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Abstract

Crop wild relatives (CWR) are an important class of endangered wild species that are increasingly declining due to
human-induced factors that also threaten other wild plants. This class of species has not received sufficient attention in
conservation strategies and remains poorly studied. This holds true for the endangered wild cotton Gossypium turneri,
which is endemic to the state of Sonora, Mexico. This species faces threats from disturbance associated with tourism-
driven coastal development and requires urgent conservation actions. This study aimed to assess the genetic diversity and
population structure of G. turneri using genotyping by sequencing (GBS) to offer insights into its conservation. Cluster-
ing and genetic structure analysis revealed three distinct genetic groups and potential populations. Observed (Hg) and
expected (Hg) heterozygosity, along with genetic differentiation (Fgy) values, indicated moderate genetic diversity and
differentiation. Effective population sizes (N,) varied from 18 to 32, whereas census population sizes (N,) ranged from 62
to 883 adult plants. Among the three inferred populations, the southernmost population exhibited the highest number of
private alleles and allelic differences, making it a conservation priority due to its potential reservoir of genetic variation.
Recommendations include seed collection for ex-situ conservation in Botanical Gardens for the three populations. For in-
situ conservation, different measures should be implemented according to the level of human disturbance affecting each
population. These include restricting further coastal development in less disturbed areas and promoting G. turneri as an
ornamental plant in the most impacted population to enhance its survival.
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Introduction

Wild plant populations face increasing threats from diverse
human activities, leading to a significant number of endan-
gered plants listed on the current International Union for
Conservation of Nature (IUCN) Red List (IUCN 2023).
Human-induced causes of endangerment include destruc-
tion, degradation or fragmentation of habitats, overexploi-
tation, overgrazing by introduced ungulates, pollution, and
displacement by invasive non-native species (DiPaolo and
Villella 2022). While plants may be rare due to natural
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causes, the convergence of multiple factors, both natural and
anthropogenic, often exacerbates the threat, consequently
resulting in a severe decline of species (DiPaolo and Villella
2022). Among the human-induced causes of endangerment,
tourism-related activities in coastal ecosystems have been
listed as a significant threatening agent (Rankin et al. 2015;
Simone et al. 2018).
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Although tourism can be utilized as a tool for conserv-
ing biodiversity (Buckley and Pascual 2024), often tourism-
driven coastal development exerts significant pressure on
plant species from coastal ecosystems (Simone et al. 2018;
Samad et al. 2021). The construction of hotels, resorts, mari-
nas, and other infrastructure can result in habitat loss and
fragmentation, impacting vegetation that provides crucial
ecosystem services such as mangroves (Brenner et al. 2018)
as well as affecting sensitive endemic species (Samad et al.
2021). Uncontrolled tourism development and urban sprawl
contribute to environmental degradation (Navarro 2019),
leading to the disappearance of populations of endangered
endemic species (Médail et al. 2021) and facilitating the
introduction of invasive non-native species (Anderson et al.
2015). Consequently, tourism-related activities increase the
risk of extinction of sensitive endemic plants from coastal
habitats (Sulis et al. 2020; Médail et al. 2021).

Genetic diversity is crucial for species persistence as it
helps to maintain the capacity to respond to diseases, pests,
climate change, and other stressors (Chung et al. 2023). Spe-
cies with higher genetic diversity are more likely to adapt
and survive in the face of environmental changes than spe-
cies with lower genetic diversity (Chung et al. 2023). Con-
sequently, species with low genetic diversity have a reduced
adaptive capacity and become more vulnerable to extinction
under intense environmental changes (Azman et al. 2020; Li
et al. 2021). Therefore, assessing genetic diversity is a criti-
cal objective for the development of conservation strategies
and management plans, particularly for endangered species
(Dorsey et al. 2023; Li et al. 2021), where the identifica-
tion of conservation units or populations with high genetic
diversity is of paramount importance for their preservation
and management (Wu et al. 2023).

Crop wild relatives (CWR) are an important class of
endangered wild species, with relevance to food security,
that are increasingly declining due to human-induced fac-
tors that also threaten other wild plants (von Wettberg et al.
2022). For example, according to the IUCN criteria, 35%
of the 224 evaluated CWR from Mesoamerica are currently
threatened with extinction (Goettsch et al. 2021). Tourism
development emerges as the primary threat driver for 46%
of CWR, particularly in the genus Gossypium (Goettsch et
al. 2021). Despite their importance, CWR are not usually a
priority in conservation strategies (Petitpierre et al. 2023)
and have been poorly studied, as is the case of Gossypium
turneri, a Critically Endangered taxon that requires urgent
conservation actions in Mexico (Goettsch et al. 2021).

G. turneri is a wild cotton species endemic to the state
of Sonora, exclusively found within a limited area along
the coastal region north of San Carlos in the municipality
of Guaymas in northwestern Mexico (Wegier et al. 2018;
Yescas-Romo et al. 2024). San Carlos is a major tourist
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destination in Sonora (Enriquez-Acosta and Avila-Martinez
2017), known for its natural attractions (Cisneros-Mon-
temayor et al. 2020; Rivera-Martinez 2020; Quijada-Siu
2015). Established in 1964, San Carlos comprises sev-
eral localities, including San Carlos Nuevo Guaymas, El
Renacimiento, Marina Real, Villas de California, and La
Manga, with a combined population of approximately 2,508
Mexican and foreign residents, primarily from the US and
Canada, according to the 2020 census (Enriquez-Acosta
and Avila-Martinez 2017; Chavez-Valdez and Enriquez-
Acosta 2022). The area offers a tourist capacity of 1,950
rooms and annually attracts around 900,000 national and
300,000 foreign tourists (Chéavez-Valdez and Enriquez-
Acosta 2022). Most of the urban area comprises second
residences of Mexican nationals (for weekends and vaca-
tions) and North American retirees (Enriquez-Acosta and
Avila-Martinez 2017). The tourist infrastructure, including
hotels, condominiums, marinas, and restaurants, is spread
along 13 km of the coast (K. Yescas-Romo, personal obser-
vation). While coastal development has not been explosive,
tourism infrastructure has encroached upon coastal habitats
(Enriquez-Acosta and Avila-Martinez 2017). Consequently,
G. turneri has been adversely affected by tourism-driven
coastal development, leading to habitat degradation, frag-
mentation, and a decline in its distribution area (Wegier et
al. 2018; Yescas-Romo et al. 2024), thereby increasing its
risk of extinction. Given the increasing disturbances associ-
ated with coastal development in its distribution area and its
potential as a genetic resource, urgent conservation actions
are needed for the preservation of G. turneri. This study
analyzes the genetic diversity and population structure of
the wild cotton G. furneri using genotyping by sequencing
(GBS) to provide valuable guidelines for its conservation.
The objectives include: (a) determining the number of pop-
ulations based on cluster and genetic structure analysis, (b)
analyzing genetic diversity in the inferred populations, (c)
identifying populations with greater genetic diversity and
potential conservation units, and (d) proposing conservation
strategies for the species.

Materials and methods
Study species and sample collection

G. turneri is a diploid species with 26 chromosomes
(2n=2x=26; Yescas-Romo et al. 2021). This wild cotton is
a shrub about one meter in height with hermaphrodite flow-
ers (Fryxell 1978, 1988; Ulloa 2014) (Fig. 1). It is a self-
compatible species capable of autonomous self-pollination
through style curvature under pollinator scarcity. However,
most flowers show approach herkogamy, suggesting that
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Fig. 1 Natural habitat of G. turneri: (a) Individual of G. turneri (indicated with white arrow) in the coastal area of San Carlos, Guaymas, (b) flower
of G. turneri, (¢) mature fruit of G. turneri and (d) leaf of G. turneri

the species is predominantly outcrossed (Yescas-Romo et
al. 2024). Flowers last one day and are visited by a diverse
group of insects, including butterflies, moths, bees, and ants
(Yescas-Romo et al. 2024). Seeds are on average 8.80 mm
by 4.83 mm (length x width; Yescas-Romo et al. 2021), and
although seed dispersal has not been properly studied, our
observations suggest that seeds fall into the ground (grav-
ity) and once in the soil, water during rainfall events may
transport the seeds downstream (K. Yescas-Romo, personal
observation).

G. turneri is currently classified as endangered under the
Mexican legislation (DOF 2019) and critically endangered
in the IUCN Red List (Wegier et al. 2018). As previously
stated, its natural distribution is limited to the coastal region
of the municipality of Guaymas, Sonora. Within its range,
the species has a discontinuous distribution forming spatially
discrete areas north of San Carlos, where samples were col-
lected in three accessible sites throughout its distribution: El
Mirador, La Manga, and Roca El Choyudo (Fig. 2). Due to
its critical conservation status and to deter illegal collection,
specific coordinates of the collection sites are withheld. In

each site, very young new shoots were collected from 30
individuals, resulting in a total of 90 individuals in 2022.
To minimize the likelihood of sampling closely related indi-
viduals, plants were chosen haphazardly, ensuring a mini-
mum distance of 15 m between them while aiming to cover
a significant portion of the population’s range. Each plant
was labeled and georeferenced using the eTrex® 32x GPS
device (GARMIN). The gathered young shoots were imme-
diately placed in a cold icebox and transported for storage at
—80 °C until genomic DNA extraction.

Genomic DNA extraction

Genomic DNA extraction from young shoots was per-
formed using the DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany), with modifications described in the supplemen-
tary information (Protocol S1). The quality and quantity of
genomic DNA were assessed using the NanoDropTM Lite
spectrophotometer (Thermo Scientific™"), while the integrity
of genomic DNA was visualized through gel electrophoresis
on a 1% agarose gel.
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Roca
El Choyudo ¢

500 km

Fig. 2 Collection sites of G. turneri in Sonora, Mexico: (a) Study area
(white box) in the state of Sonora, (b) study area indicating the three
collection sites (El Mirador, La Manga and Roca El Choyudo), ¢) sam-

GBS library preparation and sequencing

The genomic DNA of the samples was dispatched to the
University of Wisconsin-Biotechnology Center DNA
Sequencing Facility (https://biotech.wisc.edu/) for GBS
library preparation and sequencing. During the GBS library
construction process, genomic DNA underwent digestion
using the methylation-sensitive ApeK1 restriction enzyme
(Elshire et al. 2011). Subsequently, a unique barcode with
an adapter sequence was ligated to each genomic DNA
sample before pooling. Sequencing of the GBS libraries was
conducted on an Illumina NovaSeq600 platform (Illumina,
Inc.), generating 2 % 150-bp paired-end reads.
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pling areas at Roca El Choyudo (in green), d) La Manga (in blue) and
e) El Mirador (in red)

Sequence analysis and genetic variant calling

Raw sequencing reads were de-multiplexed based on indi-
vidual and multiplexing indexes using Cutadapt v. 3.5
(Martin 2011) to split sequencing reads per sample. De-mul-
tiplexed raw and trimmed reads underwent quality control
analysis using FastQC v. 0.11.9. (Andrews 2019). Subse-
quently, the raw reads were processed using Trimmomatic
v. 0.39 (Bolger et al. 2014) to remove adapter sequences and
reads with a final length less than 50 bp. The trimmed reads
were aligned to the G. turneri reference genome (Udall et
al. 2019; GenBank accession: GCA 008044935.1) using
BWA-mem?2 v. 2.2.0 (Md et al. 2019) with default param-
eters. The resulting alignment files were converted to binary
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alignment map (BAM) format, sorted, and indexed using
SAMtools v. 1.17 (Danecek et al. 2021).

Genetic variant calling was performed using Platypus
v. 0.8.1.1 (Rimmer et al. 2014). Identified genetic vari-
ants were filtered using VCFtools v. 0.1.15 (Danecek et al.
2011) to retain biallelic sites with a minimum quality value
of 30, a minor allele frequency of 0.01, and a limit of 5%
missing data. Single nucleotide polymorphisms (SNPs)
were retained, while insertions and deletions (InDels) were
removed. Additionally, loci with missing data exceeding
10% in each population were excluded from further analysis.

Genetic structure and differentiation

SNPs identified in the genetic variant calling were analyzed
to assess the genetic structure and differentiation of the
populations. To estimate the potential number of popula-
tions, individual ancestry proportions were calculated using
ADMIXTURE v. 1.3.0 (Alexander and Lange 2011) by
varying the number of clusters (K-values) from 1 to 5, with
predetermined parameters. The optimal K-value was deter-
mined through cross-validation (CV) error testing (Alex-
ander and Lange 2011). Subsequently, individual ancestry
values were visualized using the R package ggplot2 v. 3.4.4
(Wickham 2016) in R Core Team v. 4.3.3 (R Core Team
2024). In addition, a principal component analysis (PCA)
was conducted using the R package ade4 v. 1.17-22 (Dray
and Dufour 2007) to delineate the genetic relationships
between individuals, genetic clustering, and differentiation
among individuals and potential populations.

After determining the number of populations through
individual ancestry proportion and PCA, an analysis of
molecular variance (AMOVA) was performed and global
Fgr and pairwise Fgp values were calculated to assess the
level of genetic differentiation within and among popula-
tions. R Core Team v. 4.3.3 (R Core Team 2024) was uti-
lized for these analyses. For the AMOVA, the R package
poppr v. 2.9.5 (Kamvar et al. 2014) was used, and the sig-
nificance of variance components was assessed using the
randtest function from the ade4 v. 1.17-22 package (Dray
and Dufour 2007). Global Fg and pairwise Fq values were
calculated according to Weir and Cockerham (1984) using R
package diveRsity v. 1.9.90 (Keenan et al. 2013) with 1,000
bootstraps for the calculation of 95% confidence intervals
(CI). This comprehensive analysis provided insights into the
genetic differentiation levels within and among populations,
contributing to a deeper understanding of the population
structure of G. turneri.

To assess whether genetic differentiation among popula-
tions could be attributed to isolation by distance (IBD), a
Mantel test was conducted using the ade4 v. 1.17-22 pack-
age (Dray and Dufour 2007) in R Core Team v. 4.3.3 (R

Core Team 2024). The test utilized 9,999 permutations to
determine significance. Genetic distances between individu-
als were computed using Nei’s method (Nei 1972) within
the R package StAMPP v. 1.6.3 (Pembleton et al. 2013).
Geographical distances were calculated based on the geo-
graphic coordinates of the individuals using GenAIEx v. 6.5
(Peakall and Smouse 2012).

Genetic diversity

To assess genetic diversity, SNPs were analyzed, and basic
genetic diversity statistics were computed in R Core Team v.
4.3.3 (R Core Team 2024), both globally (across all samples)
and within differentiated populations identified by different
analyses of genetic structure to identify potential conserva-
tion units. The number of effective alleles per locus (N,)
and allelic richness (Agy) were calculated using R packages
dartRverse v. 1.0.2 (Gruber et al. 2018) and hierfstat v. 0.5—
11 (Goudet 2005), respectively. Genetic diversity statistics,
such as observed heterozygosity (H) and expected hetero-
zygosity (Hg), were estimated using dartR v. 2.9.8 pack-
age (Gruber et al. 2018). To test for differences in genetic
diversity statistics, t-test after testing the Bartlett’s test of
homogeneity of variances (Bartlett 1937) was applied to Hg,
and Hg using R package stats v. 4.3.3 (R Core Team 2024).
The number of loci deviating from the Hardy-Weinberg
equilibrium was determined using Guo and Thompson’s test
(1992) with 1,000 permutations with the packages pegas v.
1.3 (Paradis 2010). Additionally, nucleotide diversity (m)
was estimated using TASSEL v. 5.0 (Bradbury et al. 2007).

Furthermore, for every differentiated population, the
number of private alleles (P,) was determined using the
poppr v. 2.9.5 package (Kamvar et al. 2014). Additionally,
the inbreeding coefficient (Fg) in every differentiated pop-
ulation was estimated using the R package dartR v. 2.9.8
(Gruber et al. 2018) with 10,000 bootstraps for the calcula-
tion of 95% CI. Global F;g was calculated according to Weir
and Cockerham (1984) using R package diveRsity v. 1.9.90
(Keenan et al. 2013) with 1,000 bootstraps for the calcu-
lation of 95% CI. This comprehensive analysis provides a
detailed understanding of the genetic diversity of G. turneri,
which is crucial for conservation efforts.

Census and effective population size

The three studied populations are distributed along a coastal
strip of 400-500 m parallel to the shoreline. In 2022, the
distribution of each population was surveyed to determine
the extent of its range. Once the boundaries were identi-
fied, a team of two people conducted a systematic cen-
sus in the three studied populations. Due to differences in
human disturbance, census methods varied slightly among
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populations. In the least disturbed population (Roca El
Choyudo), the systematic census was conducted by walking
along a transect parallel to the shore. Along this transect,
adult individuals (plants>0.5 m in height) were counted on
both sides of the line until reaching the population’s lim-
its, where no further plants were detected. The team of two
people then moved inland to a new parallel transect and
continued counting reproductive plants using tally counters.
This process was repeated until the inland boundary of the
population was reached. In the most human-impacted popu-
lation (La Manga), the census was conducted among vacant
lots, home gardens and along the streets of the village, care-
fully counting all adult plants. For El Mirador, the census
followed the same method as Roca El Choyudo but was
restricted to wild areas unaffected by human infrastructure.
The total number of adult plants recorded at each site was
used to estimate the census population size (N,).

The contemporary effective population size (N.) of each
population was estimated using NeEstimator v.2.0.1 (Do et
al. 2014). The analysis employed the bias-corrected method
based on linkage disequilibrium (Waples 2006), assuming
random mating, with a minimum allele frequency cutoff
of 0.05. A 95% CI was obtained through jackknifing over
individuals. The N./N, ratio was then calculated for each
population.

Divergence history

Based on the genetic structure analysis and the geographical
distribution of the sampled populations, the divergence pat-
tern among populations was estimated using the Approxi-
mate Bayesian Computation (ABC) approach in DIYABC
Random Forest v.1.0 (Collin et al. 2021). The analysis eval-
uated six divergence scenarios (Fig. S1). Admixture events
were not considered, because admixture analysis provided
little support for their occurrence (see Results section).
However, bottleneck events were incorporated into the
analysis. For each scenario, 5,000 simulated training data-
sets were generated using 20,000 SNPs, with prior param-
eter distributions assumed to be uniform. Before bottleneck
events, priors for both effective population sizes and diver-
gence times (in number of generations) were set to default
values, ranging from 10 to 10,000. For bottleneck events,
priors for effective population sizes were specified to range
from 10 to 50 individuals, with event durations varying
between 10 and 100 generations. The most probable diver-
gence scenario and its posterior probability were estimated
using 2,000 random forest trees. The scenario receiving the
highest number of votes in the analysis was considered the
most probable.
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Minimum sample size for conservation ex-situ

The conservation of this wild cotton species is critical due to
the significant threats it faces. To develop effective ex-situ
conservation strategies, it is essential to preserve its genetic
diversity. To determine the minimum number of individu-
als required to adequately represent the genetic diversity
of G. turneri, we applied the methodology proposed by
Hoban et al. (2020). Genetic diversity data obtained through
GBS from the three natural populations were resampled
without replacement to generate pseudo-observed datasets,
each representing different sample sizes for potential ex-
situ conservation programs. Resampling was conducted in
increments of five individuals within each of the previously
identified populations. Genetic diversity in each dataset
was assessed by calculating expected heterozygosity (Hy),
which was then compared to the Hy values of the respec-
tive populations. This analysis was performed using the R
package adegenet v. 2.1.10 (Jombart 2008). To evaluate the
representativeness of the genetic diversity captured, each
resampling and Hy; estimation was assessed using 100 boot-
strap replicates (Monteiro et al. 2022).

Results
Sequencing and SNPs calling

For the analysis of genetic diversity and population struc-
ture to identify potential conservation units, 90 individuals
of G. turneri were sequenced using the GBS approach. A
total of 1,518,231,980 paired-end raw reads were generated
with an average of 16,583,296 reads per sample (ranged
from 12,474,854 to 124,895,83) and an average qual-
ity score (Phred quality score) greater than 30. Following
the removal of adapter sequences and read filtering, most
samples yielded between 10,483,617 and 16,043,059 high-
quality reads. However, one sample produced an exception-
ally high number of reads, totaling 102,679,597, and was
consequently excluded from further analysis. Therefore, a
total of 89 samples of G. turneri were included in subse-
quent analyses. From this dataset, 820,901 genetic variants
were called. After filtering, the final dataset comprised 89
individuals of G. turneri and 46,770 high-quality SNPs with
0.47% of missing data.

Genetic structure and differentiation

The analysis of individual ancestry proportion in ADMIX-
TURE v. 1.3.0 indicated that the best model fit for the
samples was K=3 with a CV score of 0.425 (Fig. S2). This
model grouped individuals of G. turneri into three genetic
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Fig. 3 Genetic differentiation of (a)
G. turneri: (a) individual ancestry
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Table 1 Analysis of molecular variance of individuals and populations
of G. turneri

Results Degree of Sum of Mean
freedom  squares squares

Among populations 2 75,119.49 37,559.74

Between samples within 86 457,526.36 5,320.07

population

Within samples 89 523,084.06 5,877.34

Total 177 1,055,729.92  5,964.57

Components of covariance ~ Sigma Percentage  p-value

(%)

Variation among populations 543.43 8.84 0.0009

Variation between samples ~ —278.63  —4.53 0.9730

within population

Variation within samples 5,877.34  95.68 0.2507

Total variation 6,142.14 100

-50 0 50
Axis 1 (9.4 %)

clusters corresponding to their respective collection sites:
El Mirador, La Manga, and Roca El Choyudo (Fig. 3a).
Likewise, the PCA also grouped individuals of G. turneri
according to their collection sites with no overlap among the
groups (Fig. 3b). The PCA revealed three distinct genetic
clusters, consistent with the analysis of individual ancestry
proportions using K=3 in ADMIXTURE v. 1.3.0.
Considering the inferred clusters as potential popula-
tions, the AMOVA showed significant genetic differentia-
tion among populations (p-value=0.0009) accounting for
8.84% of the total variation (Table 1). Similarly, global Fgy
indicated moderate genetic differentiation among popula-
tions of G. turneri (Fgp = 0.088, 95% CI: 0.0873-0.0895).
Pairwise Fgr values between El Mirador — La Manga and El
Mirador — Roca El Choyudo were 0.099 (95% CI: 0.098—
0.101) and 0.103 (95% CI: 0.102—0.105) respectively indi-
cating a genetic differentiation between El Mirador and the
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Table 2 Genetic diversity indexes
estimate (mean+standard error)

o G 4

0.0

0.5

1.0 1.5 2.0
Geographic distance (In(km))

Diversity index

Populations

Global (all samples)

; - El Mirador La Manga Roca El Choyudo

in G. turneri for all samples and

each population differentiated. N 29 30 30 89

Standard errors less than 0.00095  Nga 1.839+0.001 1.802+0.001 1.829+0.001 2.000+0.000

are indicated with a *. For the Ap 1.830+0.001 1.791+0.001 1.818+0.001 1.999+0.000"

FIS, the mean and the 95% CI T 0.243+0.001 0.235+0.001 0.239+0.001 0.225+0.001

were reported H, 0.244+0.001 0.251+0.001 0.256+0.001 0.251+0.000"
Hg 0.238+0.000" 0.231+0.000" 0.235+0.000" 0.253+0.000"
Fig 0.009 —0.041 —0.041 —0.050

(0.061, 0.302)

(-0.079,0.009)  (~0.107, 0.059) (~0.053, —0.047)

N: number of samples, N ,: number of effective alleles per locus, Ay: allelic richness, n: nucleotide diver-
sity, Hq: observed heterozygosity, Hg: expected heterozygosity, Fig: inbreeding coefficient

rest of the populations. In contrast, the pairwise Fqp between
La Manga — Roca El Choyudo was 0.061 (95% CI: 0.059-
0.062). Despite the lower Fqp value between La Manga and
Roca El Choyudo compared to El Mirador, the populations
can still be differentiated according to the analysis of indi-
vidual ancestry proportions (Fig. 3a) and the PCA (Fig. 3b).
The Mantel test for IBD revealed a significant relationship
between the genetic distances and geographical distances of
the samples (r=0.791, p-value=0.0004) (Fig. 4), suggest-
ing that greater geographical distances between samples
correspond to greater genetic differentiation between them
(Fig. 4).

The results from the analysis of individual ancestry pro-
portions, PCA, AMOVA, and pairwise Fgr consistently
demonstrated genetic clustering and differentiation among
individuals and potential populations of G. turneri. Despite
the species’ limited distribution, individuals were consis-
tently grouped into three genetic clusters or potential popu-
lations, which exhibited differentiation from one another.
This alignment across multiple analyses underscores the
robustness of the genetic structure observed in G. turneri.
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Genetic diversity

To understand genetic diversity and identify potential
conservation units, genetic diversity was analyzed glob-
ally (across all samples) and for each differentiated popu-
lation. Across all samples, 2.000£0.000 effective alleles
were detected, with an Ap and n of 1.999+0.000 and
0.225+0.001, respectively. Among populations, N, varied
between 1.802+0.001 and 1.839+0.001, with El Mirador
exhibiting the greater number of effective alleles (Table 2).
Additionally, E1 Mirador had the highest number of P,,
with 17,303 unique alleles, followed by Roca El Choyudo
(9,910 unique alleles) and La Manga (5,429 unique alleles).
The Ay and = varied from 1.791+0.001 to 1.830+0.001
and 0.235+0.001 to 0.243+0.001, respectively, among
the populations (Table 2), with El Mirador seemingly har-
boring a greater number of different alleles and nucleotide
polymorphisms.

Globally, across all samples, 7,380 loci (15.779%) were
detected as significantly out of Hardy-Weinberg equilib-
rium. While the rest of the detected loci (>84%) are in
Hardy-Weinberg equilibrium. Besides, each population also
exhibited loci out of Hardy-Weinberg equilibrium: El Mira-
dor with 3,533 loci (7.553%), La Manga with 2,561 loci
(5.475%), and Roca El Choyudo with 2,768 loci (5.918%).
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The Hg for 89 individuals of G. turneri was slightly
lower than Hy (Table 2), but not significantly after the
t-test (p-value=0.0798), indicating that, globally, the num-
ber of heterozygous individuals observed is the same as
expected under Hardy-Weinberg equilibrium. However, in
each population, the H, was significantly higher than the
Hp (Table 2) after t-test (p-values<0.0001), suggesting an
excess of heterozygous individuals. Among the populations,
Roca El Choyudo showed the highest H, followed by La
Manga and El Mirador (Table 2).

For all samples, the global FIS was —0.050 (Table 2).
Additionally, among populations, the Fis values varied from
0.009 to —0.041 (Table 2). The FIS values were globally
close to zero in all populations, indicating little evidence of
inbreeding.

Census and effective population size

Census population size (N,) varied from 62 to 883 individu-
als among populations, with Roca El Choyudo being the
largest, followed by El Mirador and La Manga (Table 3).
The effective population size (N.), estimated using the link-
age disequilibrium method, was consistently below 50 in all
populations, with confidence intervals that did not overlap
with zero (Table 3). The N/N, ratio ranged from 0.03 to
0.52 among populations (Table 3).

Divergence history

The demographic analysis performed using DIYABC Ran-
dom Forest v.1.0 identified scenario 5 (Fig. 5) as the most
likely divergence scenario, receiving 658 votes and a poste-
rior probability of 0.468. In this scenario, E1 Mirador (MI)
represents the ancestral lineage, followed by an early diver-
gence of Roca El Choyudo (RC) at time t2 (posterior dis-
tribution: 10 to 10,000 generations) and a later divergence
of La Manga (LM) at time tl1 (10 to 10,000 generations).
After the divergence of LM, all three populations underwent
a recent bottleneck starting at time t1—db, lasting between
10 and 100 generations. During these bottlenecks, effective
population sizes were reduced to between 10 and 50 indi-
viduals (Fig. 5).

Table 3 Census and effective population size of G. turneri

Parameter ~ Populations

El Mirador La Manga Roca El Choyudo
N, (95% CI) 18.7(8.2,65.7) 32.7(21.8,56.1) 27.0(13.3, 89.4)
N, 287 62 883
NJ/N, 0.06 0.52 0.03

N,: effective population size, N: census population size

Minimum sample size for conservation ex-situ

Simulations of expected heterozygosity (Hp) across differ-
ent sample sizes (n=35, 10, 15, 20, 25, 29, or 30) showed
a consistent pattern across all three populations (Fig. 6).
Genetic diversity in the resampled datasets reached values
comparable to those of the original dataset (current diver-
sity) when p>0.05 (Fig. 6). In all three populations, a sam-
ple of 15 individuals was sufficient to capture the original
genetic diversity. Therefore, collecting seeds from a random
sample of 15 plants per population would be adequate for
establishing an ex-situ collection of living plants while pre-
serving the existing genetic variation.

Discussion

Levels and patterns of genetic diversity as well as differ-
entiation were explored in G. turneri using genomic data
from GBS to propose conservation strategies. Due to its
limited distribution, relatively low N, and increasing human
disturbance in this area, it is necessary to identify potential
conservation units or populations with higher genetic diver-
sity to propose conservation plans. The results of this study
have identified a population with higher genetic diversity as
a conservation priority.

Genetic differentiation

Despite its small and restricted distribution, ancestry indi-
vidual proportions and PCA analyses consistently grouped
all sampled individuals into three genetic clusters, which
can be considered as populations. Levels of differentiation
among populations (Fgp) were moderate (0.088), with varia-
tion among populations from 0.061 to 0.102 (Wright 1965;
Cai et al. 2021). These results are supported by the AMOVA
analysis, which showed a significant genetic differentiation
among populations with 8.84% of the total variation.

The levels of differentiation (Fgy) fall within the range
previously reported for CWR (Table S1). Closer popula-
tions such as La Manga and Roca El Choyudo (=2.2 km
apart) showed lower values of differentiation than pairs of
populations located at greater distances such as El Mira-
dor and Roca El Choyudo (=7.4 km apart), suggesting
that gene flow could play an important role. The observed
differentiation is congruent with what is known of major
flower visitors (Yescas-Romo et al. 2024). Insects such as
solitary, social bees and butterflies are known to transport
pollen over limited distances (Gathmann and Tscharntke
2002; Smith et al. 2017; Webb and Bawa 1983), resulting in
larger genetic differentiation among populations compared
to plant species with highly mobile pollinators (Kramer et
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Fig.5 Most likely divergence
scenario for populations of G.
turneri inferred using Approxi-
mate Bayesian Computation in
DIYABC Random Forest v1.0.
Roca El Choyudo (RC) and La
Manga (LM) diverged from El
Mirador (MI) at times t2 and t1,
respectively, with both diver-
gence times estimated to have
occurred between 10 and 10,000
generations. Branch widths
represent effective population
sizes: wide branches indicate
pre-bottleneck sizes, while nar-
row branches correspond to a
bottleneck event beginning at
time t1—db and lasting 10-100
generations. During the bottle-
neck, effective population sizes
declined to between 10 and 50
individuals

Ne

N LM

N LMb
N MI
N Mlb
N RC
N RCb

Sample

RC

al. 2011). Given that bees and butterflies are the most com-
mon flower visitors of G. turneri, it is not surprising that a
pattern of isolation by distance among plants (Fig. 6) was
detected, like other rare and endangered species distributed
over a restricted range (Cohen and Griffen 2023). This pat-
tern is also congruent with our observations that seed dis-
persal is by gravity and once in the soil, by water transport
downstream (K. Yescas-Romo, personal observation).

The demographic analysis supported the divergence sce-
nario in which El Mirador represent the ancestral lineage
from which Roca El Choyudo and La Manga diverged
(Fig. 5). This scenario aligns with the observed genetic data,
as El Mirador retains a higher number of unique alleles
and nucleotide polymorphisms. Additionally, the most
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supported scenario indicates that all three populations expe-
rienced recent bottlenecks, which likely influenced their
levels of genetic diversity.

It is noteworthy that the ancestry individual proportions
indicated a CV error of 0.428 for the next best model fit for
the samples after K=3, which was identified as K=4. In
this scenario, a new isolated patch (locally known as Pie-
dras Pintas) in El Mirador was identified as a genetic cluster
(Fig. S3). This genetic cluster identified by K=4 was previ-
ously part of the continuous distribution of G. turneri in the
El Mirador population. However, the construction of new
houses in recent years has fragmented the distribution of this
wild cotton in the population (Fig. S4). Although K=4 is
not the best fit for all samples, this model identifies Piedras
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Fig.6 Estimated expected heterozygosity (Hg) values for the
resampled datasets using different sample sizes for populations of
G. turneri: (a) El Mirador, (b) La Manga and (c) Roca El Choyudo.
Points represent the average Hy, calculated using 100 bootstraps for
each sample size. Error bars indicate the 95% CI and dashed lines
represent the Hy, values for each population. For each sample size in
the populations, the corresponding p-values are displayed within the
plot

Pintas as a genetic cluster and potentially a new population
if fragmentation continues in this population (Fig. S3 and
S4). This example highlights how tourism-driven coastal
development in this area is causing fragmentation of the
populations of this wild cotton.

Genetic diversity

The results regarding observed and expected heterozygosity
both globally (H, = 0.251, H; = 0.253) and for populations
(Hp =0.244-0.256, Hg = 0.231-0.238) indicate that G. fur-
neri has moderate levels of genetic diversity. While previ-
ous studies have investigated the genetic diversity in other
wild cottons (Kuester and Nason 2012; de Menezes et al.
2014), these analyses were based on different markers, mak-
ing direct comparisons challenging. However, a comparison
with other CRW using reduced representation approaches
shows that the results of the present study fall within the
range that has been previously recorded (Table S1). Even
so, G. turneri showed higher levels of genetic diversity than
in pumpkin species such as Curcubita argyrosperma and
C. pepo (Table S1) and lower levels compared to Coffea
canephora (Table S1).

The analysis of Fg indicates minimal evidence of
inbreeding in G. turneri. Both the global Fig value (—0.05)
and the values observed within populations (—0.041 to
0.009) are within the range of values previously reported
in CWR (Table S1) and are consistent with the known pol-
lination biology of G. turneri (Yescas-Romo et al. 2024).
Despite being self-compatible and capable of autonomous
self-pollination, the Fig values suggest little or no inbreed-
ing. This is likely due to the approach herkogamy observed
in most flowers, where stigmas are positioned above anthers
(Yescas-Romo et al. 2024) and in consequence, outcrossing
is likely the most common mating event. Bees and butter-
flies have been documented as the most common legitimate
visitors (Yescas-Romo et al. 2024) and most likely they are
depositing outcross pollen on stigmas during visits. Hence,
the observed Fg values are most likely a reflection of the
mating system of G. turneri. However, it is necessary to
estimate the outcrossing rates to confirm if this species is
predominantly an outcrosser.

The estimated values of the contemporary effective
population sizes (N,) were <50 in the three populations.
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Although N, values for G. turneri populations (Table 3) are
around the median reported for plants (Clarke et al. 2024), all
three populations fall below the recommended threshold of
50 to prevent short-term inbreeding (Hoban et al. 2024). This
suggests that the studied populations may be at significant
inbreeding risk (Hoban et al. 2024). Census population sizes
ranged from 62 to 883 adult plants (Table 3). Over the past
five years, we have observed the removal of dozens of plants
at La Manga and increasing fragmentation at El Mirador.
These disturbances are likely to impact population dynam-
ics, making it urgent to conduct demographic studies on both
populations to assess their status and conservation needs.

Conservation

For this endangered CWR, this study reveals moderate lev-
els of genetic diversity and differentiation, with minimal
evidence of inbreeding. Moreover, the analysis of ancestry
proportions and PCA consistently clustered individuals into
three genetic groups that can be considered as populations
and potential conservation units (Alves et al. 2023). Data
on P, Ag, and = indicate that E1 Mirador harbors a higher
number of unique and different alleles as well as nucleotide
polymorphisms, highlighting its significance as a conserva-
tion priority. However, this population has recently experi-
enced fragmentation due to coastal house construction (Fig.
S4), leading to the elimination of numerous plants (K. Yes-
cas-Romo, personal observation). Urgent seed collection
is therefore recommended for the three populations for ex-
situ conservation in a Botanical Garden (Cibrian-Jaramillo
et al. 2013), prioritizing El Mirador due to its potential as
the largest reservoir of genetic variation of G. turneri. Our
analysis suggests that at least seeds of 15 random individu-
als should be collected per population to capture the genetic
diversity of G. turneri. Additionally, we recommend main-
taining each population isolated from each other as living
plants in a Botanical Garden within the Sonoran Desert to
ensure they experience similar abiotic and biotic condi-
tions as in their natural habitat. Given the abundance and
diversity of native bees in the region, these plants could be
pollinated by bees and butterflies, as observed in natural
populations (Yescas-Romo et al. 2024), rather than relying
solely on self-pollination.

Unfortunately, the in-situ conservation prospects for the
La Manga population of G. turneri are bleak due to its loca-
tion within a small human settlement (Fig. S5). This pop-
ulation, being the smallest ones (N, = 62), faces ongoing
elimination of individuals due to activities such as house and
road construction (K. Yescas-Romo, personal observation).
However, it is worth noting that within this settlement, there
has been a genuine interest among residents in conservation
efforts. Therefore, implementing a program to encourage
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the adoption of this species as an ornamental plant in house
gardens is proposed, considering that people find flowers
quite attractive (Fig. 1). Although this proposal has poten-
tially negative consequences, such as a reduction in Hg, and
modifications in traits associated with adaptation to water
stress, it is probably the only viable option. Implementation
of this proposal could begin with community involvement,
especially through the participation of teachers at the local
primary school, where children can learn how to propagate
and care for the species.

In contrast to La Manga, the in-situ conservation outlook
for El Mirador and particularly Roca El Choyudo is more
promising, as until now this last population remains unaf-
fected by human settlements (Fig. S6). For El Mirador, we
propose a “micro-reserve” (sensu Laguna et al. 2004), sur-
rounding the public space of this tourism attraction, restrict-
ing any development in this area. For Roca EI Choyudo, we
propose restricting coastal development. Along its distribu-
tion, G. turneri shares habitat with other plant species listed
in the Mexican Norm of species in danger of extinction
(e.g., Peniocereus striatus) (DOF 2019). Although this area
was within a reserve (Cajon del diablo or Devil’s drawer)
decreed in 1937 (SEMARNAP 2000), this was just a paper
reserve as it was never implemented (Quijada-Siu 2015).
Therefore, we propose strictly restricting coastal develop-
ment in this area by enforcing the rules governing land use
changes in Mexico (DOF 2000).

Tourism-driven coastal development often prioritizes
short-term economic gains while generating a range of
negative social and environmental impacts (Murray 2007).
Tourism relies on natural resources and ecosystem services
that are also essential for local communities (Williams and
Ponsford 2009). The construction of hotels and other infra-
structure can lead to habitat loss and fragmentation, com-
promising ecosystem services and threatening sensitive
endemic species (Samad et al. 2021; Médail et al. 2021),
such as G. turneri. Our study highlights how coastal devel-
opment north of San Carlos is endangering the persistence
of this endemic species. To mitigate environmental impacts,
future tourism-related development in this region should
integrate ecological knowledge into planning and decision-
making processes.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10592-0
25-01712-3.
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