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Abstract: The endemic plant species with extremely narrow geographical range (<100 km?) often
have few populations of small size and tend to be more vulnerable to extinction by genetic drift and
inbreeding effects. For these species, we tested if intraspecific genetic diversity can be applied to
identify conservation priorities. The biological model was Mammillaria albiflora—a Mexican cactus
that numbers ~1000 individuals distributed in four nearby patches covering 4.3 km?. A total of
96 individuals were genotyped with 10 microsatellite loci to describe the genetic substructure and
diversity. There is significant population substructure: the genetic diversity is distributed in three
genetic neighbors and varies among the patches, the genotypes are not randomly distributed and
three genetic barriers restrict the gene flow. The current population size is 15 times smaller than in
the past. The restricted gene flow and genetic drift are the processes that have shaped population
substructure. To conserve the genetic diversity of this cactus we recommend that two patches,
which are not private property, be legally protected; to include M. albiflora in the Red List Species of
Mexico in the category of extinction risk; and a legal propagation program may help to diminish the
illegal harvesting.

Keywords: extremely narrow endemic species; extremely small population size; genetic structure;
conservation priorities

1. Introduction

Ecologically, the criteria used for identifying narrow, rare and endangered plant species are:
(1) restricted distribution ranges; (2) small populations size; (3) few populations; and (4) high habitat
specialization [1,2]. The species listed in any of these categories must be considered of conservation
concern; however, for a high proportion of them there is not available information and consequently
they cannot be legally protected [3,4].

Today, worldwide quantitative criteria to classify a plant species as of narrow geographic
distribution do not yet exist. However, in the practice of conservation this criterion is widely applied
to those endemic plant species those that have areas of 20-100 km? [5] or those that occupy less
than five localities [1,5,6]. Consequently, most of the endemic plant species of narrow distribution
range are also threatened [5]; however, not all cases of narrow endemic plant species deserve equal
conservation concern. In this type of species, it is important to highlight to the extremely narrow
endemic species (ENEs) that are defined as those that inhabit only one or very few localities [6].
In the literature, there are many examples of ENEs, although these have not been formally named
as such in the original publications. For example, it has been mentioned that some species of the
complex Stylidium caricifolium show <0.5 km in their total range [7], and 10.55% of 2930 assessed
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species of New Caledonia are distributed along distances of <10 km and occupy one locality [8].
In addition, most of the ENEs have counted only a few dozen individuals as their total population
size [6,8]. So, an additional conservation concern for most of the ENEs is related to their extremely
small population size, which potentially increases their extinction risk in their natural habitats [4].

Now, since the development of the genetic point of view, genetic diversity and population
structure can be correlated to the geographic distribution range. Then, in species of small population
size, the lowest population genetic diversity has been estimated [9]. Consequently, the endemic
plants with narrow distribution range have been analyzed traditionally within the framework of the
theoretical predictions of small populations. In these taxa, the lowest population genetic diversity
levels are expected [9-11], and many study cases confirm such predictions (e.g., Table 5 [12], Table 1 [6]).
These low levels of genetic diversity are explained by the effects of genetic drift, which bring out
a severe loss of allele number in small populations [10,13]. Eventually, these extant alleles will have
a common ancestor causing high levels of inbreeding and homozygosity [13].

In relation to the genetic structure, the narrow plant species may be analyzed within the framework
of the isolation by distance model [11,14] along with autocorrelation analyses [15]. Therefore, a general
prediction is that those plants with narrow geographic range have either reduced or absent genetic
structure [9,15,16]. Today, most of the study cases confirm this prediction (e.g., [12]); however, in a few
cases, the plant species of narrow geographic distribution may show similar structure than their
widespread relatives [17], or they can even have higher levels [7,14]. These apparently contradictory
results suggest that the available studies of ENEs of extremely small size populations are not enough to
understand which processes are involved and how they influence the genetic structure levels of these
species. Consequently, we are not ready to propose a conservation strategy for the ENEs based on
genetic structure levels, as is usual in the case of relatively widespread species (e.g., [18-20]). Moreover,
the relative importance of factors and processes that could be involved in shaping the genetic structure
in ENEs are not understood.

The Cactaceae family represents a group of angiosperms that includes ca. 2000 taxa ubiquitously
spread across deserts and arid regions of the American continent [21,22]. The list of Cactaceae included
1477 taxa in the Red List of Species of the International Union for Conservation of Nature (IUCN) [23],
which is an indicator of the conservation concern for this family. In particular, the genus Mammillaria
bears the highest species richness (ca. 200 species) in the family [22]. Most of the species of Mammillaria
are referred to as endemic due to their restricted distribution range [23,24], and a total of 168 species
are listed in a risk category [23]. Most of these threatened Mammillaria species are endemic to Mexico
and their distribution range is mentioned as restricted or narrow.

However, formal population genetic studies have been only carried out in M. crucigera [20],
M. huitzilopochtli [25], M. kraehenbuelii, M. napina [26], M. solisioides [27], and M. supertexta [25]. In addition,
some preliminary studies have been undertaken for M. albiflora [28], M. hernandezii [26], M. rekoi [29],
and M. zephyranthoides [30]. These studies have concluded that genetic drift and gene flow patterns are
the main evolutionary processes that have shaped their levels of genetic diversity and structure.

Most of these Mammillaria species show restricted distribution ranges that are wider than those of
the ENEs; except for M. albiflora, which is described as a narrow species in the Red List of IUCN [31].
For this cactus, a recent study [32] modeled 37.3 km? in its extension range and 4.3 km? of occupancy
area; however, the direct field measurements summed an occupancy surface of ~0.05 km?2. In addition,
this study recorded three new sites occupied by this species, and a total population of ~1000 individuals.
That ecological study [32] concluded that the three new sites recently discovered, together with the
site that was already documented, are part of the same population, based on their observations that
these four sites have no evident geographic discontinuities and these are separated by geographic
distances of 0.2 to 4.2 km. However, this study also concluded a poor dispersion of seeds and strongly
aggregated distribution of the individuals, two factors that are recognized to promote the genetic
structure in plants [9,11,16]. The significant level of inbreeding and the low levels of genetic diversity
previously estimated [28] suggested that the population studied has a presumably small population
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size, because of the relationship between the low levels of genetic diversity and the low effective
population size [33].

In the present study, we have chosen M. albiflora as a biological model of ENEs potentially with
small population size, since, for assessing the genetic diversity and the levels of the genetic structure in
the ENEs, it is important to consider traits of the breeding system [11,34]. In M. albiflora the maturation
of pollen and stigma is not synchronous in its hermaphroditic flowers, which, besides the herkogamy
(stigma is higher than the anthers), suggest cross-fertilization [32]. In the present study, in order to
analyze the genetic diversity and the levels of genetic structure in M. albiflora, we included all the
known sites where the species lives, and we asked the following questions: (1) is there a threshold in
the geographic distances between patches that can promote the population genetic structuring in ENEs
of small size population? (2) is the isolation by distance model appropriate for explaining the genetic
structure in ENEs? Consequently, on the basis of these questions, we propose to test the following
hypotheses: (1) in M. albiflora, there is an absence of genetic structure; and (2) in M. albiflora, there are
low levels of allele variation, but not for heterozygosity, since the former is associated with genetic
drift and the latter depends on an outbreeding pollination system.

2. Materials and Methods

2.1. Study Area

The fieldwork was carried out in the arid region of the northern part of Guanajuato state, located at
the Mexican Central Plateau (Figure 1a). The available climatic data from 1951 to 2010 [35] show that
the warmest temperatures (31-33 °C) were recorded between April and May, and the coldest ones
(2-3 °C) in December and January. The mean precipitation rate per year is 400 mm and the rainy
season occurs during the summer (June to September), with a peak of rain (80-90 mm) occurring in
July, with February and March being the driest months (7—8 mm) of the year. The vegetation in the
study area corresponds to a xerophyte shrubland, with dominant species of the genera Opuntia, Acacia,
Prosopis and Mimosa [36].
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Figure 1. Location of the study area in the Mexican Republic. In (a) the shaded area indicates
the Guanajuato state and the dark point the approximate location of the arid hills occupied by
Mammillaria albiflora; in (b) the real geographic distribution of the sampled individuals and the patch in
which they were collected is marked with a symbol. The precise geographic coordinates are omitted in
the axes due to the critical conservation concern of the species (photo by Sofia Sol6rzano).

2.2. Sampling Tissue

We collected tissue samples in the total four patches in which M. albiflora lives (Figure 1b). A total
of six expeditions were carried out from September 2011 to April 2012, and an additional visit occurred
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in July 2016. From 20 to 35 different individuals were sampled in each patch, reaching a total of 96 tissue
samples (collecting permissions SGPA/DGVS701833/11; SGPA/DGVS/06880/16) of different adult
individuals (>1.5 cm in diameter) obtained. For all individuals, geographic coordinates were recorded
during the fieldwork. All tissue samples were individually labeled and stored in liquid nitrogen
immediately after they were collected.

2.3. Genotyping and Genetic Analyses

To obtain high concentrations of DNA with a quality of 1.80 at an absorbance of 260/280, only the
superficial green living tissue (photosynthetic parenchyma) of the stem was collected. All the spines
attached to the tissue were mechanically eliminated before starting the DNA isolation protocol. Total
genomic DNA was isolated for 70 to 100 mg of the frozen vegetative tissue that was analyzed, according
to the instructions of DN Aeasy Plant MiniKit (Qiagen, Valencia, CA, USA). The quality of PCR products
was not altered if the EB buffer included in this kit was replaced with water pH 8.

The fresh DNA was immediately frozen at —20 °C and an aliquot of 5 pL of each of the 96 samples
was charged in horizontal gels of agarose 0.8%, which were run during 30 min at 90 V. They were
stained with ethidium bromide and visualized with UV light to visualize the DNA of the samples.

In total, 11 loci of microsatellites were initially assayed using the same PCR conditions described
for M. crucigera [37], and later by the specific conditions that were established (Table 1).

Table 1. Genetic diversity described for M. albiflora based on 10 polymorphic loci and 96 individual
samples across four patches. The table indicates the specific alignment temperature for each locus; total
number of alleles (NT); the effective number of alleles; the observed heterozygosity (Hp) and expected
heterozygosity (Hg) by locus; inbreeding coefficient (Fig); and the p-value < 0.05 after Bonferroni
correction indicates Hardy-Weinberg Disequilibrium.

Locus Name °T  Allele Size Variation Nt  Nga Ho Hg Fis |7
MamVTC1 58 177-193 4 15 0.25 0.33 0.24 0.000
MamVTC2 60 154-183 4 2.9 0.44 0.50 0.12 0.010
MamVTC5 57 181-194 6 1.6 0.34 0.38 0.11 0.080
MamVTCé6 60 166-265 5 3.2 0.42 0.47 0.10 0.012
MamVTC7 56 150-225 5 43 0.61 0.67 0.09 0.16
MamVTC8 60 147-183 7 19 0.44 0.48 0.08 0.004
MamVTC9 60 163-165 3 1.1 0.10 0.13 0.23  0.001
MamVTC10 56 125-141 5 14 0.18 0.27 0.33 0.000
MamVTC11 59 218-244 6 14 0.24 0.31 0.22 0.001
MamVTC12 59 211-253 6 0.21 0.30 0.76 0.60 0.025

The PCR reactions were prepared by locus for each of the 96 samples; these were run in the
Thermocycler VERITI (Applied Biosystems, Carlsbad, CA, USA). The locus MamVTC14 was discarded
by monomorphism across the four patches. The locus MamVTC9 was monomorphic in patch 3,
but polymorphic in the rest of the patches, so it was included in the statistical analyses. None locus
showed null alleles according to Microchecker analysis [38]. All forward primers of the 10 loci were
tagged with NED or FAM fluorochromes (for primers details see [37]). The electrophoresis of the PCR
fragments was carried out in the sequencer ABI 3100; the size of the alleles was determined with ROX
500 with the software Gene Mapper (Applied Biosystems).

2.4. Population Structure

For assessing the genetic structure, we based our predictions within the framework of the isolation
by distance model and the statistical tests followed the perspective of fine-scale structure analysis
recommended for species that occupy small geographic areas [15]. Initially, we searched for population
structure applying the ancestry model Admixture implemented in STRUCTURE v.2.3.2 [39]. This model
was run assuming allele frequencies correlated, a burning period of 10 and Markov chain Monte Carlo
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reps of 10,000. The number of K tested was of 1 to 4 with 200 replicates for each one. The value of
AK was calculated in STRUCTURE HARVESTER [40]. The gene flow (Nm) levels and the coefficient
of differentiation were based on 110 permutations and these were calculated as an average among
the four patches and paired comparisons between patches using Arlequin V. 3.5 [41]. The spatial
autocorrelation genetic analyses were based on 1000 random permutations and were carried out
in GenAlEx V.6 [42]. These described the relatedness based on standardized Nei’s genetic distance
between the genotypes and their geographical location, which were plotted on the Principal Coordinate
Analysis (PCoA); the Mantel test tested the magnitude of the correlations (R?) between the matrices
of geographical distance and those of genetic distances of the genotypes. Mantel tests were applied
to identify the thresholds geographic distances in which the autocorrelations became statistically
significant. The population differentiation (Fst) among patches was estimated on pairwise distances
that were calculated with the software GDA [43] and plotted as a dendrogram with MEGA 7.0.18 [44].
Finally, the search of genetic barriers to gene flow was carried out with software Barrier 2.2 [45]. To test
the robustness of these barriers, a total of 1000 matrices of Fst were generated by bootstrapping in
MSA [46]. These matrices were run in Barrier 2.2 [45] in order to test the number of matrices that
supported each of the barriers identified.

2.5. Genetic Diversity

The statistical analyses were hierarchized by species, patches and locus. The Hardy-Weinberg
equilibrium (HWE) and linkage equilibrium (LE) were calculated on the Markovian model with
10,000 steps demorization and a seed of 1,000,000 steps using Arlequin V. 3.5 [41]. The p-values of these
estimators were corrected with the Bonferroni test [47]. The allele diversity, the total number of alleles,
the number of private alleles, and the effective number of alleles were calculated using the program
GDA V.1 [43]. The occurrence of bottleneck was tested with the software Bottleneck 1.2.02 [48], which is
based on the mutation models TPM, SMM and IAM. These models were based on 1000 iterations,
and their statistical support was according to the sign rank and Wilcoxon tests. Finally, we estimated
the past population size using the Tajima’s test based on the mutation model of infinite sites
(® = 4Ney, [49]) implemented in Arlequin V. 3.5 [41].

3. Results

3.1. Population Structure

The highest value for AK was estimated for K = 2, followed by K = 3 (Figure 2). Clearly
the individuals of patch 3 were clustered together, and when K = 3, there is a clearer potential
allele migration among different patches according to the geographical origin of the individuals
(Figure 1b). The average of the genetic differentiation is significant among the four patches (average
Fst = 0.17, p < 0.05). The paired comparison showed that only there is no genetic differentiation
between patches 1 and 4 (Fst = 0.002, p =0.21), whereas the rest of the comparisons between patches
were significant (1vs. 2 (Fsy = 0.20, p =0.00); 1 vs. 3 (Fst = 0.25, p = 0.02); 2 vs. 3 (Fst=0.27,
p=0.01); and 2 vs. 4 (Fst = 0.18, p = 0.01)). These levels of genetic differentiation between patches
increase when the gene flow reduces (R? = 0.85, p = 0.005); the gene flow levels between patches
decrease as the geographic distance increases (R? = 0.70, p = 0.001). The Mantel tests showed that the
correlations between geographic distances and genotypes’ genetic distances are significant when they
are >1100 m. The PCoA analysis revealed a distribution of the genotypes distinct to that described by
the geographical origin of the individuals (Figures 1b and 3) and showed potential genotype migration
according to the geographic distances that separate the patches. Three main genetic neighborhoods are
described according to the autocorrelation of the genotypes. Most of the genotypes of the patch 2 are
segregated in the axis 1, which also clustered most of the genotypes of patch 3 where 10 individuals
had identical genotypes. In the axis 2, genotypes of the patches 1 and 4 are clustered. A total of six
genotypes are sparsely distributed. This PCoA analysis separates the genotypes of the patches 2 and 3
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(the most geographically distant), and in the dendrogram based on pairwise distances, patch 3 showed
the largest genetic distance with respect to the other 3 patches (Figure 4). Additionally, three genetic
barriers that restrict the gene flow between the four patches were identified, but these had different
robustness. One barrier was supported by 100% of the Fst bootstrapped matrices, and the other two
by <60% of these matrices (Figure 5).
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Figure 2. Genetic structure of the individuals into 2 and 3 genetic groups. The highest value of AK is
estimated for K = 2. In K = 3, an unweighted pair group method arithmetic average (UPGMA) analysis
confirmed the clustering of the individuals of patch 3. Potential migration of alleles among patches is
visualized by entire or partial intercalated bars.
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Figure 3. Genetic relatedness revealed by the spatial analysis of Principal Component Analysis. The two
first axes added 60% of the variance that determines the spatial distribution among the genotypes.
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Figure 4. The cluster that describes the genetic relationships among patches constructed with the

UPGMA model.

Figure 5. The three genetic barriers (a, b, c) to gene flow identified among the four patches (1, 2, 3, 4)
of M. albiflora are indicated by the rows. The percentage beside each label of the barrier indicates
the bootstrapped matrices that support them. The polygon constructed by barrier was drawn on
a true image of the study area downloaded on September 2016 with the free application Google Maps.
The geographic distance between patch 2 and 3 is of 4.2 km.

3.2. Genetic Diversity

For M. albiflora, the observed heterozygosity (0.33) was lower than the expected one (0.43),
and the average inbreeding coefficient over the four patches was significant (Fir = 0.21, p = 0.01).
After corrections for multiple comparisons the linkage disequilibrium was detected between locus
MamVTC6 and the loci MamVTC7 and MamVTC12; and MamVTC12 to MamVTC7 and MamVTCS.
Two loci (MamVTC5 and MamVT7) were in HWE, but the other eight were in HWD (Table 1).
The average of inbreeding coefficient (Fig) is significant among patches (Fig = 0.10, p = 0.003), but only
patches 3 and 4 have significant values of Fjg differing of zero (Table 2). In the 96 samples of M. albiflora,
a total of 51 alleles across 10 loci were identified. The allele diversity is low in the four patches and the
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average number of alleles by locus was five. Although all of them have private alleles (Table 2), they
share 84% of the alleles.

Table 2. Genetic diversity is described by patch based on the observed heterozygosity (Hp) and
expected heterozygosity (Hg), inbreeding coefficient (Fig), the mean number of alleles by locus (N4 ),
and the number of private alleles (Ap). SE = Standard Error. In parenthesis are the individuals sampled
by patch.

Genetic Descriptor/Patch ~ Patch1(20)  Patch2(22) Patch3(30) Patch4(24) Mean

Ho + SE 0494021  044+016 035+011 041+022 042
Hg + SE 046 +0.19 0494009 037+003 051+010 045
Fis & SE —0.06+0.03 0.10+£0.04 016+002 024+006 0.11
N + EE 5+12 3.8+ 1.76 4+18 48413 44
Ap 1 3 2 2 -

The linkage disequilibrium was estimated in patch 1 between the alleles of MamVTC2 with those
of the loci MamVTC6 and MamVTC7. In addition, LD was also estimated between the alleles of
MamVTC12 with those of the loci MamVTC8 and MamVTC6 with MamVTC7. The three mutation
models did not support the existence of a bottleneck effect in M. albiflora since the p-values for both the
sign and Wilcoxon tests were >0.05. Finally, the Tajima model predicted that the population effective
size in the past was ~15,114 individuals.

4. Discussion

The hypothesis established in this study about the low allele diversity but relatively high values
of heterozygosity is confirmed. The allele variation in a population is strongly influenced by genetic
drift, which accelerates the loss of alleles when the effective population size is small. The natural
populations can have small effective sizes by the drastic reduction in their size (bottleneck) or by
a founder event [10,34,50]. Here, the bottleneck effects were not statistically supported for M. albiflora,
but this may be related to the fact that we did not have the 20 sampled loci as the software demands [48].
Another explanation is that in M. albiflora an event of bottleneck effectively occurred but, as has been
shown for other species [51], if this was very ancient it could not be detected since the mutation-drift
equilibrium was already restored. Also, it may be that the bottleneck has been occurring gradually for
a long time in a diffuse mode, which causes a relatively low number of alleles with relatively discordant
levels of heterozygosity [52], like the results here obtained. However, the population effective size
modeled was nearly 15 times larger than the current total censed population size [32], which suggests
decrement in the population size of M. albiflora.

The concern of the low allele variation is that it if continues diminishing, eventually over
generations the levels of homozygosity and inbreeding will gradually increase [10,13,50] by the fact
that the current population has a small population size, a situation that could increase the extinction
risk in M. albiflora.

Respect to the levels of genetic diversity evaluated in other nine endemic Mammillaria species
M. albiflora has the lowest values of genetic diversity (Table S1 of Supplementary File). Although
the number of individuals, populations and microsatellite loci sampled influences the descriptors of
the genetic diversity [16], it is evident that M. albiflora did not increase its genetic diversity, though
it had more sampling than in M. hernandezii and M. zephyranthoides. These 10 compared species are
of conservation concern by their low population densities and by their restricted distribution range,
but M. albiflora is the species with the smallest geographic range [32], and this factor may be considered
a key criterion in a conservation plan to protect this species and its habitats.

In relation to the second hypothesis related to genetic differentiation, the results obtained for
M. albiflora were unexpected, since they do not represent the general pattern predicted for the species
of restricted distribution [9] and even less for the ENEs of small population size, like M. albiflora.
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This strong differentiation of M. albiflora adjusted to isolation by distance model; however, the fact
that we had only four points (patches) for the statistical analyses suggest caution. Other Mammillaria
species also adjusted to this model [20], but other did not [20,25], which point out that not all the
species of narrow /restricted range will have gene flow patterns predicted by this model. We consider
that the genetic structure of this species is caused by the poor dispersion of seeds and pollen previously
documented [32]. Consequently, the individuals of the four patches are segregating in very small
areas founding genetic neighborhoods. It seems that the movement of the alleles is limited by three
genetic barriers that might be represented in (1) the highway that has been isolating patch 1 from
the other ones; (2) though the patches 2, 3 and 4 are located on the same side of the highway and
they are not geographically separated, the barrier is the severe land transformation that has caused
unsuitable habitats, in which the seed germination and seedling establishment probably cannot occur;
(3) we interpreted the third genetic barrier in the small but dense aggregations of arboreous vegetation
causing a shading microenvironment, in which no individuals of M. albiflora are present.

In addition, other process involved in the genetic population subdivision is genetic drift,
which may be promoting the genetic structuring, since it increases the variances of the allelic
frequencies inversely to the population size (6 = poqo/2N; confirm [10]). Thus, our results indicate
that the isolation by distance model is appropriate for explaining the genetic structure levels of
the ENEs, such as M. albiflora, and this theoretical platform also allows inferring evolutionary and
ecological processes that are occurring in them.

According to the results of the genetic structure, patches 1 and 2 are the most genetically
differentiated and these should be considered for conservation issues. The number of private alleles
also addressed the patch 2 for conservation concern. In fact, patch 1 is the only one that is in the other
side of the highway. It seems that patch 2 is increasing in genetic differentiation and it potentially
receives migrants of patch 4, whose genotypes are also represented in patch 1. The land (0.04 km?) of
patch 3 represents the only area advocated to protect this species but here the high adults harvesting is
also documented [32], and the individuals from this patch tend to cluster, while alleles from this area
are also potentially migrating to the other patches. However, patch 1 is private land, and deserves
government intervention with the land owner for rescuing this area. Then, in order to accelerate the
conservation of M. albiflora, firstly it is necessary to undertake a legal protection of patches 2 and 3 that
are not private lands. The second action should be to formally list the species in the Mexican National
Species Red List in the category of risk of extinction. The third action should maintain M. albiflora in the
red list of IUCN, in the category of critically endangered, as is already classified [29]. Finally, the last
recommendation is to start a program for promoting the legal in vitro propagation of M. albiflora,
as a strategy for reducing its illegal harvesting from its natural habitats. The latter has been already
proposed to rescue the ENEs with extremely small population sizes, and often these programs also
include the conservation of seeds [4].

Supplementary Materials: The following are available online at www.mdpi.com/1424-2818/8/4/31/s1. Table S1:
Comparison of the genetic diversity levels (heterozygosity and allele richness) of M. albiflora and other Mammillaria
species (in parenthesis the number of the reference cited in literature). N = total of the sampled individuals;
n =number of subpopulations sampled; L = number of polymorphic loci sampled. Hgp = the observed
heterozygosity for the species level (the mean based on the total of the subpopulations analyzed and in the
total of the loci used); Hg = the expected heterozygosity for the species, Nt = the total number of alleles accounted
in all loci sampled, Ny = the mean number of alleles by locus.
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