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Abstract
Background: Mexico’s physiography has been recognized as a driver of Pinus diversification. This study analyzes phylogeographical patterns 
of the two varieties of P. greggii to cast light on genomic differentiation in allopatry.
Questions: What is the role of geographic barriers in the diversification and genomic differentiation of a highland conifer? 
Studied species: Pinus greggii Engelm. ex Parl.
Study site and dates: Sierra Madre Oriental, Mexico, 2015-2017.
Methods: We used 481 nuclear SNPs and 73 non-coding plastome regions to evaluate genetic diversity and structure. Population relationships 
and demography were estimated using maximum likelihood and coalescent methods under an isolation with migration model and interpreted 
considering ecological niche modeling under present, Last Glacial Maximum and Last Interglacial conditions.
Results: Admixture analyses based on nuclear data show that there are two region-specific clusters and one shared cluster, and that 47 % of 
SNPs are shared between varieties. Our data support a fragmentation event at the onset of the Last Interglacial (126ky-148ky BP), resulting in a 
smaller effective population size in the south. Cryptic breaks, and ecological niche models agree with secondary contact during glacial periods. 
Divergence has been accompanied by population equilibrium as shown by non-significant Tajima’s D in plastome sequences.
Conclusions: Our results support that lineage divergence in Pinus is accompanied by the accumulation of genome-wide differences, while gene 
flow produced asymmetrical patterns of allele sharing. Our study highlights the effectiveness of mountain-valley systems in isolating popula-
tions and points to the need to establish conservation measures for southern P. greggii populations.
Keywords: allopatric speciation, Australes, phylogeography, speciation, retention of ancient polymorphisms.

Resumen
Antecedentes: México tiene una fisiografía compleja reconocida como motor de diversificación del género Pinus. Este estudio analiza los 
patrones filogeográficos de dos variedades de P. greggii para entender su diferenciación genómica en alopatría.
Preguntas: ¿Qué papel juegan las barreras geográficas en la diversificación y diferenciación genómica de una especie de montaña?
Especies de estudio: Pinus greggii Engelm. ex Parl.
Sitio y años de estudio: Sierra Madre Oriental, 2015-2017.
Métodos: Usamos 481 SNPs nucleares y 73 regiones no codificantes del plastoma para evaluar la diversidad y estructura genética. Se estimaron 
relaciones entre poblaciones y parámetros demográficos usando máxima verosimilitud y coalescencia bajo aislamiento con migración, y fueron 
interpretados considerando la modelación de nicho presente, en el Último Interglacial y Último Máximo Glacial.
Resultados: El análisis de STRUCTURE con datos nucleares reveló dos grupos específicos a cada región, y un grupo compartido; un 47 % de 
SNPs fueron compartidos entre variedades. Nuestros datos apoyan un evento de fragmentación a principios del último interglacial (126ky-148ky 
AP), que resultó en menores tamaños efectivos poblacionales en el Sur, así como contacto secundario durante periodos glaciales. La divergencia 
estuvo acompañada por estasis poblacional como sugiere una D de Tajima no significativa en secuencias de plastoma.
Conclusiones: Durante la divergencia de P. greggii hubo acumulación de diferencias a lo largo del genoma, mientras que el flujo génico produjo 
patrones asimétricos de alelos compartidos. Nuestro estudio documenta la efectividad de sistemas montañosos en aislar poblaciones, y apunta 
medidas de conservación para el linaje sur de P. greggii.
Palabras clave: Australes, especiación, especiación alopátrica, filogeografía, retención de polimorfismos ancestrales.
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The Sierra Madre Oriental (SMO), located in northeastern Mexico, constitutes one of the five mountain 
ranges of the Mexican Transition Zone, where the Nearctic and Neotropical biogeographic realms meet 
(Halffter & Morrone 2017). The temperate forests of the SMO are home to 17 species of Pinus, represent-
ing one of the main centers of pine diversity in Mexico, which is the world’s center of diversity of the genus 

(Styles 1993).
Phylogenetic relationships and geographical distribution of Pinus species found in the SMO strongly suggest that 

this mountain range represents a corridor along which pines migrated to Mexico from the Rocky Mountains (Farjon 
1996, Perry et al. 1998). Climatic changes of the Eocene very likely triggered the expansion and diversification 
of the genus in North America (Millar 1993). Later, climatic fluctuations associated with glacial cycles during the 
Pleistocene resulted in major distribution shifts of plant populations, leading to the modern structure of temperate 
plant communities in Mexico (Metcalfe 2006). The great diversity harbored by Pinus in the SMO can therefore be 
explained by the mixed presence of ancient and recently diverged taxa (Farjon 1996). 

Temperate forests found in the SMO are characterized by occurring in high “island mountain ranges” surrounded 
by contrasting vegetation types and are characterized by high endemism (Farjon 1996, Farjon & Filer 2013), sug-
gesting geographical isolation is an important factor enhancing allopatric speciation processes. The Pánuco River 
Basin is the most prominent natural barrier along the SMO (Figure 1) and has been recognized as a major boundary 
driving vicariant divergence processes in several plant and animal species (Bryson et al. 2011, Ruiz-Sanchez et al. 
2012, Ferro et al. 2017, Suárez-Mota & Villaseñor 2017, Sánchez-Acevedo et al. 2023). 

Given that the major mountain systems of the Mexican Transition Zone constitute biodiversity hotspots for high-
land temperate taxa (Torres-Miranda et al. 2011, Farjon & Filer 2013), studies addressing the effect of geographical 
barriers promoting lineage diversification are needed to identify the evolutionary drivers of pine diversity in this 
geologically and climatically complex region (Halffter & Morrone 2017). Pinus lineage divergence at the macro-
micro evolutionary boundary remains poorly understood due to high levels of nuclear and organellar allele sharing 
among species (Hernández-León et al. 2013, Willyard et al. 2016, 2021, Zhou et al. 2017). Incomplete lineage sort-
ing and gene flow among populations have been attributed to large effective population sizes and long lifespan (Petit 
& Hampe 2006) as well as wind-mediated pollination (effective pollen-mediated gene flow can attain distances up to 
102 km; Robledo-Arnuncio 2011) and long-distance dispersal of seeds achieved by wind or by birds.

Pinus greggii Engelm. ex Parl. is a species endemic to the SMO, growing 1,500 meters above sea level. Pinus 
greggii belongs to subsection Australes Loudon, a monophyletic group comprising approximately 27 species ex-
clusively found in North and Central America and the Antilles (Gernandt et al. 2005, Jin et al. 2021), whose rapid 
diversification has been dated to the early Miocene, which spans approximately from 5.33 to 23 million years ago 
(Saladin et al. 2017, Jin et al. 2021).

Populations of Pinus greggii are found in two disjunct areas north and south of the SMO, separated by ca.  
370 km and isolated from each other by the Pánuco River Basin (Figure 1). Southern populations have been described 
as a separate variety, Pinus greggii var. australis, based on differences in needle and seed morphology (Donahue & 
Lopez-Upton 1996, 1999). Populations are commonly scattered, with individuals interspersed with other conifer and 
broad-leaved species (e.g., Abies, Quercus). Declining population sizes related to timber exploitation, a reduced dis-
tribution range and fragmented populations have led to inclusion of P. greggii on the Red List from the International 
Union for the Conservation of Nature (IUCN), where it is considered Vulnerable. Because declining populations can 
face the erosion of their genetic variability and the lowering of fitness due to inbreeding depression, genetic data on 
the current diversity levels of the species, as well as the estimation of key demographic parameters -such as effec-
tive population sizes and migration rates- can assist the design of conservation and monitoring strategies (Amos & 
Balmford 2001, Allendorf et al. 2010). Identifying intraspecific gene pools is also key for the ex situ management 
and propagation of germplasm with potential for timber production, both in Mexico and in other countries (Dvorak 
2012, Dvorak et al. 1996).

Here, we aim to analyze the phylogeographical patterns of P. greggii within the SMO as a case study for char-
acterizing gene pool differentiation and diversification processes in subsection Australes, a rapidly evolving Pinus 
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lineage. Given that the pine genome has a large size with highly repetitive elements (ca. 23 Gbp; Neale et al. 2014), 
we used an exon capture approach to obtain a high number of nuclear SNPs and several non-coding regions of the 
plastid genome.

Our aims are to: 1) Cast light on genomic differentiation during lineage divergence of pines, comparing nuclear to 
plastid DNA data to identify contrasting patterns of gene flow and retention of ancient polymorphisms; 2) evaluate 
the role of geographical barriers as diversity drivers in highland taxa from the SMO, under a historical framework of 
distribution shifts and demographic attributes of populations, and 3) provide baseline data on genetic diversity of this 
species for the purposes of conservation and timber production.

Materials and methods

Study site. The SMO pine and mixed forests develop in the highlands, whereas eastern slopes support humid mon-
tane forests, and western slopes support deciduous tropical forests and xerophytic shrublands (Espinosa et al. 2004). 
Northern P. greggii sites have average annual temperatures near 14 °C, annual rainfalls of 650 mm, and neutral to 
slightly alkaline soils, whereas southern sites have an average annual temperature of 17 °C, annual rainfall of 1,200 
mm, and mainly acidic soils (Donahue & Lopez-Upton 1996). 

Sampling. A total of 39 individuals from eight populations were analyzed (Figure 1, Table S1). Although this number of 
individuals might seem low, Aguirre-Liguori et al. (2017) showed that parameters of genetic diversity such as Hs and FST 
are not strongly affected by the number of individuals sampled but depend more heavily on the number of populations 
sampled. In our study, the eight populations sampled cover the entire range of distribution of the species (see Figure 1). 

Figure 1. Location of studied Pinus greggii populations in Mexico (white points; Table S1). Black points show Global Biodiversity Information Facility 
records (GBIF.org 2025). The thin black line defines the Sierra Madre Oriental. Pointed line shows the Pánuco River and its main effluents. Elevational 
classes are shown in grey. 
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An individual from the state of Guerrero, outside of the natural species distribution, was also included for evalu-
ating the potential of our data for assigning individuals to known populations. Four Pinus patula individuals were 
included to identify shared polymorphisms. Nuclear data show that P. greggii is sister to P. patula and P. tecunumanii 
(Cruz-Nicolás et al. 2024), whereas plastome data suggest it is sister to P. lumholtzii and P. chihuahuana (Gernandt 
et al. 2018). Voucher numbers of all specimens studied are included in Table S2.

Nuclear and plastome variant detection. To avoid the highly repetitive sequences of the Pinus genome, we used the 
Hyb-Seq approach, which consists of capturing specific exons of single-copy genes with RNA probes. The method, 
including selection of reference genes, total genomic DNA extraction, library preparation, exon capture, and se-
quencing of 713 putative single-copy genes, has been described in Gernandt et al. (2018). 

Paired-end Illumina sequence reads were quality filtered with GENEIOUS v. 9.1.5 (Kearse et al. 2012): duplicate 
reads were removed, ends trimmed (5’ and 3’, error probability limit = 0.01), and reads < 50 bp filtered out, keeping 
only reads with mates. After quality trimming, reads of a haploid P. greggii sample (extracted from megagametophyte 
tissue) were mapped to the reference sequences to identify genes with poor assemblies, annotating intron regions 
and identifying genes with potential paralogs, all of which were excluded (see details in Supplementary Material 2). 

Single nucleotide polymorphisms (SNPs) were called with GENEIOUS v. 9.1.5 with the following parameters: 
minimum coverage 20×, minimum variant frequency 0.3, maximum variant P-value 10-7, minimum 65 % strand bias 
P-value 10-3. Variant frequency was used as an indicator of heterozygous/homozygous status (0.3-0.7 vs. > 0.7, re-
spectively). With this stringent procedure, we kept a final set of 415 loci, all of them represented in all the individuals 
sampled (i.e., no missing data). 

SNPs under selection were identified (and then excluded) with F-statistics, under a hierarchical island model of 
two groups (i.e., two varieties), and 20,000 simulations with ARLEQUIN v. 3.5.1.3 (Excoffier et al. 2005). Diploid 
genotypes were phased using PHASE v. 2.1 (Stephens & Scheet 2005) with default parameter values, using haploid 
samples for specifying known phases. Our final dataset consisted of 481 SNPs (mean = 1.16 SNPs/locus). 

The size of our SNP dataset might seem low when compared to most current genomic studies based on high 
throughput genome sequencing (such as genotyping by sequencing or GBS), which are characterized by the sequenc-
ing of hundreds of thousands of anonymous loci dispersed across the genome. In the case of pines, genome-wide 
high-throughput sequencing is unfeasible because of their huge genome size and the highly repetitive sequences that 
encompass 70 to 80 % of the entire genome (Niu et al. 2022). Exon capture approaches, focused on a smaller set of 
specific but highly informative genes, have therefore been developed as an alternative for studies on Pinus phylo-
geography and systematics (Peláez et al. 2020, Willyard et al. 2021, Cruz-Nicolás et al. 2024); they also represent 
an interesting avenue for future genomic research in general (Kesälahti et al. 2024). In a final stage, SNP coding was 
modified to reflect ancestral/derived states using P. pringlei as an outgroup (Gernandt et al. 2018, Cruz-Nicolás et 
al. 2024, Supplementary Material 2).

Plastid reads were assembled over the P. greggii reference plastome NC_035947.1 (Aguirre-Dugua & Ger-
nandt 2017). Variant detection in 73 non-coding regions was based on a high-quality filter with the same param-
eters as previously described, excluding microsatellite length variants (see details in Supplementary Material 2). 
The final matrix had a total length of 38,301 bp. Unique plastid haplotypes were identified using DnaSP v. 5.10 
(Librado & Rozas 2009), excluding invariant sites and treating indels of more than 1 bp as one single mutational 
event (Müller 2006). 

Population diversity and historical demography analysis. For nuclear SNP data, we assessed genetic diversity 
through the expected heterozygosity index (Hs; Nei 1987) and population structure through Wright’s FIS and FST 
indices with an Analysis of Molecular Variance (AMOVA) in ARLEQUIN v. 3.5.1.3 (Excoffier et al. 2005). 

Genetic differentiation was investigated using STRUCTURE v. 2.3 (Pritchard et al. 2000). We performed 10 rep-
licate runs (100,000 burnin, 100,000 steps) for each K from K = 1 to K = 10 based on the Admixture and Correlated 
Allele Frequencies models and a lambda value of 0.6181 calculated from the dataset. The suitable number of clusters 
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was selected according to ΔK (Evanno et al. 2005) and memberships across runs were integrated with CLUMPP v. 
1.1.2 (Jakobsson & Rosenberg 2007). Results from this method were compared to a centered non-scaled Principal 
Components Analysis (PCA, in the R package ‘adegenet’; Jombart & Ahmed 2011). SNP alleles that contributed 
most to the PCA structure were identified as those in the fourth quartile of allele loadings, and their distribution 
within the species and with the outgroup was represented through a Venn diagram (with EULERAPE v. 2.0.3; Mi-
callef & Rodgers 2014).

The best geographical grouping of populations (from k = 2 to 7) was identified with samova v. 2.0 (Spatial 
Analysis of MOlecular VAriance; Dupanloup et al. 2002) based on the maximization of the FCT index. For every 
k, 10,000 steps were performed during the annealing process for each of 100 initial random configurations and 
additional parameters at default values. The best grouping was selected where FCT reached a plateau, and the 
number of single-population groups was minimized. FCT significance was tested through 1,000 permutations of 
populations among groups. Because we expect the SMO to act as a driver for population divergence, we tested 
the presence of isolation by landscape resistance (Cushman et al. 2006). A first null model of simple isolation by 
distance across a uniform landscape was evaluated with a Mantel test (Wright 1943) between the matrix of genetic 
distances (with Nei’s (1972) distance) and the matrix of linear distances among populations (calculated with the 
Haversine method). Our second model proposed that the geographical barrier, expressed through topographic 
distance (i.e., the shortest topographic path among points considering changes in elevation), exerts additional 
resistance to gene flow. This second model was evaluated with a partial Mantel test between the matrix of genetic 
distances and the matrix of topographic distances, while controlling for simple linear distance. Distance matrices 
and the corresponding tests (with significance assessed through 999 permutations) were obtained with R packages 
‘adegenet’, ‘vegan’, ‘topoDistance’, and ‘geosphere’ (Jombart & Ahmed 2011, Oksanen et al. 2016, Wang 2020, 
Hijmans 2024).

Finally, the SNPs matrix was used to compute the joint (2D) unfolded site-frequency-spectrum (SFS) between 
varieties with ARLEQUIN v. 3.5.1.3. The SFS was then used under a coalescent framework to infer the main demo-
graphic parameters associated with the divergence of the two disjunct areas following an isolation with migration 
(IM) model. The composite-likelihood method implemented in fastsimcoal2 v. 26 (Excoffier et al. 2013) was applied 
to estimate effective population sizes, migration rates, and time to divergence. Simulations of the expected SFS under 
the IM model were run with the following options: -N 100,000 (number of coalescent simulations), -L 40 (number 
of expectation-maximization cycles), -M 0.001 (minimum relative difference in parameters between two iterations 
to stop EM cycles), and -C 1 (minimum SFS entry counts). The parameter values were sampled from wide search 
ranges with uniform and log-uniform distributions (N = 100 to 100,000 individuals, Nm = 1 × 10-2 to 20, Tdiv = 100 
to 20,000 generations ago). To determine the parameter estimates leading to the global maximum likelihood solution, 
500 independent runs were performed. Estimates of time in generation units were translated to calendar years by 
using a generation length of 20 years. The closely related P. elliottii, P. taeda, and P. palustris (subsection Australes) 
can produce their first strobili at 5-10 years of age (Dorman 1976) and thus are estimated to have attained full repro-
ductive capacity at 20 years of age.

For the plastid data, genetic diversity was quantified using Nei’s haplotypic index h (Nei 1987) and nucleotide 
diversity at the sequence level (p; Tajima 1983, Nei 1987) with ARLEQUIN v. 3.5.1.3. Kin relationships were exam-
ined through a statistical parsimony network using tcs v. 1.21 with a 90 % connection probability, and gaps treated as 
a fifth character (Clement et al. 2000). Phylogeographic subdivision was evaluated through Gst and Nst indices (with 
Permut & CpSSR v. 2.0; Pons & Petit 1996), using 1,000 permutations to test significance.

To test if data fit a demographic expansion model, we used the distribution of pairwise differences between plas-
tid haplotypes (Rogers & Harpending 1992) using a non-parametric bootstrap of 10,000 repetitions with the sum of 
squared differences (SSD) as the test statistic (Schneider & Excoffier 1999) with ARLEQUIN v. 3.5.1.3. We also 
calculated Fu’s FS (Fu 1997) and Tajima’s D (Tajima 1989) based on full-length sequences and assessed their signifi-
cance by generating 1,000 random samples under the hypothesis of selective neutrality and population equilibrium, 
using coalescent simulations with ARLEQUIN v. 3.5.1.3.
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Ecological Niche Modelling. Climate niche models for present, Last Glacial Maximum (LGM, about 22,000 years 
before present) and Last Interglacial (LIG, 120,000 - 140,000 years before present) were obtained with Maxent v. 
3.4.1 (Phillips et al. 2006). For LGM climate layers, we used the CCSM4 circulation model; Gent et al. 2011). For 
LGM climate layers, we used the CCSM4 (Gent et al. 2011) circulation model because it has proven to have a better 
performance for Mexico (Conde et al. 2011), and Last Interglacial Maximum layers were based on Otto-Bliesner et 
al. (2006). All environmental layers were obtained from the WorldClim database v. 1.4 (Hijmans et al. 2005). Nine-
teen bioclimatic variables were tested for correlations and information content with a Principal Component Analysis 
(JMP 9; www.jmp.com) and only six variables that incorporated most of the variance were kept to avoid model 
overfitting. The variables used for models were: Mean annual temperature (Bio1), Isothermality (Bio3), Annual 
precipitation (Bio12), Precipitation in the wettest month (Bio16), Precipitation of the warmest quarter (Bio18), and 
Precipitation of the coldest quarter (Bio19). The models were run with 10 replicates each, using a bootstrap valida-
tion method, with no extrapolation, a regularization multiplier of 2, and 1,000 iterations per run. We used a random 
seed and 20 % sampling validation. The resulting rasters were cropped using a probability cutoff of 10 %, and the 
presence pixels were transformed into binary data. Overlap between varieties was obtained using the Raster Calcula-
tor option in QGIS v. 2.2.0 (qgis.osgeo.org).

Results

Nuclear variation. Northern and southern regions had similar expected heterozygosity (Table 1), but the south had 
fewer private alleles (72 vs. 111, respectively; Figure 2A). Significant amounts of inbreeding were detected in the 
species and within regions (FIS = 0.34-0.35). Among-population differentiation was stronger in the north according 
to FST, but isolation-by-distance was not significant. In contrast, there was less structuring and a significant isolation-
by-distance pattern in the south (Table 1). 

When analyzed individually, 323 SNP alleles (67 %) were exclusive to Pinus greggii (i.e., not shared with P. pat-
ula), and from these, 183 (57 % of P. greggii SNP alleles) were found exclusively in one of the two regions (Figure 
2A). Approximately 33 % of all detected SNPs (158 alleles) were shared with the outgroup, most (128 alleles, 27 %) 
with P. greggii at the species level and a minor proportion with only one of the two regions (6 % of the entire SNP 
dataset; Figure 2A). 

The STRUCTURE analysis identified K = 3 clusters (Figure S1). Two corresponded closely to the northern and 
southern regions (colored in green and red, respectively, in Figure 2B), whereas a third cluster (blue) was well repre-
sented in N4, and in some southern individuals. The P. greggii individual sampled in Guerrero displayed an admixed 
genotype, with a 0.55 membership probability to the southern red cluster (Figure 2B).

In the PCA, a clear separation of northern and southern populations was observed in the principal component (PC) 
1, while the PC2 revealed within-region variability, especially for northern samples. The distribution of samples in 
the PCA plot agreed with the K = 3 clusters identified in the STRUCTURE analysis (Figure 2B, C).

From the 120 alleles with high weights in the PCA, most (57.5 %) were exclusive to the species (i.e., not shared with 
the outgroup) and distributed both in the northern and the southern regions. Strikingly, more than one third (36.6 %) of 
high-loading alleles were shared with the outgroup, whereas only 11 % were private to one of the two regions (Figure 2C). 

The maximum likelihood estimates of demographic parameters under the IM model (MaxEstLhood = -1067.228) 
included an estimated effective ancestral population size of Ne = 158,232 and, after divergence, of Ne = 65,594 for 
the northern area and Ne = 23,381 for the southern area. Time to divergence was estimated at 6,311 generations ago. 
Migration rates after the divergence were estimated at mN,S = 5.12 × 10-5 and mS,N = 2.75 × 10-7 in north-to-south and 
south-to-north directions, respectively (Figure 3A). When translated to calendar years, divergence between regions 
dates back well before the LGM, between 126,220- and 148,680-years BP. When considering northern population N4 
as part of the southern lineage (as could be interpreted by its differential genetic composition in the STRUCTURE 
analysis shown in Figure 2B and intermediate position in PCA, Figure 2D), estimated demographic parameters 
changed marginally and maintained a similar order of magnitude (Figure 3B). 

https://www.jmp.com/es/home
http://qgis.osgeo.org
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The analysis of landscape resistance to gene flow revealed that there is a significant effect of the SMO as a 
geographical barrier for promoting divergence among populations. The null model of simple isolation by dis-
tance was significant (Mantel’s r = 0.319, P < 0.05), but when factoring out the effect of linear distance, our 
alternative model revealed a higher correlation between genetic and topographic distance (Mantel’s r = 0.6032, 
P < 0.05).

The samova revealed a maximum differentiation at k = 3 groups (FCT = 0.101, P < 0.01), which corresponded to 
three northern populations (N1, N2, N3), one northern population (N4), and four southern populations (S1, S2, S3, 
S4; Figure 4A), in close agreement with the clusters identified by STRUCTURE (Figure 2B). 

Plastid haplotype variation. A total of 17 plastid haplotypes were identified in P. greggii (Figure 4B, C), and two in P. 
patula, based on 81 sequence variants distributed across 73 non-coding regions of the plastome (Table S3). Statistical 
parsimony network analysis identified two networks. Network I had 13 haplotypes, 9 exclusively found in the north 
(A-I), whereas Network II was formed by four haplotypes exclusively found in the south (N, O, P, Q) and the sample 
from Guerrero (Q) (Figure 4C). Two lineages in perfect agreement with the two networks were also recovered in a 
ML phylogenetic analysis of the 73 non-coding regions (Figure S2). 

Similar diversity was detected between regions expressed in total number of plastid haplotypes and Nei’s haplo-
typic diversity index, but nucleotide diversity was higher in the south (Table 2). Northern populations displayed a 
larger proportion of private haplotypes (six haplotypes, B-G), whereas in the south only two were found to be private 
to single populations (Figure 4B). 

A significant phylogeographic structure was detected in the species where Nst > Gst (0.410 vs. 0.140, respectively, 
P < 0.001). However, Nst was not significantly larger than Gst within each region (Tabla 2). The FCT index of samova 
reached a plateau at 0.477 for k = 4 (P < 0.01). One group was formed by the four populations from the northern range 
(N1-N4), while southern populations S1 and S3 occurred in a second group, and populations S2 and S4 remained 
separated in distinct groups (Figure 4A).

The mismatch distribution analysis rejected the hypothesis of a demographic expansion at the species (SSD = 
0.0077, P = 0.75) and regional levels (SSD = 0.0024, P = 0.63 for the northern region; SSD = 0.0119, P = 0.77 for 
the southern region). Population equilibrium was also supported by non-significant values of Tajima’s D and Fu’s F 
indices (Tabla 2).

Population n Private alleles Hs (sd) FIS FST IBD

N1 El Diamante, Coahuila 2 1 0.079 (0.270)

N2 La Carbonera, Coahuila 7 18 0.235 (0.234)

N3 Los Lirios, Coahuila 6 27 0.244 (0.219)

N4 Cerro Potosí, Nuevo León 10 11 0.189 (0.215)

Total North 25 111 0.288 (0.150) 0.350** 0.135*** r = 0.35
S1 Cerro La Pingüica, Querétaro 6 5 0.202 (0.230)

S2 Laguna Seca, Hidalgo 8 21 0.198 (0.214)

S3 Jalamelco, Hidalgo 8 11 0.172 (0.224)

S4 Cumbre de Muridores, Hidalgo 4 1 0.160 (0.236)

Total South 26 72 0.283 (0.155) 0.344** 0.114*** r = 0.74*
Total species 51 323 0.232 (0.158) 0.347*** 0.196*** r = 0.43**

Table 1. Diversity and differentiation estimate of Pinus greggii based on 481 nuclear SNPs. 

Notes: n: haplotypic sample size; Hs: expected heterozygosity; FIS: inbreeding index; FST: population differentiation index; IBD: isolation by 
distance. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. Nuclear variability and structure in Pinus greggii populations. (A) Distribution among taxa of 481 SNP alleles in northern (blue) and southern 
(pink) populations, in both regions (purple) and shared with P. patula (grey). For each set, number (top) and percentage (bottom) of alleles are shown. (B) 
Bayesian clustering according to STRUCTURE. The sample collected outside the natural range of the species is shown by the letter G. (C) Distribution 
among taxa of 120 SNP alleles that contributed the most to the structure shown by the PCA. (D) PCA plot of nuclear haplotypes. Samples were coloured 
according to proportional membership to each of the K = 3 clusters from b).

Ecological niche modelling. We found that during the Interglacial period, the distribution of the species was poten-
tially fragmented in two areas, with P. greggii var. australis covering a broader distribution in the north, whereas P. 
greggii var. greggii was likely restricted to a small area in the south (Figure 5A). Similarly, P. greggii var. australis 
likely covered a larger area during the Last Glacial Maximum (LGM), when both varieties spread to the Mexican 
Plateau at the west of the SMO, where they came into contact. In fact, the Pánuco River continued acting as a barrier 
during the LGM, very likely due to the drastic elevational gradient found on the eastern slope of the SMO (Figure 
5B), as shown by our significant analysis on isolation by landscape resistance. Finally, our modelling suggests that 
the potential distribution of P. greggii var. australis under current climatic conditions encompasses most of the spe-
cies’ range, whereas P. greggii var. greggii remains concentrated on the northern SMO (Figure 5C). 

Discussion

Divergence in the presence of shared polymorphisms and gene flow. A broad scale pattern of differentiation consis-
tent with the disjunct distribution of P. greggii varieties was detected both with nuclear and plastome data. Our results 
therefore confirm previous studies that pointed to the morphological and terpene chemistry differences that underlie 
the recognition of the two infraspecific taxa (Donahue & López-Upton 1996, 1999, Dvorak et al. 1996). A deeper 
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understanding of this differentiation was attained by identifying two nuclear clusters within P. greggii var. greggii in 
the north and high plastome diversity in P. greggii var. australis in the south (Figure 4A). Therefore, despite an ap-
parently small number of individuals per population, we were able to identify clear patterns of nuclear differentiation 
at the infraspecific level. We consider this to be the result of the exon capture approach based on the sequencing of 
single-copy genes, coupled to an increased statistical power through haplotype phasing and allele polarizing. 

Yet, levels of shared variation between P. greggii regions increased from 29 to 47 % when considering those al-
leles with the greatest contribution to PCA structure (Figure 2C), revealing that, although present, alleles private to 
each region (38 % of all SNPs surveyed, including 20 % within single populations) contribute little to the general 
divergence pattern. 

Our results support the notion that the differentiation of the two varieties is due to the accumulation of small, 
genome-wide differences. It has been proposed that the early stages of divergence on the speciation continuum (i.e., 
from populations, to varieties, to species) are characterized by differentiation at multiple loci, which leads to shifted 
SNP allele frequencies and FST distributions (Feder et al. 2014). Here, divergence between nuclear gene pools was 
attained through shared yet strongly structured polymorphisms: high-loading PCA alleles displayed a mean FST per 
locus of 0.263, whereas the mean of the distribution of FST per locus was 0.145 (Figure S3). Differences in allelic 
frequencies between regions lead as well to an apparent deficiency of heterozygotes, producing a lower value of total 
Hs diversity at the species level (Table 1), a phenomenon known as the Wahlund effect (Hedrick 2000). 

Moreover, divergent alleles were also shared with the closely related P. patula (37 %, Figure 2C). The phyloge-
netic distance between P. patula and P. greggii plastid haplotypes suggests that pollen-mediated interspecific gene 
flow is unlikely (Gernandt et al. 2018). Analyzing individuals with mixed morphological traits would be necessary 
to fully address this question (Donahue & Lopez-Upton 1996). 

Large amounts of shared nuclear SNPs, low overall divergence at organellar markers, and a reduced number of 
loci with signatures of local adaptation support the strong role of extrinsic factors, such as geographical barriers and 
climate, in shaping ecologically driven divergent speciation in pines despite strong levels of interspecific gene flow 
(Menon et al. 2018, Wachowiak et al. 2018).

Figure 3. (A) Demographic parameters obtained with nuclear SNP data from the IM model between northern (top) and southern regions (bottom). (B) 
Same as A), but population N4 being included in the southern lineage (as suggested by its intermediate position in PCA, see Figure 2D). Ne = effective 
population size, m = migration rate; tdiv = time to divergence in generations.

https://doi.org/10.17129/botsci.3688
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When compared to nuclear markers, plastid DNA showed similar structure levels (Tables 1 and 2). This result is 
consistent with the general pattern found in conifers, where similar estimates of genetic structure among biparentally 
and paternally inherited markers are observed (Petit et al. 2005). However, we detected that whereas region-specific 
red and green nuclear clusters encompassed 64 % of the samples, plastid haplotype networks were region-specific 
for only 50 % of the samples. The greater association between nuclear clusters and geographical region, although far 
from being variety-specific, can be attributed to the analysis of many loci, which reduces the stochastic variance of 
individual gene trees (Rosenberg & Nordborg 2002) and to the lower capacity of long-distance dispersal of seeds as 
compared to pollen. The drawback of nuclear alleles is their being largely shared between regions and the outgroup, 
making it impossible to identify diagnostic SNPs. Syring et al. (2007) found that the non-monophyly of single loci 
can occur across Pinus taxonomic sections. 

Phylogeographical evidence suggests that allele sharing is more widespread in young lineages with broad geo-
graphic ranges (and very likely larger effective population sizes), such as the P. ponderosa, P. ayacahuite-P.strobifor-
mis-P. flexilis, and P. johannis-P.discolor-P.cembroides-P.culminicola complexes in North America (Flores-Rentería 
et al. 2013, Moreno-Letelier et al. 2013, Willyard et al. 2016, Menon et al. 2018, Ortiz-Martínez et al. 2024), as well 
as Pinus armandii-P. kwantungensis-P. bhutanica from China (Liu et al. 2014). In contrast, representatives of Pinus 
subsection Australes with restricted distributions in the Caribbean basin show low levels of plastid haplotype sharing 
(Jardón-Barbolla et al. 2011). 

Given the small distribution range and reduced effective population size of P. greggii, the pattern of nuclear vs. 
organellar allele sharing detected in this study (Figure 4A) reveals recent gene flow between varieties as the most 
relevant force in shaping their current genetic composition. Evidence supporting a scenario of gene flow includes 
the shared nuclear blue cluster (Figure 4B) likely caused by historical distribution shifts (see next section), the larger 
north-to-south migration rate, the presence of derived plastid haplotypes (J, K, L, and M) from northern Network I 
in the south (Figure 4A, B), and the absence of southern Network II haplotypes in northern populations (Figure 4B), 
contrary to theory that populations with larger effective sizes are expected to retain a greater proportion of polymor-
phisms due to the smaller effect of genetic drift (Hedrick 2000).

Figure 4. Relationships among nuclear and plastome composition of Pinus greggii individuals. (A) Distribution of nuclear clusters (left circles) and 
plastid haplotypes (right circles) per population. Geographically homogeneous population groups identified by SAMOVA according to nuclear data are 
shown with dashed lines (k = 3) whereas population groups identified with SAMOVA according to plastome data are shown in white color (k = 4). (B) 
Sankey diagram depicting nuclear and plastome composition of individuals within each population (admixed memberships are shown with intermediate 
colors), and plastid haplotypes. Each line represents an individual. (C) Statistical parsimony networks among 17 plastid haplotypes identified in P. greg-
gii. Each line corresponds to one mutational step. Ellipse size is proportional to plastid haplotype frequency, black points represent unobserved missing 
haplotypes, squares represent the oldest haplotypes.
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Diversification and vicariance in the SMO. The time to divergence between the two varieties (126,220-148,680 BP) 
matches with the last Interglacial period, which corresponds to marine isotope stage 5 (MIS5) (Lang & Wolff 2011). 
Despite some differences in the mechanisms behind global climate response, this interval has been considered a good 
past analog to our present conditions (Loutre & Berger 2003), supporting the notion that climatic regimes along the 
north-to-south axis of the SMO have been more contrasting during interglacial than glacial periods, as supported by 
our modelling of the potential distribution of the species during that time (Figure 5A). 

When glacial conditions were re-established, woodlands of temperate affinity (e.g., Pinus, Picea, Abies, Junipe-
rus) developed in what is now the Chihuahuan Desert (Van Devender 1990, Metcalfe 2006). The areas potentially 
occupied by P. greggii according to our LGM distribution model (Figure 5B) agree with a glacial scenario where 
populations were able to occupy larger and more continuous areas than today. This scenario agrees as well with the 
floristic affinity between the meridional SMO and the Sierra Madre Occidental (in western Mexico, on the opposite 
side of the Mexican Plateau) (Espinosa et al. 2004), which goes hand in hand with the close phylogenetic relation-
ships between P. greggii and a number of pine species found in the Sierra Madre Occidental such as P. chihuahuana, 
P. lumholtzii, and P. herrerae (Gernandt et al. 2018, Cruz-Nicolás et al. 2024).

Population n No. hap h (sd) π (sd) D FS GST (se) NST (se)

N1 El Diamante 1 1 0 0 0 0

N2 La Carbonera 6 4 0.800 (0.172) 0.10051 (0.06395) -0.44736ns  1.69856ns

N3 Los Lirios 6 5 0.933 (0.122) 0.10238 (0.06593) -0.31466ns -0.11394ns

N4 Cerro Potosí 6 3 0.733 (0.155) 0.05595 (0.03886)  0.60031ns  1.90447ns

Total North 19 10 0.895 (0.047) 0.07701 (0.04376) -1.51684ns -1.05457ns 0.129 (0.064) 0.086
S1 Cerro La 

Pingüica
6 5 0.933 (0.122) 0.14747 (0.09106)  1.19636ns  0.77293ns

S2 Laguna Seca 6 4 0.867 (0.129) 0.18990 (0.11560)  1.24649ns  3.08046ns

S3 Jalamelco 5 3 0.800 (0.164) 0.09643 (0.06535)  0.89450ns  2.46126ns

S4 Cumbre de 
Muridores 3 2 0.667 (0.314) 0.03571 (0.03367)  0.00000ns  1.60944ns

Total South 20 8 0.868 (0.047) 0.13995 (0.07501)  0.39170ns  3.10735ns 0.056 (0.072) 0.148 (0.179)
Total Species 39 17 0.940 (0.016) 0.11800 (0.06173) -0.45994ns -0.57481ns 0.140 (0.043) 0.410 (0.133)

Table 2. Plastid haplotype diversity and structure in Pinus greggii. 

Notes: n: sample size; h: haplotypic diversity index; p: nucleotide diversity index; D: Tajima’s D statistic; FS: Fu’s F; GST: haplotypic differentiation 
index based on unordered alleles; NST: haplotypic differentiation based on ordered alleles. ns: non-significant, P > 0.05.

Secondary contact during the LGM resulted in cryptic breaks (nuclear in the north, plastid in the south; Figure 4A) 
that represent remnants of the past continuous distribution of the species (Figure 5). Similar suture zones character-
ized by co-distributed divergent lineages have been identified as evidence of secondary contact of refugial lineages 
(Gömöry et al. 2012, Cun & Wang 2015). 

Geographical expansion of Australes taxa on the Caribbean islands has also been found to match glacial periods 
with subsequent isolation during interglacials (Jardón-Barbolla et al. 2011), which suggests similar climatic diver-
sification drivers in these two areas.

Surprisingly, we found that populations show demographic stability (Table 2), and the general distribution of the 
species does not seem to have experienced radical reductions or expansions in the last 130,000 years (Figure 5A-C). 
This pattern differs from other North American and Asian conifers, including Pinus, Tsuga, Pseudotsuga, and Picea, 
whose history is characterized by species persistence in small, localized refugial areas, from where range expansions 
and demographic growth took place when temperatures changed (Gugger et al. 2011, Ge et al. 2012, Cun & Wang 
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2015, Willyard et al. 2016). In contrast, our data support a scenario of a north-south fragmentation event in the Last 
Interglacial (Figure 5A), accompanied by continuous in situ occurrence of P. greggii in the SMO, coupled to eleva-
tional shifts during its advance into the lower Mexican Plateau. The fragmentation event was clearly asymmetrical, 
as the southern region is characterized by an effective population size nearly three times smaller (Figure 3), a reduced 
number of private alleles (72 vs. 111, Figure 2A), and isolation-by-distance, despite a nuclear diversity similar to 
northern populations (HS = 0.28; Table 1). 

Rare alleles correlated with elevation identified in P. ponderosa suggest that elevation imposes adaptive con-
straints on pine populations (Potter et al. 2015). Moreover, tropical sites show stronger dissimilarities in temperature 
along elevational gradients as well as a more uniform monthly climatic regime compared to sites from more northern 
latitudes, leading to a higher effectiveness of mountain-valley systems in isolating populations due to increasing 
niche constraints (Janzen 1967). In this sense, the SMO represents the first of a series of mountain chains where the 
temperate Pinus started to colonize the New World’s subtropical and tropical latitudes, and it encountered strong 
geographic barriers coupled to large climatic variance on small geographical scales. Indeed, Australes is character-
ized both by high diversification rates and the southernmost distribution of all New World pines (Farjon & Filer 2013, 
Gernandt et al. 2018, Cruz-Nicolás et al. 2024). Other Mexican conifers also show evidence of speciation processes 
linked to ecological divergence (Farjon 1996, Jaramillo-Correa et al. 2008, Moreno-Letelier & Piñero 2009, Mar-
tínez de León et al. 2022).

Implications for timber production and conservation. The identification of the two nuclear clusters in the northern 
area of distribution, and the presence of two distinct plastid haplotype networks can be used to improve ex situ 
management programs focused on the potential of P. greggii germplasm for timber production and reforestation 
programs. For instance, trees of P. greggii grown in nurseries have shown to perform to a variable degree (from low 
to high) in different morphological and physiological parameters, but their provenances are unknown or not included 
in plant quality evaluations (Rueda Sánchez et al. 2012), despite previous studies showing clear growth differences 
between trees of northern and southern provenances (Dvorak et al. 1996). The intraspecific variability detected in our 
study can therefore contribute to improving tree quality evaluation programs and to broadening the genetic basis of 
selected founders chosen by the forest industry (Dvorak 2012). 

For instance, the individual from Guerrero (labeled G in Figures 2 and 4) was identified as belonging to the south-
ern region, based both on its membership to the red cluster and its plastid haplotype Q. In this case, nuclear data alone 
could not allow for the identification of its place of origin mainly due to its admixed genotype (Figure 2B), but when 
considering plastid haplotype identity, it is possible to assign it to a southern provenance (Figure 4B). Yet, our data 
do not enable the identification of its origins to the population level.

Figure 5. Ecological niche models of Pinus greggii intraspecific varieties in Mexico. A) Last Interglacial (ca. 130,000 years ago); B) Last Glacial Maxi-
mum (ca. 20,000 years ago); C) Present conditions (see also Figure 1). Varieties are color-coded as shown in the legend. Broken line represents the Pánuco 
River.
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Additionally, the Hyb-Seq method used in this study could also be used for capturing genetic variation directly 
related to candidate genes associated with key phenotypic traits that might be of interest to the forest industry 
(González-Martínez et al. 2007, Eckert et al. 2013).

Regarding the conservation strategies for the species, populations were characterized by moderate levels of diver-
sity (HS = 0.08 - 0.244) and low amounts of structuring (FST < 0.15), in agreement with general patterns identified for 
long-lived tree species (Petit & Hampe 2006). However, three observations deserve attention: lower genetic diversity 
in rear edge populations, small effective population size in the southern region, and high levels of inbreeding.

Populations located at the limits of a species’ distribution are often considered more susceptible to the effects of 
genetic drift and reduced gene flow caused by small population sizes and geographical isolation. Populations N1, S3, 
and S4 were characterized by less nuclear variation (Table 1), which could be the result of smaller effective popula-
tion sizes. This result points to the urgent need to protect them, especially when we consider their smaller Ne despite 
the large area potentially suitable for their growth (Figure 5C).

Parraguirre-Lezama et al. (2004), using allozymes, identified moderate levels of inbreeding in P. greggii (FIS = 
0.271) and attributed it to human-driven isolation and fragmentation. Moderate FIS values have also been observed 
with nuclear microsatellites in P. ponderosa (FIS = 0.041-0.178; and P. oocarpa (FIS = 0.15; Dvorak et al. 2009). The 
increased levels of inbreeding may be caused by mating among relatives due to the low density of the species and the 
presence of other trees that represent barriers to pollen movement (El-Kassaby & Jaquish 1996, Parraguirre-Lezama 
et al. 2004). Yet, we found very similar inbreeding in northern and southern regions, despite strong differences in 
effective population sizes (Table 1, Figure 3), and no evidence of past population decline (Table 2). Conifers are 
characterized by high levels of inbreeding depression (Kärkkäinen et al. 1996, Chancerel et al. 2013), but they also 
exhibit low linkage disequilibrium (Prunier et al. 2016), and selfing has proved to be effective in purging deleterious 
alleles in P. radiata inbred lines (Wu et al. 2004). One possibility is that deleterious alleles have been purged in P. 
greggii, because the species performs well in forestry programs when compared to other species (Dvorak et al. 2000) 
and produces many viable seeds (INIFAP 2003). However, it is also possible that the high inbreeding levels detected 
in our study are the product of current fragmentation and population decline (Ramírez-Herrera et al. 2005), but that 
the effects of deleterious alleles have not been expressed yet due to the long life-cycle of these trees. Future studies 
comparing the inbreeding levels of different age cohorts within the populations (i.e., adult vs. seedling stages) would 
help to elucidate if inbreeding levels are increasing over succeeding generations (Lee et al. 2000, Pakull et al. 2021). 
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