* forests

Article

Influence of a White Oak Species Gradient on Genetic Structure
and Diversity of Quercus glabrescens (Fagaceae) in Mexico

Katia Sdnchez-Ortiz 1, Susana Valencia-A 2

W) Check for updates

Academic Editors: Girmante

Jurksiené and Darius Kavaliauskas

Received: 3 March 2026

Revised: 21 March 2026

Accepted: 23 March 2026

Published: 25 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Efrain Tovar-Sinchez 3*

1 Oxford Martin School, University of Oxford, 34 Broad Street, Oxford OXI 3BD, UK;
katia.sanchezortiz@oxfordmartin.ox.ac.uk

Herbario de la Facultad de Ciencias, Departamento de Biologia Comparada, Universidad Nacional Auténoma
de México, Circuito Exterior s/n, Ciudad Universitaria, Coyoacan, Mexico City 04510, Mexico;
svalenciaa.unam@gmail.com

Centro de Investigation en Biodiversidad y Conservacién, Universidad Auténoma del Estado de Morelos,
Av. Universidad 1001, Col. Chamilpa, Cuernavaca 62209, Mexico

Correspondence: efrain_tovar@uaem.mx

Abstract

Quercus glabrescens Benth. (white oak) is a widespread temperate forest species endemic to
Mexico, known to form hybrids with related species in regions of sympatry. Q. glabrescens
presents weak reproductive barriers with other white oak species; hence, in this study,
we tested whether increasing the richness of sympatric white oak species contributes
to greater genetic diversity in Q. glabrescens. In total, eight microsatellite primers (eight
nSSRs and four cpSSRs) were analyzed in five Q. glabrescens populations: one allopatric
(without the presence of other white oak) and four sympatric populations, across which
the number of white oak species occurring in sympatry with Q. glabrescens ranged from
one to four (Q. obtusata, Q. rugosa, Q. laeta, and Q. potosina). In total, 100 individuals were
analyzed. In general, sympatric populations had the highest levels of genetic diversity
(Gd), Shannon diversity index (H), and expected heterozygosity (He) compared with the
allopatric population of Q. glabrescens, regardless of microsatellite origin. Furthermore,
estimates of genetic differentiation (Fst and Rgr) were consistently higher for cpSSRs
than for nSSRs. Genetic diversity in Q. glabrescens (H, cpSSRs; He and F nSSRs) increased
significantly with the number of white oak species occurring in sympatry. Our results
support the hypothesis that as the number of white oak species growing in sympatry with
Q. glabrescens increases, its genetic diversity also increases, possibly due to introgressive
hybridization. This pattern provides a robust framework for predicting how associated oak
species may influence the genetic diversity of Q. glabrescens, which permits the assignment
of a new conservation status based on species richness growing in sympatry.

Keywords: genetic diversity; white oaks; Mexico; microsatellites; oak richness

1. Introduction

The analysis of genetic structure is a key factor in understanding population dynamics
and species evolutionary history; therefore, this information supports the development
of conservation strategies to maintain genetic diversity, a fundamental component of
biodiversity [1]. Genetic diversity provides the raw material for evolution by natural
selection [2], and it is well known that the levels of genetic variation have an influence on
species fitness [3,4].
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Hybridization is a widespread natural process in plants [5]; it generates new genetic
combinations by introducing semicompatible genes into another genotype. This process
significantly influences population genetic structure by increasing genetic variation through
gene flow between species [5-7].

Particularly, oaks (Quercus) constitute one of the most diverse plant lineages in temper-
ate forest ecosystems [8]. The genus is known for exhibiting incipient reproductive barriers
between species, which lead to a high frequency of introgressive hybridization [7,9]. The
genus Quercus is also considered a paradigm of hybridization and has been proposed as a
model for a species concept more closely tied to ecological parameters than to reproductive
isolation [9], owing to the frequent occurrence of intermediate forms between species in
nature. This has caused taxonomic problems in defining species based solely on morpho-
logical characters [10]; therefore, the taxonomic status of some species in the genus has
been questioned [11].

In general, the hybridization phenomenon in oaks occurs only between species be-
longing to the same section [Lobatae (red oaks), Protobalanus (intermediate oaks), or Quercus
(white oaks)]. Quercus is the section in which hybridization and introgression have been
detected more frequently [9,10].

Oaks constitute one of the most diverse tree lineages in temperate ecosystems, with
more than 531 species occurring globally [8]. Mexico is considered the main center of
diversification in the genus Quercus, with 161 species, of which 109 are endemic [12]. In
particular, the Transmexican Volcanic Belt (TVB) has been recognized as a center of origin
for new plant species through introgressive hybridization [13,14]. Despite this, many
species of Mexican oaks are endangered, mainly due to forest fires and tree felling for
agricultural use [15].

Quercus glabrescens Benth. (white oak) is an endemic species well represented in Mexi-
can temperate forests (particularly at the TVB and the North Oaxaca Sierra), distributed
across a wide altitudinal range [16]. As a result, Q. glabrescens is distributed across various
forest types and occurs in sympatry with several white oak species, including Q. obtusata,
Q. rugosa, Q. laeta, and Q. potosina [17]. An overlap of the flowering period of Q. glabrescens
with other white oak species has been detected at sympatric sites, which could facilitate
interspecific hybridization. Q. glabrescens presents remarkable differences in foliar mor-
phology at allopatric sites [16]; however, at sites where it is found in sympatry with other
species of white oaks, intermediate individuals with an atypical foliar morphology have
been detected, which suggests that hybridization could explain the observed variation. For
example, hybridization between Q. glabrescens and Q. rugosa at the TVB has been identified
using chemical and genetic markers [17] and foliar morphological characters [18]. Also,
hybridization between Q. glabrescens x Q. obtusata and Q. glabrescens x Q. rugosa x Q.
obtusata has been documented with chemical and genetic markers [17].

Although hybridization and introgression are well documented in Quercus [7], there is
limited understanding of how variation in sympatric species richness influences genetic
diversity and population structure in Q. glabrescens. In particular, the extent to which
increasing numbers of co-occurring white oak species promote interspecific gene flow and
introgressive hybridization, and how these processes shape contemporary genetic patterns,
remains poorly resolved. We hypothesize that in regions where Q. glabrescens occurs
in sympatry with more white oak species, the frequency of introgressive hybridization
increases, leading to higher genetic diversity and altered population genetic structure.

The objectives of this study were: (1) to characterize the genetic structure of Q.
glabrescens populations using nuclear (nSSRs, biparental inheritance) and chloroplast mi-
crosatellites (cpSSRs, uniparental inheritance), and (2) to evaluate whether an increasing
gradient of associated oak species contributes to greater genetic diversity in Q. glabrescens.
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2. Materials and Methods
2.1. Study Species

Adult individuals of Quercus glabrescens (section Quercus) typically reach heights of
6—20 m and exhibit trunk diameters between 30 and 60 cm. These trees have shiny, dark
green leaves above and pale green ones beneath. Q. glabrescens can be recognized for
being glabrous and for presenting 3-5 rounded lobes above the middle. The flowering
season is from February to June, and the fruiting season is in October. Q. glabrescens is
an endemic species of Mexico, and it is distributed across cloud forests and mixed Pinus—
Quercus and Quercus—Abies forest ecosystems, between 2500 and 3450 m a.s.l. [16,19,20].
Due to this altitude range, Q. glabrescens has established itself in sympatry with various
white oak species, including Q. laeta, Q. obtusata, Q. rugosa, Q. gregii, Q. frutex, and Q.
candicans. Quercus glabrescens is distributed mainly across the TVB [17]. TVB is a volcanic
mountain system that spans central Mexico east-west, where individuals with atypical
leaf morphology occur. One allopatric zone and four sympatric zones were chosen at the
TVB, where a white oak species gradient associated with Q. glabrescens has been observed
(Table 1).

Table 1. Sampling locality, state, geographic coordinates, elevation, distribution pattern, and richness
of white oak species associated with Quercus glabrescens in Mexico.

Locality State Latitude—Longitude Altitude  Distribucion Oak Species
(m) Pattern
Tlaxco Tlaxcala 19°41'46''-98°04/54"/ 2588 Allopatric Q. glabrescens
Mineral El Chico Hidalgo 20°12'52''-98°43'14" 2580 Sympatric Q. glabrescens, Q. obtusata
Cardonal Hidalgo 20°11'40"'-98°44'32" 2898 Sympatric Q. glabrescens, Q. obtusata, Q. rugosa
Huitzilac Morelos 19°00'39"7-99°15'14" 2318 Sympatric Q. glabrescens, Q. obtusata, Q. rugosa, Q. laeta
Omitlén de Judrez Hidalgo 20°09'44''-98°39'15" 2522 Sympatric Q. glabrescens, Q. obtusata, Q. rugosa, Q. laeta. Q. potosina

2.2. Study Sites

To minimize environmental site effects, we selected five localities in central Mexico
within the Trans-Mexican Volcanic Belt (TVB; Figure 1) that share key characteristics. All
sites share a similar geological history, as they are part of the TVB, which originated during
the Quaternary-Pliocene period [21], the same climate (temperate subhumid), the same
altitude (between 2318 and 2898 m), and the same vegetation developmental stage (mature
oak). Also, all localities were situated in habitats associated with slopes and deep soil, as
well as with highways and human settlements. One allopatric population of Q. glabrescens
was chosen where this species was dominant, and no individuals of other white oak species
were observed. Also, four stands where Q. glabrescens co-occurs with other white oak
species were selected. Associated species to Q. glabrescens in each locality are shown in
Table 1. In each locality, transects of approximately 1000 m were made. Sampling was
conducted every 50 m by selecting the individual nearest to Q. glabrescens.

2.3. Molecular Data

Young leaves without visible damage were collected from 100 plants, distributed in
one allopatric stand (n = 20) and four sympatric stands (20 in each stand). Leaf samples
were preserved in liquid nitrogen and subsequently transported to the laboratory for DNA
extraction. Genomic DNA was obtained following the protocol of the DNAeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA). DNA concentrations were quantified for each sample by
fluorometric analysis (Eppendorf Biophotometer, Hamburg, Germany), and DNA quality
was verified by electrophoresis on a 0.8% agarose gel and comparison of band intensities
with lambda DNA. Finally, DNA samples were diluted to obtain a final concentration of
10 ng/pL.
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Figure 1. Sampled populations of Quercus glabrecens. Populations are represented by numbers:
1 = Tlaxco, Tlaxcala (allopatric); 2 = Mineral del Chico, Hidalgo (sympatric); 3 = Cardonal, Hidalgo
(sympatric); 4 = Huitzilac, Morelos (sympatric); 5 = Omitldn de Juarez, Hidalgo (sympatric).

A total of eighteen microsatellite loci were tested. Genetic analyses were performed
using twelve highly polymorphic microsatellite loci for Q. glabrescens. We selected eight
nuclear loci: sstQpZAG110, ssrQpZAG11, ssrQrZag46, Quru-GA-0E09, Quru-GA-1F07,
Quru-GA-0C11, Quru-GA-1C08, Quru-GA-0A01, and four chloroplast loci: Ccmp3, Mdtl,
Mdt3, and Mdt4. Characteristics of nuclear and chloroplast microsatellite loci used in this
study are described in the Supplementary Material (Table S1, [22-26]). The amplification
mixture for each sample contained 20 mM Tris-HCl (pH 8.4), 50 mM KCI, 2 mM MgCl,,
0.13 mM of each ANTP, primer 25 pM, 15 ng of genomic DNA, and 0.8 units of Tag poly-
merase, in a final volume of 15 uL. The polymerase chain reaction (PCR) was conducted in
a Mastercycler gradient Eppendorf AG, Hamburg, as follows: 5 min at 95 °C, followed by
30 cycles of: 1 min at 94 °C, 1 min at 50 °C, 30 s at 72 °C, and a final extension of 8 min at
72 °C. The annealing temperature was changed for different microsatellite primers: 58 °C
for Quru-GA-1F07, 53 °C for sstQpZAG110, ssrQpZAG11, and Quru-GA-0C11, 50 °C for
Quru-GA-0A01, Quru-GA-0E09, and Cemp3, 48 °C for Quru-GA-1C08 and Mdtl, 46 °C
for ssrQrZag46 and Mdt3, and 44 °C for Mdt4. All primers used were 5" labeled with fluo-
rescein. PCR products were resolved on a 4% agarose gel at 60 W for 1.5 h. Samples were
diluted with deionized water (1:10-1:90) according to the intensity of the bands observed
on the agarose gel. To obtain the exact size of the microsatellite (base pairs), polymorphic
fragments were analyzed by sequencing with an ABI PRISM 3100 automated sequencer
(Applied Biosystems, CA, USA) using 9.5 mL of formamide (Applied Biosystems, CA,
USA), 0.5 mL of GeneScan ROX 500 (Applied Bisystems, CA, USA) was used as a size
standard and 1 mL of each PCR product. Allele sizes were determined using GeneMapper
software version 3.7 (Applied Biosystems, Foster City, CA, USA).
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2.4. Genetic Analysis

We assessed genetic variation in Q. glabrescens by analyzing allele frequencies at 12 loci
(eight cpSSRs and four nSSRs) within each population. We also recorded haplotypic varia-
tion in each population, comprising combinations of four polymorphic cpSSRs. Haplotypic
variation was estimated using Nei’s unbiased genetic diversity index [27], as well as the
genetic diversity (Gd), mean number of alleles (A), and Shannon diversity index (H) for
cpSSRs. Shannon diversity index (—X p; In (p;)) [28] and gene diversity (1 — X p;?) [27]
(where pi is the frequency of allele i, and Y pi? is the sum of the squared allele frequencies).
For nSSRs, we pooled all loci to obtain the mean number of alleles (A) and average ex-
pected heterozygosity (He). The analysis was performed using ARLEQUIN version 3.5 [28],
POPGENE v. 3.31 [29], and TFPGA v. 2.0 [30]. Differences in genetic diversity indices
(He, H, and Gd) among Q. glabrescens populations were tested using the Kruskal-Wallis
analysis of variance [31].

Analysis of molecular variance (AMOVA; [28]) was employed to assess the population
structure of Q. glabrescens by quantifying the partitioning of sequence variation within and
among populations across all sites.

The relationships among populations were reconstructed using the UPGMA clustering
method based on Nei’s [27] unbiased genetic distance in POPGENE [32,33]. The inferred
tree was visualized using TREEVIEW v. 1.52 [34]. Correlation significance was assessed
using bootstrapping across loci, with a 95% nominal confidence interval [28]. In addition to
the hierarchical analyses, a NeighborNet network was created using Nei’s genetic distances
in SplitsTree v.4 to explore possible non-hierarchical relationships among populations. This
approach does not require strictly branching relationships and helps visualize conflicting
phylogenetic signals in the data. It provides a useful way to detect patterns indicative of
genetic connectivity or reticulation in microsatellite datasets [35].

Inbreeding coefficients (F) were estimated for Q. glabrescens using eight nuclear mi-
crosatellite loci (nSSRs) with the software INEST v.2.3 [36], which provides unbiased
estimates by simultaneously accounting for the presence of null alleles and genotyping
errors. Analyses were performed under the nfb model to jointly estimate inbreeding, null
allele frequency, and genotyping error. The inbreeding coefficient (F) ranges from —1 to
1, where values close to zero indicate random mating, positive values indicate inbreeding
(excess of homozygotes), and negative values indicate an excess of heterozygotes.

Shannon diversity (H) and genetic diversity (Gd) estimated from chloroplast markers
were correlated with each other. Regression analyses were therefore performed using the
H variable to evaluate the relationship between genetic diversity and the gradient of oak
species occurring in association with Q. glabrescens [31]. Mean number of alleles (A) and
average expected heterozygosity (He) estimated from nuclear markers were correlated with
each other. Consequently, regression analyses using the He and F variables were conducted
to test the relationship between genetic diversity and the oak species gradient associated
with Q. glabrescens [31]. Statistical analyses were carried out using STATISTICA software
ver. 8.0 [37].

3. Results
3.1. Levels of Genetic Diversity over All Populations Analyzed

The 12 SSR loci (eight cpSSRs and four nSSRs) were polymorphic in 100 individuals
of Q. glabrescens. A total of 14 cpSSR alleles (five or six per locus) were identified. On
the other hand, for nSSRs loci, a total of 28 alleles were found (having either eight or
eleven alleles per locus). Tests of allele distribution homogeneity revealed highly significant
results (p < 0.001) for all eight loci. In general, analyses based on cpSSR and nSSR markers
showed that sympatric populations with a higher number of white oak species associated
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with Q. glabrescens had the highest values of Gd, H, and He compared with the allopatric
zone (Table 2). Results of the Kruskal-Wallis analysis of variance showed significant
differences in the genetic diversity index (Gd: H = 12.35, p < 0.003; H: H = 9.61, p < 0.009,
and He: H =9.39, p < 0.007) among populations of Q. glabrescens.

Table 2. Population genetic diversity and structure inferred from cpDNA and nDNA markers in five
Mexican populations of Quercus glabrescens.

IAM SMM
Population N No. loci He Nm Fst Rgr
nSSR
Tlaxco 20 8 0.645 2.61
Mineral del Chico 20 8 0.662 1.69
Cardonal 20 8 0.819 3.27
Huitzilac 20 8 0.809 2.36
Omitlan de Juédrez 20 8 0.861 2.89
Mean 2.564 0.097 * 0.213 %
cpSSR
IAM SMM
Population N No. loci H Gd Nm Fst Rgt
Tlaxco 20 4 0.636 0.423 1.19
Mineral del Chico 20 4 0.517 0.404 1.09
Cardonal 20 4 0.911 0.531 1.15
Huitzilac 20 4 0.905 0.632 2.03
Omitlan de Juérez 20 4 1.083 0.636 1.37
Mean 1.366 0.354 * 0.597 *

Note: N, number of individuals; He, expected heterozygosity; Nm, migrant estimate; H, Shannon index; Gd, genetic
diversity; Rst and Fst, genetic differentiation; IAM, Infinite Allele Model; SMM, Stepwise Mutation Model.
*

=p<0.05.

Estimates of genetic differentiation (Fst and Rst) were higher for chloroplast mi-
crosatellites (cpSSRs) than for nuclear microsatellites (nNSSRs) (Table 2).

3.2. Genetic Differentiation Among Populations

The AMOVA performed under the infinite allele model (IAM) with cpSSRs revealed
a statistically significant fixation index for Q. glabrescens (0.53). The majority of genetic
variation was partitioned within populations (64.6%), whereas 35.4% was distributed
among populations. AMOVA performed under the stepwise mutation model (SMM)
revealed a statistically significant fixation index for Q. glabrescens (0.47). In contrast, the
SMM showed the highest variation among Q. glabrescens populations (59.7%) (Table 2).

AMOVA conducted under the infinite allele model (IAM) using nuclear microsatellites
(nSSRs) revealed a significant fixation index for Q. glabrescens (0.58). Variation was predom-
inantly distributed within populations (90.3%), with the remaining 9.7% occurring among
populations. AMOVA performed under the stepwise mutation model (SMM) revealed a
statistically significant fixation index for Q. glabrescens (0.56). Results based on the SMM
showed that the highest variation occurred in Q. glabrescens (78.7%). Nm estimates were
about half for cpSSRs (1.4) compared with nSSRs (2.6) (Table 2).

3.3. Relationship Between Genetic Diversity in Q. glabrescens and the Gradient of Co-Occurring
Oak Species

Inbreeding coefficients (F), used as a measure of individual genetic diversity, indicated
that Q. glabrescens exhibits significantly higher genetic diversity in sympatric sites with
greater richness of white oak species (r = —0.41, p < 0.001, ? = 0.17). Our findings also
demonstrated a significant positive relationship between genetic diversity in Q. glabrescens
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(H:r=0.88,p <0.05, 7% = 0.78; He: r = 0.93, p < 0.05, #? = 0.86) and the richness of sympatric
white oak species (Figure 2).
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Figure 2. Relationship between genetic diversity of Quercus glabrescens (He, H, and F) and a gradient
of associated oak species. Populations are represented by numbers depending on the number of
white oak species in sympatry: 1 = Q. glabrescens; 2 = Q. glabrescens and Q. obtusata; 3 = Q. glabrescens,
Q. obtusata, and Q. rugosa; 4 = Q. glabrescens, Q. obtusata, Q. rugosa, and Q. laeta; 5 = Q. glabrescens, Q.
obtusata, Q. rugosa, Q. laeta, and Q. potosina. * = p < 0.05, ** = p < 0.001.
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3.4. Population Relationships

The UPGMA clustering method revealed two dendrograms (based on cpSSRs and
nSSRs) which followed a very similar pattern: Two main groups can be distinguished; first,
one constituted by Tlaxco (allopatric population), Mineral del Chico (a population with
one associated species), and Cardonal (a population with two associated species) which
are the populations with the lowest genetic diversity; and a second group, constituted by
Huitzilac and Omitlan de Judrez, the populations with the highest number of associated
species and therefore with the highest genetic diversity (Figure 3).

a)

Tlaxco

Mineral El Chico

Cardonal

Huitzilac

Omitlan de Juarez

b)

Cardonal

Mineral El Chico

Tlaxco

Huitzilac

Omitlan de Juarez

| | |
[ I |

0.10 0.05 0.00

Figure 3. Dendrogram of similarity based on SSR data in five populations of Quercus glabrescens in
Mexico. (a) based on chloroplast microsatellites, (b) based on nuclear microsatellites.

The NeighborNet analysis using Nei’s genetic distances showed a pattern similar to the
UPGMA dendrograms. Two main groups were identified. The first group included Tlaxco
(allopatric population), Mineral del Chico (one associated species), and Cardonal (two
associated species), all of which had lower genetic diversity. The second group consisted of
Huitzilac and Omitlan de Judrez, which have the most oak species associated with them
and the highest genetic diversity.

The overall topology was mostly tree-like. Sympatric populations had closer genetic
relationships and were more closely connected in the network. In contrast, the allopatric
population was more on the edge (Figure 4). This pattern further supports a gradient of
increasing genetic connectivity associated with higher sympatric species richness.
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— Tlaxco

— Mineral El Chico

Huitzilac

Omitlan de
Juarez

Cardonal

Figure 4. UPGMA dendrogram based on Nei’s unbiased genetic distance showing the genetic relation-
ships among five populations of Quercus glabrescens in Mexico inferred from nuclear microsatellites.

4. Discussion

Our results support the hypothesis that increasing richness of sympatric white oak
species is associated with higher genetic diversity in Q. glabrescens. This pattern was
independent of both the genetic diversity parameters estimated (Gd, H, He, F) and the
marker type employed (cpSSRs or nSSRs). The difference in the genetic diversity levels of
the five populations analyzed was also evident with the dendrograms showing the genetic
distance between populations, where populations form groups depending on the number
of their associated species, in a way that Omitldn de Judrez and Huitzilac (populations
with the highest genetic diversity) are mainly separated from Tlaxco and Mineral del Chico
(populations with the lowest genetic diversity). Our results are consistent with the study
by Valencia-Cuevas et al. [38], which documented a positive and significant relationship
between the genetic diversity of Q. castanea and the number of co-occurring red oak species.

Analysis of individual genetic diversity (F) revealed considerable genotypic varia-
tion, with a statistically significant increase in heterozygous genotypes along the gradient
(x? =21.3, d.f. =5, p < 0.05). The prevalence of negative F values in sites with greater
species richness may be associated with a tendency toward heterozygote excess, potentially
reflecting increased opportunities for interspecific gene flow and introgressive hybridiza-
tion. Similar patterns have been reported in oak species complexes, where hybridization
and gene flow among sympatric species contribute to genetic admixture and elevated
heterozygosity [39,40]. At the population level, He, H, and Gd exhibited an increase cor-
responding to the number of oak-associated species. Valencia-Cuevas et al. [38] found
similar results in a range of red oak species linked to Q. castanea in Mexico. Our results
from this experimental design suggest that the increase in genetic diversity in sympatric
populations with the highest number of associated species could be attributed to interspe-
cific hybridization. These results are supported by hybridization studies, particularly in
oaks, where it has been demonstrated that hybridization can increase the genetic diversity
of hybrid populations. For example, hybridization events between Q. glabrescens x Q.
rugosa, Q. glabrescens x Q. obtusata, and Q. glabrescens x Q. rugosa x Q. obtusata have been
confirmed using chemical and genetic markers [17]. In our study, Q. rugosa was found in
75% of the sympatric populations analyzed (n = 3). Q. rugosa is considered the species that
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hybridizes with the highest number of white oaks in Mexico [17]. For example, studies
have documented its hybridization with Q. laeta, Q. obtusata [41], and Q. glabrescens [17,18].
Hence, we suggest that in sympatric populations, Q. glabrescens may engage in genetic
exchange, either directly or indirectly, with the four white oak species.

The study by Castillo-Mendoza et al. [17] suggests that Q. glabrescens is involved in
hybridization events with Q. rugosa and Q. obtusata, two common white oak species that
occur in sympatry with Q. glabrescens in TVB. Our findings align with those of Tovar-
Sanchez et al. [6], Valencia-Cuevas et al. [38], and McVay et al. [14], who found that the
highest genetic variation among oak species in Mexico occurs at the TVB. Interspecific
hybridization, a process common among oak species in this region, may account for the
origin and persistence of these levels of genetic diversity. The TVB is widely recognized
as a center of oak species diversity [8]. This phenomenon is likely attributable to the
region’s function as a natural bridge connecting distinct biogeographic provinces. This
connectivity has enabled interactions among previously isolated species and contributed to
their diversification [6,14,42,43].

On the other hand, Tovar-Sanchez et al. [6] employed cpSSR and found that hybrid
populations composed of Q. crassifolia and Q. crassipes presented the highest levels of
genetic diversity (Gd, 0.508-0.644; H, 0.770-1.097) compared to the allopatric populations of
the parental species. Genetic diversity estimates for sympatric populations of Q. glabrescens,
inferred from cpSSRs (Gd = 0.404-0.636; H = 0.517-1.083), are comparable to those reported
for hybrid populations of the Q. crassifolia x Q. crassipes complex. This similarity supports
the hypothesis that hybridization among oak species co-occurring with Q. glabrescens
enhances chloroplast genetic diversity in sympatric populations.

The genetic structure of Q. glabrescens populations showed that the greatest variation
was within populations rather than among them. This pattern is consistent regardless of the
fixation index analyzed with nSSRs (Fst = 0.097, RgT = 0.213); however, with cpSSRs, it can
be observed only with the IAM fixation index (Fst = 0.354, Rst = 0.597). In general, studies
have shown that differentiation levels tend to be higher with the Rgr estimate (e.g., [6,44].

Our results for genetic differentiation using cpSSRs are similar to those reported
for Mexican populations of Q. crassifolia (Fst = 0.353, Rgr = 0.501) [6] and Q. castanea
(FsT =0.663, RsT = 0.735) [38]. The estimate of differentiation Fst (cpSSRs) was relatively
low compared to North American populations of Q. rubra (0.465) [45] and to European
populations of Q. frainetto (0.457) [46]. On the other hand, the values obtained in this study
were lower than those reported for European populations of Q. petraea (0.835), Q. pubescens
(0.854), and Q. faginea (0.843) [46].

The elevated levels of genetic differentiation detected among European species likely
reflect the extensive geographic scope of the sampling design, which encompassed 37 coun-
tries and 2623 populations. Such broad spatial coverage increases the probability of cap-
turing historical phylogeographic structure and regional demographic discontinuities.
Consistent with theoretical expectations and empirical evidence, genetic differentiation
tends to increase with geographic distance, reflecting the effects of isolation-by-distance
and spatially restricted gene flow [44,47]. Hence, detecting high values of the differentiation
estimates makes sense through extensive analysis of species.

In general, cpSSRs showed higher levels of genetic differentiation among Q. glabrescens
populations (Fst = 0.354, Rgt = 0.597) than nSSRs (Fst = 0.097, Rgt = 0.213). This pattern
is consistent with previous studies across diverse plant taxa. For example, Petit et al. [44]
analyzed 103 genera across 52 families and reported mean Ggr values of 0.163 for nuclear
markers and 0.655 for chloroplast markers. When angiosperms were analyzed separately, a
similar trend was observed (nGgr = 0.184; cpGst = 0.637). Comparable results have also
been reported in Quercus: Dodd et al. [48] found Fsr values of 0.94 for cpSSRs and 0.23 for
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nSSRs in Q. agrifolia, while Grivet et al. [49] reported Ggsr values of 0.805 for cpSSRs and
0.052 for nSSRs in Q. lobata.

This pattern has traditionally been attributed to contrasting dispersal mechanisms,
whereby biparentally inherited nuclear markers reflect both pollen- and seed-mediated
gene flow, while maternally inherited chloroplast markers primarily track seed dispersal,
which is typically more limited. However, beyond differences in dispersal, it is important to
consider that cpSSRs are haploid and therefore have a reduced effective population size (Ne)
relative to diploid nuclear markers. From a theoretical perspective, this results in inherently
higher fixation indices under comparable migration rates (Fst ~ 1/(1 + 4Nem) for diploid
markers vs. Fst ~ 1/(1 + 2Nem) for haploid markers [50]. Consequently, the higher levels
of genetic differentiation observed for cpSSRs are not solely due to restricted seed dispersal
but also reflect the stronger influence of genetic drift associated with their smaller effective
population size [44,51]. This combined effect highlights the need for caution when directly
comparing differentiation estimates derived from organellar and nuclear markers.

This hypothesis can be further explored by estimating the mean number of migrants
per generation (Nm), which was higher for nSSRs (2.6) than for cpSSRs (1.4). Although
Nm is an indirect parameter derived from genetic differentiation and assumes equilibrium
between drift and migration, it can still provide a useful approximation of historical
connectivity among populations. In this context, the Nm values obtained for Q. glabrescens
based on nDNA are broadly consistent with previous studies reporting relatively high
levels of gene flow in oaks, largely mediated by wind-dispersed pollen [49,52,53]. For
instance, Ducousso et al. [52] compared multiple oak species and found that Nm values
based on nuclear markers ranged from 1 to 27 among populations within species, with
values around 2.5 among species, which is comparable to the estimate obtained in this
study (Nm = 2.6).

Nevertheless, these estimates should be interpreted with caution, as Nm reflects long-
term historical gene flow rather than contemporary dispersal, and relies on simplifying
assumptions that may not hold in natural populations. While relatively high Nm values are
generally consistent with the potential for substantial pollen-mediated connectivity in Quer-
cus, they do not necessarily imply ongoing gene flow at similar rates. Moreover, theoretical
thresholds such as Nm > 1, often cited as sufficient to counteract genetic drift, are based
on idealized models and should not be applied uncritically to natural populations [54].
Therefore, the observed patterns of genetic differentiation likely reflect a combination
of historical gene flow, life-history traits, and demographic processes, rather than direct
estimates of current migration rates.

The results from both UPGMA dendrograms (cpSSRs and nSSRs) and NeighborNet
analysis show a consistent genetic structure in Q. glabrescens populations across different
levels of sympatric species richness. In both methods, populations with fewer associated
white oak species (Tlaxco, Mineral del Chico, and Cardonal) were clearly separated from
those with more sympatric species (Huitzilac and Omitldn de Juarez), which also had
higher genetic diversity. This suggests that having more species living together is linked to
greater genetic connectivity among populations.

The mostly tree-like structure of the NeighborNet indicates few conflicting signals,
suggesting the population relationships are mainly hierarchical. The closer grouping of
sympatric populations aligns with expectations for greater gene flow, which is common in
Quercus because weak reproductive barriers and widespread pollen dispersal encourage
genetic exchange between species [55,56]. On the other hand, the allopatric population is
more isolated, reflecting lower connectivity and lower genetic diversity.

In summary, these results support the idea that living alongside multiple oak species
may help gene flow and shape genetic diversity in Q. glabrescens. However, because only
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a small number of microsatellite loci were studied, these findings should be interpreted
as evidence of increased genetic connectivity rather than direct proof of introgressive
hybridization [57,58].

Our findings corroborate the notion that oaks’ life-history characteristics promote
extensive gene flow, thereby contributing to comparatively low levels of population differ-
entiation and elevated genetic diversity within populations [7].

It is important to emphasize that assessing the genetic structure and diversity of Q.
glabrescens along a gradient of co-occurring oak species may provide critical insights for
the development of effective genetic resource conservation strategies. Genetic diversity
constitutes the fundamental level of biodiversity [1] and represents the primary substrate
upon which natural selection operates, thereby sustaining evolutionary potential [2].

In particular, the analysis of the genetic structure of foundation species, such as oaks
(characterized by abundance, distribution across different environments, and associations
with fauna and flora), provides important information about an ecosystem [59]. The
aforementioned can be explained by the fact that genetic expression that causes interactions
with other species extends beyond populations, producing phenotypes of communities or
ecosystems [59].

Plant hybrid zones have been shown to be centers of biodiversity where evolutionary
and ecological processes occur [60,61], thus their conservation is indispensable. Being the
genus Quercus, recognized for frequent hybridization, it represents a system capable of
generating information on its implications for species evolution, community structure, and
conservation strategies, among others. Due to its association with multiple species, Q.
glabrescens represents a unique model for deeper analysis of the effects of hybridization
on the diversity and genetic structure of its populations. The number of studies on plant
hybridization has recently increased; however, there remains a lack of studies evaluating
multispecies hybridization phenomena (syngameon). Therefore, it is necessary to conduct
more detailed studies to demonstrate more accurately the levels of hybridization between
Q. glabrescens and other white oak-associated species.

Finally, it is necessary to consider that generating information on hybridization pro-
cesses is essential to achieving recognition of these phenomena as natural components of
ecosystems. This study demonstrates that sympatric sites of white oak species promote
increased genetic diversity. Hence, if conservation studies seek to protect biodiversity, it is
essential to include these kinds of environments in conservation programs.

5. Conclusions

The results indicate that sympatric populations of Quercus glabrescens exhibit signif-
icantly higher levels of genetic diversity (Gd, H, and He) than the allopatric population
analyzed. This pattern was observed across both nuclear and chloroplast microsatellite
markers, suggesting that species coexistence is a key factor influencing the genetic structure
of this oak species.

Chloroplast microsatellites showed greater genetic differentiation than nuclear mi-
crosatellites, underscoring the distinct inheritance patterns and dispersal mechanisms of
cytoplasmic and biparentally inherited markers. These findings indicate that seed-mediated
gene flow is likely more spatially limited than pollen-mediated gene flow in Q. glabrescens,
resulting in stronger population structure at the chloroplast genome level.

A positive and significant relationship was observed between the genetic diversity
of Q. glabrescens and the number of white oak species occurring in sympatry. This find-
ing supports the hypothesis that greater species richness within white oak assemblages
enhances the genetic diversity of Q. glabrescens, likely through introgressive hybridization
and interspecific gene flow.
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The results suggest that the diversity of co-occurring white oak species is a significant
ecological and evolutionary driver of genetic diversity in Q. glabrescens. Therefore, species
richness within sympatric oak communities can serve as an indicator of genetic variability
and guide conservation strategies. Conservation assessments of Q. glabrescens should
include the diversity of associated oak species as a critical factor when evaluating its
genetic conservation status and establishing management priorities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f17040408 /s1, Table S1: Characteristics of nuclear and chloroplast
microsatellite loci used in this study.
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