry requires community involvement and
data-informed management of wild and cultivated plants
and, eventually, perhaps law enforcement.

First, agave populations should be carefully evaluated in
their whole distribution range, describing conservation
status and vulnerability to climate change and human
impact to ensure the long-term conservation of the diversity
found in the wild A. angustifolia and related species. Then
the genetic resources—both in situ and ex-situ—should be
preserved, and large and small-scale mezcal producers
should be encouraged to use germplasm collections (e.g.,
seeds or plant nurseries), considering their needs and
cultural specificities, local characteristics, and ecological and
climatic adaptation of the different accessions. Moreover,
the development and standardization of the genetic
methodology that can distinguish different species and
varieties of agave plants under cultivated and wild
conspecifics should be implemented. Finally, the collabora-
tion between experts in genomic marker-assisted breeding
approaches and mezcal producers should be carried out to
generate improved cultivars better adapted to the local
conditions where the plants are grown.

CONCLUSIONS

Considerable heterozygosity found in espadin has appar-
ently been generated by decades of clonal propagation. This
heterozygosity is contained within a network of highly
related individuals that display high linkage disequilibrium
and a high number of low-frequency alleles. We found that
first-degree relationships are common among cultivated
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samples, even from geographically distant regions, but
nearly absent among wild A. angustifolia.

Our results suggest that although substantial heterozy-
gosity is present in espadin plants, there has been limited
exploration and explanation for the total genetic diversity
found in wild plants. The intensive management, vegeta-
tive propagation, and prevention of flowering in espadin
agave represent a doubtful advantage. Thus, although
clonal propagation has provided a short-term benefit by
ensuring a breeding genotype of interest, it also prevented
the generation of different cultivars through crosses or an
influx of diversity found in wild plants that may be better
adapted to the local conditions where the plants are
cultivated.

Moreover, besides the well-understood dangers of
growing plants with a very narrow genetic base—and thus
making the cultivar very susceptible to diseases, pests, and
global climate change—the long-term sustainability of the
agave and mezcal industries may be additionally jeopardized
by an accumulation of deleterious alleles, and therefore both
producers and researchers should consider exploiting the
immense natural genetic variability of agave.
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