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Abstract: Euphorbia fulgens is an ornamental species cultivated in Europe and endemic to Mexico;
its ecological, genetic, and evolutionary aspects are not known. The objectives of this study were
to determine its distribution, describe the places it inhabits, and analyze the diversity and genetic
structures of wild populations of E. fulgens. A bibliographic review of the herbarium specimens
and a field evaluation were carried out to develop a potential distribution map based on a multi-
criteria analysis of the climatic and topographic variables. Three populations (forty-five individuals)
from pine–oak and cloud forests located in the Southern Sierra of Oaxaca were analyzed using ten
microsatellite loci. The analysis was conducted using Arlequin v. 3.5, Mega v. 10, and Structure v.
2.3 programs. Eight loci were polymorphic, and a total of thirty-eight alleles were obtained. The
average number of alleles per polymorphic locus was 4.6. The average heterozygosity of the three
populations was high (Ho = 0.5483), and genetic differentiation between populations were low, with a
high genetic flow, suggesting that it could be an ancestral population that became fragmented and was
just beginning to differentiate genetically. The information generated on this restricted distribution
species can be used in conservation programs pertaining to human activities that endanger the
habitats where it is found.

Keywords: microendemic species; distribution; multi-criteria analysis; Oaxaca

1. Introduction

The family Euphorbiaceae is represented by 8000 to 9000 species [1,2], making it
one of the most important within the angiosperms. Current phylogenetic and molecular
studies have changed their taxonomies into five families: Phyllanthaceae, Picrodendraceae,
Peraceae, Putranjivaceae, and Euphorbiaceae [3]. In Mexico, it is one of the most diverse
families and is composed of 714 species. Euphorbia is a diverse genus with 245 species,
of which, 132 are endemic [4]. However, other authors report 114 endemic species out of
a total of 241 species [5] and 81 endemic species out of a total of 138 species [6]. There
are 38 species localized in one state of the country [4], among them, Euphorbia fulgens
Karw. ex Klotzsch belongs to the subgenus Chamaesyce sect. Alectoroctonum [7].

Euphorbia fulgens is found in three localities in the state of Oaxaca; it is collected
from wild populations and is used for religious purposes. In other countries, ornamental
cultivated varieties are sold mainly as cut flowers and potted plants. It is a phytogenetic
resource that can be sustainably exploited in Mexico. Since it has aesthetic values and
adapts easily to cultivation conditions, recently, differences in morphological vegetative
and reproductive structures were found in wild and cultivated populations [8].
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However, it has been studied very little and the ecological, evolutionary, diversity, and
genetic structural aspects that provide information on its endemism are unknown. Studies
on the genetic diversities and structures using microsatellites help estimate the genetic
variations in wild populations, especially in species of restricted and endemic distributions.
Knowing whether populations are genetically differentiated at different levels makes it
possible to identify the environmental factors that affect them. Estimating the genetic flow
between populations, in turn, helps to determine the levels of inbreeding or exogamy,
which is convenient for the management and conservation of plant genetic resources [9–11].

There are few studies on the genetic diversity of the genus Euphorbia; abundant ge-
netic variations in wild populations of Euphorbia pulcherrima in several localities have been
found in Mexico via plastid (trnG-trnS, psbA-trnH) and nuclear (G3pdh) regions [12]. In
China, Euphorbia kansui, endemic to this country, was molecularly characterized using
12 microsatellites. The number of alleles ranged from 2 to 11, with an average of 4.1 alleles
per locus [13]. In a study on Euphorbia palustris, a species endemic to Europe, seven mi-
crosatellites were used to study the genetic structures and gene flow among its populations;
between 3 and 13 alleles per locus were found, as well as high levels of heterozygosity [14].
Additionally, populations of Euphorbia lamarckii, a species endemic to the Canary Islands,
was molecularly characterized, using 10 microsatellite loci, between 2 and 13 alleles per
locus were found [15].

Molecular studies using microsatellites in plant species belonging to other families
with restricted distributions were useful to evaluate the genetic differentiation between
populations. Thus, using ten microsatellites in populations of Guaiacum unijugum, it
was found that genetic differentiations among them were reduced and attributed to the
presence of rare and unique alleles [16]. In Paeonia jishanensis, endemic to China, genetic
diversity and population structures were assessed using 21 microsatellite loci, and moderate
levels of genetic diversity were detected [17]. In the populations of Petunia secreta, a
rare species endemic to Brazil, 15 microsatellite loci found high genetic diversity among
them [18]. The study of the populations of Sophora alopecuroides, a species endemic to China,
18 microsatellite loci allowed researchers to estimate a low genetic diversity based on the
number of effective alleles; such genetic variabilities were higher within populations than
among them [19].

Therefore, the present study is the first of its kind for the genus Euphorbia, with species
that are endemic to Mexico. The objectives were to define the geographic distribution,
describe the habitat, and determine the genetic diversity and structure of wild populations
of Euphorbia fulgens, which are so far unknown. It will provide valuable information for
the management and preservation of this species. Considering that this species presents a
restricted distribution and is endemic to Mexico, it must have low genetic diversity and
genetic flow.

2. Results
2.1. Geographical Distribution

Euphorbia fulgens is only distributed in the State of Oaxaca. So far, only three popu-
lations have been documented: (a) in the municipality of San Jerónimo Coatlán; (b) on
the borders of the municipalities of Santiago Jamiltepec and Santiago Tetepec, 80 km in a
straight line from (a); and (c) in the municipality of Santa Catarina Juquila, 50 km from (b),
so this species is considered endemic to Sierra Sur de Oaxaca.

The populations are in canyons with steep slopes that are difficult to access; in areas
with pine–oak forests (POFs); a combination of pine–oak forests and cloud forests (POF-
CFs); cloud forests (CFs), and the secondary vegetation derived from the above. Population
1 is located at 1421 m in a POF; population 2 is located at 1160 m in a POF-CF and CF zone;
population 3 is located at 1130 m in a CF and the secondary vegetation derived from it
(Figure 1).
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Figure 1. Wild populations of Euphorbia fulgens in the state of Oaxaca. Population 1, (A,a). San
Jerónimo Coatlán; population 2 (B,b). Santiago Jamiltepec; population 3 (C,c). Santa Catarina Juquila.
The capital letters show the species’ habitat, and the lowercase letters show its inflorescences.

Population 1 is located in places that are difficult to access, with steep slopes that are
far from human populations, so there is little disturbance (although habitat alterations
were observed due to the opening of roads for timber extraction). Population 2 is located
on steep slopes, with habitat alterations due to agricultural and cattle-ranching activities.
Finally, population 3 is in conserved areas with secondary vegetation derived from CFs. In
the latter case, there are disturbances due to the proximity of human settlements, so the
survival of this species is at risk.

The analysis of climatic variables (temperature and precipitation), topographic vari-
ables (altitude and slope), and vegetation type at the collection points showed that the
species is distributed within the ranges of precipitation, temperature, slope, altitude, and
vegetation type indicated in Table 1. Furthermore, the multi-criteria analysis results indicate
that the type of vegetation/land use–land cover where the species is found seems to be the
most discriminating variable as it corresponds to 25% of the relative area, indicating that
the species has a potential area of 54,665 ha (Figure 2).
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Table 1. Multi-criteria analysis for the potential distribution of Euphorbia fulgens.

Variable Min Max Area
(ha) % *

Precipitation (mm) 1032 1824 1,992,762 2.7
Temp. min (◦C) 11.5 15 537,273 6.7
Temp. max (◦C) 26 29 819,153 10.2

Slope (%) 7 17 1,103,041.53 4.9
Altitude (m) 1129 1670 1,159,670 4.7

Vegetation type
Pine–oak forest (BOF)

Cloud forest (CF)
Shrub and arboreal secondary vegetation of CF

218,743.65 25.0

Potential distribution 54,665.19

* The relative proportion of the potential surface area of each variable.
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The analysis of the soil samples showed that the sites have similar characteristics.
They are sandy–loam textured soils, with pH values 5.0, EC < 0.06 dS m−1, and a bulk
densities (BD) of 1.0 g cm−3. The soil of population 1 contained 53.3% sand, 29.3% silt,
and 17.2% clay. The soil of population 2 presented 55.5% sand, 31.3% silt, and 13.2% clay,
while the soil of population 3 contained 65.9% sand, 16.0% silt, and 18.1% clay. The soil of
population 1 had the lowest organic matter content (4.48%). The soil of population 2 had
higher Ca (910 mg kg−1), Mg (227 mg kg−1), Fe (110 mg kg−1), Zn (1.28 mg kg−1), and Mn
(14.56 mg kg−1) contents compared to the other populations (Table 2).
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Table 2. The physical and chemical characteristics of soil in three populations of Euphorbia fulgens
in the state of Oaxaca, Mexico. 1. San Jerónimo Coatlán. 2. Santiago Jamiltepec. 3. Santa Catarina
Juquila *.

Population
Texture

pH EC
dS m−1

MO
%

N Inorg. P
mg kg−1

K
mg kg−1

Ca
mg kg−1

S % L % C %

1 53.3 29.3 17.2 5.27 0.03 4.48 11.4 0.78 230 287
2 55.5 31.3 13.2 5.43 0.06 7.07 15.9 2.77 364 910
3 65.9 16.0 18.1 5.25 0.04 7.54 15.8 4.73 144 164

Population
DBD

g cm−3
Mg

mg kg−1
Fe

mg kg−1
Cu

mg kg−1
Zn

mg kg−1
Mn

mg kg−1
B

mg kg−1

1 1.20 98 35.61 0.56 0.40 2.52 1.63
2 1.10 227 110.54 0.40 1.28 14.56 1.98
3 1.11 43 63.21 0.12 0.60 5.98 1.58

EC: Electrical conductivity. dSm−1: deciSiemens per meter. EC: Electrical conductivity. MO: Organic matter.
DBD: Bulk density. * See methodology analysis in the supplementary material S2.

The Euphorbia fulgens plants collected at the three sites have formed independent
populations because they are separated by roads, highways, and human settlements.
Therefore, no studies on reproduction and pollination have been carried out and the
chromosomic number is not known. However, field observations in this study suggest that
it could be an allogamous species with entomophilous pollination, mainly by Diptera, tiny
wasps, bugs, and ants.

2.2. Molecular Characterization

Only 8 of the 10 microsatellites used were amplified; all were polymorphic and gener-
ated 38 alleles. The markers with the highest alleles were Ep90 (12 alleles), Ep05 (6 alleles),
E97, Ep61 (4 alleles), and the rest with 3 alleles. The average number of alleles per polymor-
phic locus was 4.6, so allelic diversity was relatively low to moderate. Total heterozygosity
(HT) for the three analyzed populations of E. fulgens was high (0.5483). The analysis at the
intra-population level indicated that in the eight loci, the average observed heterozygosity
in population 1 was 0.6468, in population 2, it was 0.5835, and in population 3, it was 0.4148.
Population 1 showed higher genetic diversity by observed heterozygosity and the number
of observed genotypes (Go = 114) compared to populations 2 and 3 (Table 3), indicating
that, although these eight microsatellite loci are not specific to E. fulgens, they can be used
to evaluate this species structure and genetic diversity.

Table 3. Measures of genetic diversity of three populations of Euphorbia fulgens.

Locus
Population 1 Population 2 Population 3

Go Ho He p-Value Go Ho He p-Value Go Ho He p-Value

Ek3216 14 0.28571 0.75132 0.00010 15 0.40000 0.61609 0.01014 13 0.15385 0.60000 0.00036
Ek8578 15 0.93333 0.63678 0.07935 15 0.73333 0.71954 0.09874 13 0.92308 0.68615 0.01717

E78 13 0.84615 0.50769 0.02360 11 0.81818 0.50649 0.06619 7 0.42857 0.53846 1.00000
E86 14 0.50000 0.42593 1.00000 – – – – 13 0.15385 0.14769 1.00000
E90 14 0.35714 0.50529 0.00739 8 0.00000 0.23333 0.06690 13 0.00000 0.36923 0.00127
E97 14 0.78571 0.56878 0.17616 13 1.00000 0.63077 0.00484 11 0.45455 0.55844 0.04943

Ep05 15 0.73333 0.57011 0.41937 15 0.73333 0.66897 0.03284 13 0.53846 0.68615 0.09562
Ep61 15 0.73333 0.65287 0.09693 10 0.40000 0.67368 0.01272 9 0.66667 0.69935 0.00641

Avg. Ho = 0.6468
Total Go = 114

Avg. Ho = 0.5835
Total Go = 87

Avg. Ho = 0.4148
Total Go = 92

HT for three populations = 0.54836

Go—observed genotypes, Ho—observed heterozygosity, He—expected heterozygosity, HT—total heterozygosity.

The overall molecular analysis of variance (AMOVA) using the eight amplified loci
showed that the most significant proportion of molecular variability was located among
individuals (93.84%) and not among populations (5.58%). Wright’s F-statistics for measur-
ing genetic structure showed low values of genetic differentiation between populations
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(FST = 0.05587) and low levels of total inbreeding in the three populations (FIS = 0.00602
and FIT = 0.06156). Although there were missing data when we used all eight loci, AMOVA
was performed with the three most representative loci (1, 2, and 7). The results indicate
that 5.57% of the genetic variations are between populations, 6.55% are in individuals
within populations, and 87.88% are within individuals of the three populations (Table 4).
Wright’s F-statistics are similar to those obtained for the eight microsatellite loci; genetic
differentiation is low, with little or no intrapopulation subdivision (FST = 0.05597) and
low levels of total inbreeding (FIS = 0.06936 and FIT = 0.12117). The population-specific
FIS indices show no inbreeding; even in population 1, it indicates exogamy, which would
explain that there is no intrapopulation subdivision. The population-specific FIS indices
(Table 5) show no inbreeding, even in population 1, indicating exogamy, which would
explain that there is no intrapopulation subdivision.

Table 4. Analysis of molecular variance (AMOVA) using eight loci and three amplified microsatellites.

With Eight Loci With Three Loci

Source of Variation SC CV % VAR SC CV % VAR

Between populations 10.956 0.12888 5.58728 5.371 0.05745 5.57
Between subjects within
populations 78.049 0.01312 0.56864 41.687 0.06760 6.55

Within subjects 82.500 2.16472 93.84408 39.000 0.90698 87.88
Total 171.504 2.30672 86.058 1.03203

SC: sum of squares, CV: variance components.

Table 5. Specific FIS indices by population.

Population FIS P (FIS ≥ FIS Observed)

1 −0.04103 0.691105
2 0.07109 0.276637
3 0.18710 0.069404

A pairwise comparison of the populations using paired t-tests indicates that
population 1 differs from populations 2 and 3. However, the latter does not differ (Table 6),
which is consistent with the unweighted pair group method with arithmetic mean (UP-
GMA) analysis, where populations 2 and 3 are grouped on one side, and population 1 is
separated (Figure 3). In addition, the level of gene flow between the three populations was
high, especially between populations 2 and 3 (Table 7).

The Bayesian structuring analysis showed that the populations were divided into
two large genetic groups or clusters (K = 2) (Table 8). The expected heterozygosity among
individuals in the same cluster was 0.6115 for cluster 1 and 0.5316 for cluster 2, indicating
high genetic variation in both clusters. The three populations have mixed distributions
(Figure 4); most individuals from population 1 were grouped in cluster 1, while individuals
from populations 2 and 3 were distributed similarly in both clusters. The fixation index
obtained for cluster 1 (FST = 0.0262) was lower than that of cluster 2 (FST = 0.1739),
suggesting a higher degree of genetic differentiation among individuals in this second
group, although this difference was not significant. The estimated gene flow value in
group 1 (Nm = 9.29) was much higher than in group 2 (Nm = 1.1876), suggesting no genetic
differentiation due to the high gene flow by cross-pollination or allogamy.

Table 6. FST pairwise comparison of populations using paired t-tests. Significance matrix FST
(p = 0.05).

Population 1 2 3

1 + +
2 + -
3 + -
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3. Discussion

The total heterozygosity for the three populations of Euphorbia fulgens (HT = 0.5483) in-
dicated a high genetic diversity despite its endemic and restricted distributions.
Population 1 had the highest genetic diversity and was separated from populations 2 and 3.
However, this difference was not significant according to the Bayesian analysis conducted
with Structure software. The levels of genetic diversity in E. fulgens are similar to those
obtained in E. kansui, a species endemic to China [13], E. lamarckii, a species endemic to
the Canary Islands [15], and E. palustris, with a peculiar distribution limited to the banks
of rivers in Central Europe [14]. Similarly, moderate and high variation levels have been
documented in endemic species that do not belong to the genus Euphorbia, such as Pityopsis



Plants 2022, 11, 2542 8 of 12

ruthii [20], Seseli farrenyi [21], and Aristolochia delavayi [22]. However, it has been suggested
that species with a wide distribution, cross-reproduction, wind pollination, and long gener-
ation times show more significant variations than those with the opposite characteristics,
as with Eriocaulon bilobatum, an aquatic species with sexual and asexual reproduction,
monoecious, and that is pollinated by insects with isolated and scarce populations [23].
Although Lilaea scilloides is widely distributed, it has shown low genetic diversity within
and among the populations analyzed [24].

The genetic structure analyzed for E. fulgens showed that the highest proportion
of molecular variability was found within individuals rather than between populations.
There were low values of genetic differentiation between populations and low levels of
total inbreeding in the three populations; the same occurs in endemic species, such as
Paeonia decomposita, where the highest proportion of molecular variability is found within
populations [25]. This has also been observed in species with few populations with low
population differentiation [23] or in species distributed along rivers, such as Aristolochia
delavayi [22]. A pairwise comparison of populations using paired t-tests indicated that
population 1 differed from populations 2 and 3, but the latter did not differ. The gene flow
level between the three populations was high, especially between populations 2 and 3. This
suggests that this is an allogamous species with pollination mainly by dipterans, tiny wasps,
bugs, and ants observed in the inflorescences during fieldwork. However, no studies have
documented the pollinators of E. fulgens, so it is proposed that researchers conduct studies
to verify the pollination and reproduction systems of this species of Euphorbia and, thus,
complement the factors that contribute to the high gene flow levels.

It should be noted that the populations are not very far from each other; the distance
between populations is less than 100 km in a straight line. Populations 2 and 3 are in a
cloud forest and ecotone 1 (POF-CF) inhabited areas. In contrast, population 1 inhabits a
pine–oak forest and ecotone 1 (POF-CF), but at a higher altitude than the other populations
and with difficult access, which also explains why it is the population with the most
significant genetic variation and slight differentiation; however, the gene flow between
the three populations is still being maintained. It agrees with what was obtained via the
Bayesian analysis of genetic structuring using Structure software, which indicated that the
analyzed populations were divided into two large genetic groups or clusters (K = 2), and
that most of the individuals of population 1 were grouped in group 1 and the remaining
(populations 2 and 3) in group 2. However, there is a mixed population with a slight
genetic differentiation between individuals of group 2 and individuals of group 1 (without
being significant). The high gene flow values suggest a lower genetic differentiation due
to the entry of genes related to cross-pollination or allogamy; the same is documented in
Seseli farrenyi, an endemic species with a minimal distribution range in the Mediterranean
Basin [21]. Therefore, it could well be a large population that inhabited a large geographic
area of a cloud forest or oak–pine forest, showing a sign of fragmentation due to multiple
factors, e.g., biological–evolutionary processes, such as genetic drift, natural selection, and
migration, or by human activities and changes in the climatic conditions of that region.

4. Materials and Methods
4.1. Geographical Distribution

The geographic distribution information of Euphorbia fulgens was obtained from the
databases of national and international open access collections available on the internet
January 2018: Global Biodiversity Information Facility (www.gbif.org, accessed on 22
September 2022), Red Mundial de Información Sobre Biodiversidad (REMIB) (http://www.
conabio.gob.mx/remib, accessed on 22 September 2022), the open data website of the
Universidad Nacional Autónoma de México (UNAM) (http://datosabiertos.unam.mx,
accessed on 22 September 2022), and the Tropicos database of the Missouri Botanical
Garden (www.tropicos.org, accessed on 22 September 2022). In addition, information
was collected from herbarium specimens deposited in the most important collections in
Mexico (MEXU, ENCB, IEB). A database was constructed containing the state, municipality,

www.gbif.org
http://www.conabio.gob.mx/remib
http://www.conabio.gob.mx/remib
http://datosabiertos.unam.mx
www.tropicos.org
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locality, latitude, longitude, type of vegetation, altitude, collector number, collector, name
of the identifier, and herbarium of where it was located, with the records of the herbarium
specimens. Additionally, specialists in the family Euphorbiaceae were consulted on the
geographic distribution of the species in Mexico.

Data on altitude, vegetation type, and geographic coordinates were taken between
December 2018 and January 2019 at the collection sites. In addition, in order to have physi-
cal and chemical characterizations of the soil, three samples of one kilogram were taken
at a depth of 20 cm and analyzed to obtain the pH, electrical conductivity (dS m−1), per-
centage of organic matter, inorganic nitrogen (mg kg−1), phosphorus (mg kg−1), potassium
(mg kg−1), calcium (mg kg−1), magnesium (mg kg−1), iron (mg kg−1), copper (mg kg−1),
zinc (mg kg−1), manganese (mg kg−1), boron (mg kg−1), bulk density (g cm−3), and texture
(percentage of sand, silt, and clay).

Based on the information obtained, geographic and potential distribution maps were
prepared via a multi-criteria analysis using QGIS software v. 3.10. The variables considered
were climate (climatic units, temperature, and precipitation), terrain slope, altitude, and
vegetation type obtained from the UNAM database and the Instituto Nacional de Estadística
y Geografía [26] (Table 9).

Table 9. Variables used in the multi-criteria analysis to determine the potential distribution of
Euphorbia fulgens.

Variable Format Scale/Resolution Source

Temperature TIF 1 km UNAM, 2020
Precipitation TIF 1 km UNAM, 2020
Climate Units Shapefile 1:250,000 UNAM, 2020
Altitude TIF 15 m INEGI, 2020
Vegetation type Shapefile 1:250,000 INEGI, 2017
Slope TIF 15 m INEGI, 2020

4.2. Molecular Characterization

Molecular characterization was performed on 45 individuals from 3 populations.
Youngs, healthy leaves were collected and packaged in Ziploc® bags and transported under
refrigerated conditions to the laboratory for analysis. DNA was extracted using the CTAB
methodology [27] with some modifications. The quality of purity and the quantity of
DNA (ng/µL−1) were determined using a Thermo Scientific® (MA, USA) brand Nanodrop
Lite, for which all samples were diluted to 10 ng/µL−1. DNA quality was evaluated by 2%
agarose gel electrophoresis at 120 volts for one and a half hours, which was subsequently
stained with ethidium bromide and documented with low-cost image acquisition and
documentation of gels, Digidoc-lt® (NJ, USA) Imaging System.

Since there were no previous molecular characterization studies of Euphorbia fulgens,
in the present study, ten microsatellite molecular markers used in other species of the same
genus, E. kansui, endemic to China [13], E. lamarckii, endemic to the Canary Islands [15],
and E. palustris, native to Europe [14], were used. PCR was performed for all ten mi-
crosatellite pairs without fluorescent labeling (Supplementary Material Table S1). The
PCR reaction mixture had a final volume of 15.6 µL, consisting of: 9.45 µL of molecu-
lar biology grade water, 3.00 µL of 5X reaction buffer (Bioline®, Meridian Life Science
Inc. USA), 0.5 µL of forwarding primer (T4Oligo®), 0.5 µL of reverse primer (T4Oligo®),
0.15 µL of Taq polymerase (Bioline® 500 U), and 2.00 µL of DNA. Amplification was per-
formed with Techne Flexigene® (CB, UK) thermal cyclers with the following PCR sequence:
1 pre-denaturation cycle at 94 ◦C for 5 min, 35 denaturation cycles at 94 ◦C for 30 s,
1 alignment cycle of 30 s at the optimal recommended temperature for each primer pair,
35 extension cycles at 72 ◦C for 30 s, and 1 final extension cycle at 72 ◦C for 5 min. The
amplified fragments were separated by electrophoresis at 110 volts for 40 min on 3.5%
MetaPhor®-Nusieve® (ME, USA) agarose gels and 1X TBE buffer. Gels were developed
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using a Red SafeTM (NJ, USA) staining solution; the gels were documented with a Labnet®

(NC, USA) ultraviolet light transilluminator.

4.3. Statistical Analysis

The following statistical tests were performed from the banding patterns: Hardy–
Weinberg, analysis of molecular variance (AMOVA), average Wright’s F-statistics, and
an exact test of the population differentiation for the population pairs. From these tests,
and using Arlequin v. 3.5 [28], statistics of the expected and observed heterozygosity,
genetic diversity within and between populations, and level of gene flow, were obtained.
In addition, calculated Fst data were used to generate a genetic distance matrix, and a
UPGMA analysis was performed using Mega version X software [29].

On the other hand, estimates of the most probable numbers of populations (K) were
obtained using the Structure program, version 2.3 [30]. The program was run with
6 independent replicates for K (i.e., distinct populations or gene clusters with K from
one to 10) with a discard period of 10,000 replicates followed by 50,000 Monte Carlo simu-
lations in a model assuming no admixtures and independent allele frequencies. Finally, the
most probable number of clusters was determined using the method proposed by Evanno
et al. [31].

5. Conclusions

Euphorbia fulgens has a distribution restricted to a single state; three geographically
separated populations were located, making it endemic to the Sierra Sur region of Oaxaca.
Genetic diversity was high without significant genetic differentiation, and the molecular
genetic structure revealed that there are only two genetic populations instead of the three
that had been defined a priori based on their geographic locations; these populations
maintain a high level of gene flow and prevent genetic divergence. Genetic differentiation
between populations 2 and 3 is very low; both likely came from population 1, which is
fragmented and just beginning to differentiate genetically. This study provides information
that can be used in conservation programs due to the risk of extinction related to habitat
fragmentation and shows the need for further ecological–evolutionary studies, to determine
the pollination systems of these plants, to know their pollinators, and elucidate their
evolutionary history to explain their endemism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11192542/s1, Table S1: Description of the microsatellite
loci used in Euphorbia fulgens; S2: Methodology for soil analysis used at the Central University
Laboratory. Soil Department. Universidad Autónoma Chapingo.

Author Contributions: Conceptualization, M.P.-N., F.R.-C., T.C.-L. and F.G.-A.; methodology, M.P.-N.
and F.R.-C.; formal analysis, F.R.-C. and R.E.O.-C.; investigation, M.P.-N.; resources, T.C.-L.; data
curation, M.P.-N., F.R.-C. and R.E.O.-C.; writing—original draft preparation, M.P.-N.; writing—review
and editing, F.R.-C., T.C.-L., G.P.-O., R.E.O.-C., I.A.-T. and F.G.-A.; supervision, F.R.-C., T.C.-L., G.P.-O.,
I.A.-T. and F.G.-A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by project 19065-C-66 (2019), Universidad Autonoma Chapingo.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: Pérez-Nicolás received a scholarship from Consejo Nacional de Ciencia y Tec-
nología (Conacyt, no. 436059), Posgrado de Ciencias en Horticultura (UACh). We thank
Q. Ricardo Gaspar and M. en C. María Elisa Cano Alvarado for their guidance and support in
the Laboratory of Assisted Plant Breeding, Department of Plant Breeding, Universidad Autónoma
Chapingo; and Rene Aguilar, Claudio Flores and Sergio Santoyo for their support in the field work
and Ma. Edith Ponce Márquez for her molecular technical support at the Facultad de Ciencias, UNAM.
We also thank the anonymous reviewers for all of their suggestions to improve this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/plants11192542/s1
https://www.mdpi.com/article/10.3390/plants11192542/s1


Plants 2022, 11, 2542 11 of 12

References
1. Wurdack, K.J.; Hoffmann, P.; Samuel, R.; de Brujin, A.; Van der Bank, M.; Chase, M.W. Molecular phylogenetic analysis of

Phyllanthaceae (Phyllanthoideae pro parte, Euphorbiaceae sensu lato) using plastid RBCL DNA sequences. Am. J. Bot. 2004, 91,
1882–1900. [CrossRef]

2. Secco, R.; Cordeiro, I.; Ribes de Lima, L.; Sá-Haid, B. An overview of recent taxonomic studies on Euphorbiaceae s.l. in Brazil.
Rodriguésia 2012, 63, 227–242. [CrossRef]

3. APG. An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants: APG IV. Bot.
J. Linn. Soc. 2016, 181, 1–20. [CrossRef]

4. Villaseñor, J.L. Catálogo de plantas vasculares nativas de México. Rev. Mex. De Biodivers. 2016, 87, 559–902. [CrossRef]
5. Steinmann, V. Diversidad y endemismo de la familia Euphorbiaceae en México. Acta Bot. Mex. 2002, 61, 61–93. [CrossRef]
6. Martínez, M.; Jiménez, J.; Cruz, R.; Juárez, E.; García, R.; Cervantes, A.; Mejía, R. Los géneros de la familia Euphorbiaceae en

México. An. Inst. Biol. Univ. Auton. Mex. Ser. Bot. 2002, 73, 155–281. [CrossRef]
7. Yang, Y.; Rinna, R.; Morawetz, J.J.; Haevermans, T.; Aubriot, X.; Berry, P.E. Molecular phylogenetics and classification of Euphorbia

subgenus Chamaesyce (Euphorbiaceae). Taxon 2012, 61, 764–789. [CrossRef]
8. Pérez-Nicolás, M.L.; Colinas-León, T.; Alia-Tejacal, I.; Peña-Ortega, G.; González-Andrés, F.; Beltrán-Rodríguez, L. Morphological

variation in Scarlet Plume (Euphorbia fulgens Karw. ex Klotzsch, Euphorbiaceae), an underutilized ornamental resource of Mexico
with global importance. Plants 2021, 10, 2020. [CrossRef]

9. González, E.G. Microsatélites: Sus aplicaciones en la conservación de la Biodiversidad. Graellsia 2003, 59, 377–388. [CrossRef]
10. Bajay, M.M.; Zucchi, M.I.; Manabe-Kiihl, T.A.; Araújo-Batista, C.E.; Montero, M.; Baldín-Pinheiro, J. Development of a novel set of

Microsatellite markers for Castor nvi, Ricinus communis (Euphorbiaceae). Am. J. Bot. 2011, 98, e87–e89. [CrossRef]
11. Carneiro, V.M.L.; Santini, L.; Lima, D.A.; De Freitas, M.C. Microsatellite markers: What they mean and why they are so useful.

Genet. Mol. Biol. 2016, 39, 312–328. [CrossRef]
12. Trejo, L.; Feria-Arroyo, T.P.; Olsen, K.M.; Eguiarte, L.E.; Arroyo, B.; Gruhn, J.A.; Olson, M.E. Poinsettia’s wild ancestor in the

Mexican Dry Tropics: Historical, genetic, and environmental evidence. Am. J. Bot. 2012, 99, 1146–1157. [CrossRef]
13. Yan, X.H.; Fang, M.F.; Qian, Z.Q.; Liu, Z.L.; Tian, C.P.; Du, M.H.; Li, Y.J.; Li, Z.H.; Zhao, G.F. Isolation and characterization of

polymorphic microsatellites in the perennial herb Euphorbia kansui using paired-end Illumina shtgun sequencing. Conserv. Genet.
Resour. 2014, 6, 841–843. [CrossRef]

14. Durka, W. Isolation and characterization of microsatellite loci for Euphorbia palustris (Euphorbiaceae). Genome 2009, 52, 1037–1039.
[CrossRef]

15. Li, Y.S.; Sun, Y.; Wang, F.G.; Xing, F.W. Isolation and characterization of microsatellite loci in Euphorbia lamarckii Sweet (Euphor-
biaceae) from the Canary Islands. Conserv. Genet. Resour. 2014, 6, 313–314. [CrossRef]

16. McCauley, R.A.; Cortés-Palomex, C.; Oyama, K. Distribution, genetic structure, and conservation status of the rara microendemic
species, Guaiacum unijugum (Zygophyllaceae) in the Cape Region of Baja California, Mexico. Rev. Mex. De Biodivers. 2010, 81,
745–758. [CrossRef]

17. Xu, X.X.; Cheng, F.Y.; Xian, H.L.; Peng, L.P. Genetic diversity and population structure of endangered endemic Paeonia jishanensis
in China and conservation implications. Biochem. Syst. Ecol. 2016, 66, 319–325. [CrossRef]

18. Turchetto, C.; Segatto, A.L.; Mäder, G.; Rodrigues, D.M.; Bonatto, S.L.; Freitas, L.B. High levels of genetic diversity and population
structure in an endemic and rare species: Implications for conservation. AoB Plants 2016, 8, 1–50. [CrossRef]

19. Wang, Y.; Zhou, T.; Li, D.; Zhang, X.; Yu, W.; Cai, J.; Wang, G.; Guo, Q.; Yang, X.; Cao, F. The genetic diversity and population
structure of Sophora alopecuroides (Faboideae) as determined by microsatellite markers developed from transcriptome. PLoS ONE
2019, 14, e0226100. [CrossRef]

20. Hatmaker, E.A.; Staton, M.E.; Dattilo, A.J.; Hadziabdic, Ð.; Rinehart, T.A.; Schilling, E.E.; Trigiano, R.N.; Wadl, P.A. Population
structure and genetic diversity within the endangered species Pityopsis ruthii (Asteraceae). Front. Plant Sci. 2018, 9, 943. [CrossRef]

21. Garcia-Jacas, N.; Requena, J.; Massó, S.; Vilatersana, R.; Blanché, C.; López-Pujol, J. Genetic diversity and structure of the narrow
endemic Seseli farrenyi (Apiaceae): Implications for translocation. PeerJ 2021, 9, e10521. [CrossRef]

22. Yu, Y.-L.; Wang, H.-C.; Yu, Z.-X.; Schinnerl, J.; Tang, R.; Geng, Y.-P.; Chen, G. Genetic diversity and structure of the endemic
andendangered species Aristolochia delavayi growing along the Jinsha River. Plant Divers. 2021, 43, 225–233. [CrossRef]

23. Magallán-Hernández, F.; Martínez, M.; Hernández-Sandoval, L.; Oyama, K. Estructura genética de poblaciones de Eriocaulon
bilobatum (Eriocaulaceae): Una especie amenazada de humedades temporales. Bol. Soc. Bot. De Mex. 2009, 85, 81–88.

24. Magallán-Hernández, F.; Martínez, M.; Hernández-Sandoval, L.; González-Rodríguez, A.; Oyama, K. Diversidad genética de
Lilaea scilloides (Juncaginaceae) en el centro de México. Rev. Mex. De Biodivers. 2013, 84, 240–248. [CrossRef]

25. Wang, S.-Q. Genetic diversity and population structure of the endangered species Paeonia decomposita endemic to China and
implications for its conservation. BMC Plant Biol. 2020, 20, 510. [CrossRef]

26. INEGI. Conjunto de Datos Vectoriales de Uso de Suelo y Vegetación, 1st ed.; Escala 1:250 000. Serie VI (Capa Union); Instituto Nacional
de Estadística y Geografía: Aguascalientes, México, 2016.

27. Doyle, J.J.; Doyle, J.L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem. Bull. 1987, 19, 11–15.
28. Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux

and Windows. Mol. Ecol. Resour. 2010, 10, 564–567. [CrossRef]

http://doi.org/10.3732/ajb.91.11.7882
http://doi.org/10.1590/S2175-78602012000100014
http://doi.org/10.1111/boj.12385
http://doi.org/10.1016/j.rmb.2016.06.017
http://doi.org/10.21829/abm61.2002.909
http://doi.org/10.13140/RG.2.1.3813.7762
http://doi.org/10.1002/tax.614005
http://doi.org/10.3390/plants10102020
http://doi.org/10.3989/graellsia.2003.v59.i2-3.253
http://doi.org/10.3732/ajb.1000395
http://doi.org/10.1590/1678-4685-GMB-2016-0027
http://doi.org/10.3732/ajb.1200072
http://doi.org/10.1007/s12686-014-0274-9
http://doi.org/10.1139/G09-072
http://doi.org/10.10007/s12686-013-0076-5
http://doi.org/10.22201/ib.20078706e.2010.003.646
http://doi.org/10.1016/j.bse.2016.05.003
http://doi.org/10.1093/aobpla/plw002
http://doi.org/10.1371/journal.pone.0226100
http://doi.org/10.3389/fpls.2018.00943
http://doi.org/10.7717/peerj.10521
http://doi.org/10.1016/j.pld.2020.12.007
http://doi.org/10.7550/rmb.18898
http://doi.org/10.1186/s12870-020-02682-z
http://doi.org/10.1111/j.1755-0998.2010.02847.x


Plants 2022, 11, 2542 12 of 12

29. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549.

30. Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000, 155,
945–959.

31. Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the software STRUCTURE: A simulation
study. Mol. Ecol. 2005, 14, 2611–2620. [CrossRef]

http://doi.org/10.1111/j.1365-294X.2005.02553.x

	Introduction 
	Results 
	Geographical Distribution 
	Molecular Characterization 

	Discussion 
	Materials and Methods 
	Geographical Distribution 
	Molecular Characterization 
	Statistical Analysis 

	Conclusions 
	References

