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Genetic diversity is of prime importance for biological diversity and for the long-term conservation and survival of species and populations. The conservation of hybrid individuals originating from natural hybridization is still controversial; nearly every hybrid system is different and general conservation rules are not effective. The black howler monkey (Alouatta pigra) is and endangered primate endemic to the Yucatán peninsula. It hybridizes with the mantled howler, Alouatta palliata, in a narrow contact zone located in southern Mexico. We evaluated the genetic diversity and structure patterns in natural populations of A. pigra across its distribution range in Mexico (16 localities), including the hybrid populations, and estimated the overall time of divergence of the hybrid individuals. We successfully genotyped 12 microsatellite loci and obtained a 587 bp cytochrome-b fragment alignment for 222 and 107 individuals, respectively. We identified 33 hybrids, three A. palliata and 186 non-admixed A. pigra. Our results showed the highest diversification for A. pigra in Mexico occurring at ~1.4 My, while identifying a more recent diversification event including A. palliata and hybrids (~0.56 My), supporting different diversification events along these primates’ evolutionary history. Also, divergence of hybrid individuals is not a contemporary process in the evolutionary history of these sister species, suggesting they came into contact at the zone of sympatry at least some ~0.8 My ago. Hybrids exhibited higher mitochondrial diversity in comparison with non-admixed individuals; notably, hybrids with A. pigra mitochondria exhibited both higher diversity values and number of unique haplotypes than those with A. palliata mitochondria. Comparatively, hybrid nuclear genetic diversity was higher compared with A. palliata but not with A. pigra. Regarding the A. pigra populations, we found moderate diversity values, being highest in the most conserved and continuous habitat. We also found significant genetic differentiation (five genetic clusters) and limited gene flow between them, and potential inbreeding signals, which render A. pigra prone to drift effects and increased extinction risk. Our study provides novel information regarding the historical and contemporary genetic patterns of black howler monkey and hybrid populations in Mexico, which is key for developing strategies for conserving and ensuring the survival of viable primate populations.
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Introduction

Genetic diversity is crucial for the understanding of spatial, temporal, and evolutionary processes of biological diversity and of prime importance for its conservation. Additionally, disentangling if species and populations are divided into different evolutionary genetic units, as well as the structure among them, is key for the protection of wildlife (Ralls et al., 2018; Ruiz-García et al., 2019). Therefore, preserving adequate genetic variability levels is key for the long-term survival of species and populations (Allendorf et al., 2013; Ralls et al., 2018). Even though conservation efforts have focused on preserving diversity at several levels, intraspecific genetic diversity has received little attention in environmental conservation policy and wildlife management (Coates et al., 2018; Ralls et al., 2018).

Hybridization, the reproduction between individuals of different species or from otherwise genetically distinct lineages, is an important evolutionary process that provides information about the nature of species and species boundaries (Abbott et al., 2013); it is relatively frequent in nature and also a significant source of variation (Abbott et al., 2013; Sardell and Uy, 2016; Gompert et al., 2017). Evidence has shown that recent, rapidly radiating, closely related species are most likely to hybridize (Brennan et al., 2012; Lamichhaney et al., 2017). Notably, the conservation of hybrid individuals originating from natural hybridization is a controversial ongoing debate (Jackiw et al., 2015; Suárez-Atilano et al., 2024). Two main processes stimulate such debate, on the one hand hybrids can have greater fitness allowing for adaptation to novel environments (Allendorf et al., 2001; Edmands, 2007; Pacheco-Sierra et al., 2018); whereas on the other, hybridization and introgression (integration of DNA from one species into another via the backcrossing of hybrids with parental types of one or both species) can contribute to extinction, for example when endemic or rare species come into contact with non-native or more abundant species (Allendorf et al., 2001; Jackiw et al., 2015).

Knowledge and conservation of the genetic diversity of species, populations and hybrid individuals has become more and more important given the accelerated habitat loss, fragmentation, modification, and isolation of natural environments due to human activities (Moraes et al., 2017; Coates et al., 2018; Oklander and Soto-Calderón, 2024). This is particularly critical in tropical forest ecosystems, which harbor high levels of species richness, endangered species and many endemisms (Radespiel and Bruford, 2014; Oklander and Soto-Calderón, 2024). Such habitat modification leads to decreases of effective size and isolation of natural populations, limiting gene flow, reducing genetic variation and increasing genetic differentiation (Mimura et al., 2017; Coates et al., 2018). Hence, the urgency of incorporating information about the evolutionary history and population genetics of threatened plants and animals for their effective management and conservation actions.

Howler monkeys (Alouatta spp.) are among the largest non-human primates that inhabit Neotropical regions from southern Mexico to north-eastern Argentina. They are able to survive in relatively small forest remnants and to tolerate different degrees of habitat quality, given their plastic diet and activity patterns (Bicca-Marques, 2003; Solórzano-García et al., 2021). However, habitat perturbation can negatively impact their populations, losing genetic diversity and showing physiological stress and high parasitism, among others (Arroyo-Rodríguez and Dias, 2010; Cristobal-Azkarate and Dunn, 2013; Rimbach et al., 2013; Solórzano-García et al., 2021; Pozo-Montuy et al., 2024). The black howler monkey (Alouatta pigra Lawrence, 1933) (Cortés-Ortiz et al., 2015) is a diurnal arboreal primate, with sexual dimorphism (males are bigger than females), that lives in groups of 2–12 individuals and has a mostly folivorous diet (Van Belle and Estrada, 2006). It is endemic to the Yucatán peninsula, including southeastern Mexico, Belize and northern Guatemala, and is classified as Endangered by Mexican authorities (SEMARNAT, 2010) and by the IUCN (Cortés-Ortíz et al., 2020). Jointly with its sister species, the mantled howler monkey (Alouatta palliata Gray, 1849) (Cortés-Ortiz et al., 2015), they represent the northernmost distribution of howler monkeys in America.

Despite the high risk and vulnerability of A. pigra’s populations, only a few studies have examined the genetic diversity and structure of its populations albeit on a strictly local scale (James et al., 1997; Ellsworth and Hoelzer, 2006; García del Valle et al., 2005; Améndola, 2009; Van Belle et al., 2012; Baiz and Cortés-Ortiz, 2015). Alouatta pigra hybridizes with A. palliata in a narrow contact zone located in southern Mexico where their ranges overlap, composed of a highly fragmented landscape with isolated remnants of habitat immersed in an anthropogenic matrix. Many aspects of this hybridization process have been intensively studied. These studies have shown that most hybrids are multigenerational with few being the product of crosses between parentals and recent generation hybrids, based on nuclear (microsatellite loci) and mitochondrial and nuclear DNA sequences (Ho et al., 2014; Cortés-Ortiz et al., 2015, 2019; Cortés-Ortiz, 2017). Recently, Baiz et al. (2019) reported, using genomic (ddRadSeq) data, that this hybrid system is characterized by a lack of early-generation male hybrids and in which multiple forms of selection have shaped the evolution of reproductive isolation. But the genetics of the hybrid populations in comparison with the patterns of the parental species has not been specifically reported.

Our main objective in the present study was to evaluate the genetic diversity and differentiation patterns of A. pigra across its distribution range in Mexico, including the hybrid populations. We also aimed to estimate the overall time of divergence of the hybrid individuals. We assessed microsatellite loci and mitochondrial (cytochrome b) data in natural populations. Considering that habitat modification and fragmentation leads to reduced genetic diversity and increased genetic differentiation, we predicted low genetic diversity values in A. pigra populations at the local and regional level. Additionally, we expected reduced connectivity and high genetic differentiation among populations given A. pigra’s tight association with arboreal vegetation for its establishment and its limited dispersal capacity. Regarding hybrid populations, extensive introgression in both directions and a large array of admixed individuals have been reported; thus, we expected higher genetic diversity in the hybrid populations in comparison with the parentals. Finally, divergence of hybrid individuals would have started far back in the evolutionary history of these sister species (i.e. historical rather than contemporary).





Materials and methods




Sample collection

We employed a non-invasive sampling technique to obtain DNA information from fecal samples of A. pigra across its distribution in southeastern Mexico. We collected fecal samples during 2020 and 2022 from 223 individuals from 16 localities and a total of 40 groups plus four solitary individuals, including samples from hybrid individuals from 10 groups inhabiting the contact zone between A. pigra and A. palliata (Figure 1A; Supplementary Table S1). Black howler monkey groups were detected via their morning calls or by direct sighting. Fresh fecal material was collected right after deposition, preserved in dry NaCl (Oklander et al., 2004) in 50 ml tubes; they were kept at room temperature up to one week in the field, then stored at -20°C in the laboratory until DNA extraction. For each collected sample, we registered the sex and age (infant, juvenile, adult) of the individual; we also documented the group size and composition, and the geographic location. Fecal sample collection was entirely non-invasive and entailed no contact with howler monkey individuals.
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Figure 1 | (A) Map of sampling of Alouatta pigra in Mexico. Native non-admixed and hybrid individuals sampled across 16 sampling localities (see Supplementary Table S1). Five genetic clusters (based on Structure; see Results) are indicated: 1) Macuspana (MAC), 2) Chiapas (CHI), 3) Tormento norte (TON), 4) Tormento sur (TOS), 5) Calakmul (CAL). Red line polygon of black howler distribution modified from Ceballos et al. (2006) (B) Pie charts depict the distribution of 29 unique mitochondrial cytochrome b haplotypes. The insert shows the localities in the contact zone in Macuspana where hybrid individuals are distributed. (C) Median-joining network based on cytochrome b haplotypes, colored by genetic cluster. MNA refers to the non-admixed A. pigra individuals from the contact zone; Hyb mtpigra, hybrids with A. pigra mitochondria; and Hyb mtpall, hybrids with A. palliata mitochondria.







Mitochondrial DNA amplification and microsatellite genotyping

DNA extraction from fecal samples was performed using the QIAamp DNA Stool Mini Kit (Qiagen) following the manufacturer’s instructions, with an overnight digestion step modification. We amplified a fragment of the mitochondrial cytochrome b gene (cyt-b) for a subset of 117 individuals, using the forward primer MVZ-03 5’ GCTTCCATCCAACATCTCAGCATGATG 3’ and the reverse MVZ-26 5’ AGATCTTTGATTGTGTAGTAGGGGT3’ (Smith and Patton, 1993). PCR conditions were initial denaturation at 94°C for 1 min, followed by 30 cycles at 94°C for 1 min, 45°C°for 1 min, 72°C for 2 min, and a post-amplification extension for 7 min at 72°C. PCR products were sent to Macrogen Korea for sequencing services. Assembling and base-calling of sequences were performed using Geneious v.5.1.7 (Biomatters); also, cyt-b sequences were translated into amino acids for accuracy evaluation, using the vertebrate mitochondrial genetic code to assess the presence of stop codons. We successfully sequenced and aligned 107 samples (587 bp; full cyt-b dataset), including both hybrid and A. pigra individuals.

We screened 12 fluorescently labelled microsatellite markers previously used in howler monkeys (Cortés-Ortiz et al., 2010, 2019) (Supplementary Table S2), some of which are diagnostic for identification of hybrid individuals. PCR reactions were carried out following the conditions described in Supplementary Table S2. To assure correct readings and identification of potential contamination, we performed 2–3 replicates based on the reproducibility and quality of each locus on the sequencing chromatograms. The replicates were done using different set of samples for each microsatellite locus, namely all samples had more than one replicate for different loci. The samples that yielded inconsistent results even after three replicates were considered as missing data. Only one sample had to be eliminated. We also included positive and negative controls in all runs. Microsatellite products were multiplexed and sent for sequencing to the UIUC Core Sequencing Facility at the University of Illinois with ROX-500 as internal size standard, in a Applied Biosystems 3730xl DNA analyzer. Allele size was determined with GeneMarker v.2.2 (SoftGenetics).





Identification of hybrid individuals

We did a preliminary identification on the field along the hybrid zone considering if they showed an A. pigra or A. palliata phenotype. Next, using the full cyt-b dataset plus four sequences from GenBank (AY065884, AY065885 and DQ875710 from A. pigra and MW452920 from A. palliata), we first built a phylogenetic tree using a Bayesian inference (BI) method, in MrBayes v.3.2.6 (Ronquist et al., 2012) and the CIPRES Science Gateway (Miller et al., 2010). BI analyses included HKY+ G as the best substitution model, two simultaneous runs of Markov chain Monte Carlo, each for four million generations, sampling trees every 4000 generations, a heating parameter value of 0.2, and a 25% burn-in. A 50% majority-rule consensus tree was constructed from the post burn-in trees. Based on the resulting tree (Supplementary Figure S1a) we classified individuals as having mtDNA of A. palliata or of A. pigra (Supplementary Table S1). Additionally, we identified diagnostic microsatellite loci (see the microsatellites section below), namely alleles characteristic of either parental species that were identified together in the same individual (A. palliata parental genotypes from Solórzano-García et al., 2021). Finally, based on the microsatellite genotypes of all individuals, we implemented a Bayesian clustering method with Structure (Pritchard et al., 2000). We applied the admixture model with independent allele frequencies in a series of 20 independent runs per K, ranging from K=1–16 in a first trial, and K=1–10 for the final one; 100,000 Markov chain Monte Carlo generations and a burn-in of 50,000 iterations. deltaK results were best for K=2 (lnP(K)= -7247.82) and K=3 (lnP(K)= -6919.52), which clearly separated the hybrid individuals; K=7 was the most informative of the differentiation across the entire distribution for both hybrids and non-hybrids (see Figure 2, Supplementary Figure S2). Hence, final identification of hybrid individuals was based on the combined information of phenotype, mitochondrial species identity, and diagnostic alleles, corroborated by the structure results.
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Figure 2 | Genetic differentiation based on microsatellite loci for the 222 sampled individuals across 16 sampling localities (numbers 1-16; see Supplementary Table S1), including both hybrid and non-admixed Alouatta pigra individuals. Structure plots for K=2, K=3 and K=7 (K statistics shown in Supplementary Figure S2). The five genetic clusters identified are indicated as Macuspana (MAC), Chiapas (CHI), Tormento norte (TON), Tormento sur (TOS) and Calakmul (CAL). The yellow star indicates three A. palliata individuals identified (see Results) and the green dashed line depicts where hybrid individuals are distributed along the contact zone in Macuspana.







Divergence time estimation

To evaluate the overall phylogenetic relationships of our samples including outgroups, we used four species (sequences obtained from GenBank): Chiropotes albinasus (KC757393), Aotus azarai (KC757385), Ateles belzebuth (KC757386), Alouatta seniculus (HQ644333), and also included five sequences for Alouatta pigra (AY065884 and AY065885), A. palliata palliata (AY065880) and A. palliata mexicana (MW452897 and MW452920). We estimated the best fitting model of sequence evolution and performed ML phylogenetic analysis, both with PhyML 3.0 (Guindon et al., 2010), using a Nearest-Neighbor Interchange and Subtree-Prune and Regraft moves (NNI+SPR) for branch length and topology optimization. Clade support was assessed with 1,000 non-parametric bootstrap replicates and a majority-rule consensus tree was obtained with FigTree v.1.4 (Rambaut, 2018).

To have an overall approximation of the diverging times of the hybrids within both A. pigra and A. palliata clades, we used a dataset with unique haplotypes obtained in this study to estimate the time to the most recent common ancestor, TMRCA with Beast 1.10.4 (Suchard et al., 2018). We complemented this data set with sequences retrieved form GenBank of other species of Alouatta as well as other Neotropical primates as outgroup: Chiropotes albinasus, Ateles belzebuth, Alouatta seniculus, A. pigra, A. p. palliata, and A. p. mexicana. We applied four calibration points: the TMRCA for C. albinasus, At. belzebuth and A. seniculus at 19.7 (95%=17-23), 14.3 (12-17) and 6.8 million years ago (My), respectively; and the A. pigra spilt at 3.0 My (Schrago et al., 2013; Cortés-Ortiz et al., 2003; Di Fiore et al., 2015). Final estimation included the GTR+I model of evolution across all gene and codon positions, 100,000,000 generations sampled every 1000th and 20% of initial generations discarded as burn-in. Convergence and stationarity were visualized with Tracer v.1.6 (http://tree.bio.ed.ac.uk/software/tracer).





Black howler monkey mitochondrial diversity and differentiation

To provide an overall description of the mitochondrial diversity for the hybrid entities (A. palliata- and A. pigra-hybrids), as well as that of A. pigra individuals, we estimated different indices such as, the number of segregating sites (S) and haplotype (h) and nucleotide diversity (π) with DnaSP v.6 (Rozas et al., 2017); these were calculated based on the genetic clusters previously identified for the non-admixed A. pigra individuals (MNA, CHI, TON, TOS, CAL; see Results). We also estimated Tajima’s D and Fu’s FS (Fu, 1997; Tajima, 1989) neutrality tests. To infer genealogical relationships among cyt-b sequences, we built a haplotype median joining network with PopArt v.1.7 (Leigh and Bryant, 2015) and epsilon=0.





Black howler monkey nuclear genetic structure and differentiation

Microsatellites genotypes were screened for null alleles in PopGenReport v.2.0 (Adamack and Gruber, 2014); three loci showed evidence of null alleles but not consistently across individuals from the different sampling localities, thus all loci were used in further analyses. Also, loci were checked for possible departures from Hardy-Weinberg equilibrium in pegas v.0.12 (Paradis, 2010), and linkage disequilibrium was measured with a modified index of association (rbarD) (Agapow and Burt, 2001) in poppr v.2.8.3 (Kamvar et al., 2014).

To identify natural genetic clusters of A. pigra we assess genetic structuring across the study region with the online application StructureSelector (Li and Liu, 2018), a web-based software that calculates four new supervised estimators (medmedk, medmeak, maxmedk, maxmeak; Puechmaille, 2016) that can be more accurate for selecting the number of clusters in unevenly sampled datasets. For model selection we used Clumpak (Cluster Markov Packager Across K), which automates the postprocessing of results of model-based population structure analyses (Kopelman et al., 2015), testing K=1-10. Clumpak identifies sets of highly similar runs and separates distinct groups of runs that represent distinct modes in the space of possible solutions. It then identifies an optimal alignment of inferred clusters across different values of K, simplifying the comparison of clustering results across different K values.

Genetic diversity and genetic differentiation were assessed considering the hybrid and the non-admixed individuals (from the contact zone in Macuspana) and the five genetic clusters previously identified (see Results). Genetic diversity was estimated as the average number of alleles (Na), number of private alleles (Pa), and observed (Ho) and unbiased expected heterozygosity (He) in Arlequin v3.5.2.2 (Excoffier et al., 2005), while a rarefied allelic richness (Ra) was estimated with PopGenReport. Genetic differentiation between genetic clusters was calculated using pairwise RST estimated in Arlequin. We also used a Discriminant Analysis of Principal Components (DAPC) (Jombart et al., 2010), a multivariate approach that reflects the genetic variation differences between groups while minimizing variation within them, with adegenet in R v.2.1.5 (R Core Team, 2021). We also examined the distribution of the genetic variance among genetic clusters and among sampling localities within clusters, using a molecular analysis of variance (AMOVA) and pairwise RST in Arlequin. Finally, we tested for isolation by distance (IBD hypothesis) with Mantel tests; genetic distances between sampling localities were based on the estimation of D-Jost (Jost, 2008) and Edwards (Edwards, 1971) distances with mmod v.1.3.3 (Winter, 2012), while geographic distances (Euclidian) were calculated with Raster v.3.3 (Hijmans, 2020). Mantel tests were run with vegan v.2.5 (Oksanen et al., 2019) and IBD correlation plots were built with MASS v.7.3 (Venables and Ripley, 2002).






Results

Of the 223 samples we collected on the field, we obtained successful readings across all 12 microsatellite loci for 222 individuals. The samples information and genotype database for the A. pigra and hybrid individuals is available in Supplementary Table S1. Likewise, we obtained a final 587 bp cyt-b fragment alignment for 107 individuals including hybrids and non-admixed A. pigra. On the basis of the combined information of field-assigned phenotype, cyt-b sequences, diagnostic microsatellites alleles, and phylogenetic and structure results, of these 222 individuals, three were identified as A. palliata (which were not included in the genetic analyses) and 33 as hybrids, thus we analyzed a total of 186 non-admixed A. pigra samples (Supplementary Table S1).




Mitochondrial DNA diversity and divergence

Mitochondrial diversity showed high to moderate values, which differed between hybrids with A. pigra and A. palliata mitochondria: haplotype and nucleotide diversity was higher in the former than the latter (Table 1). Considering A. pigra exclusively, overall diversity values were lower than the hybrids; while per genetic cluster, the highest diversity was found in Calakmul. Tajima’s D and Fu’s Fs values were not significant, with the exception of Tormento sur, Calakmul and hybrids with A. pigra mitochondria.


Table 1 | Mitochondrial diversity values estimated for 76 Alouatta pigra and 31 hybrid individuals from five genetic clusters (MAC, CHI, TON, TOS, CAL; Structure results), including the A. pigra-hybrid (HYBpi) and the A. palliata-hybrid individuals (HYBpa), as well as the non-admixed individuals (MNA) from the contact zone, based on 587 bp cytochrome b sequences.



Phylogenetic maximum-likelihood inference results showed two major clades with high posterior support values (Supplementary Figure S1b), one comprising only hybrid individuals (10) grouping with A. palliata, and the other including all non-admixed A. pigra samples and the other 23 hybrid individuals. We obtained 29 unique haplotypes (13 from A. pigra, 5 from hybrids that had A. palliata mitochondria, 9 from hybrids with A. pigra mitochondria, and 2 shared between non-admixed and hybrid individuals (accession numbers PQ815818-PQ815846; Supplementary Table S1). The most common haplotype (hap1) was recovered in 50 individuals distributed in all the sampled localities, while the next most abundant (hap16) encompassed 20 individuals from all localities except from Calakmul. The highest number of different haplotypes was found in Macuspana, associated with the localities where hybrids are distributed, while the lowest number was in Chiapas (Figure 1B). Results from the median-joining network showed the haplotypes from the hybrids with A. palliata mitochondria clearly separated from the rest of the network. Also, the two most abundant and widespread haplotypes are shown, from which multiple unique haplotypes arise (Figure 1C); these most derived haplotypes are from Calakmul and several from A. pigra-hybrids, indicating recent divergence. Neither the phylogenetic tree nor the haplotype distribution showed a clear geographic pattern. The divergence evaluation showed the highest A. pigra diversification in Mexico near 1.4 My (95% HPD: 1.0-2.5), and an ample range of recent diverging times of the hybrids within both A. pigra and A. palliata clades (from ca. 850,000 years onwards) (Figure 3).
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Figure 3 | Divergence-time estimation (time-scale in millions of years; My), based on unique cytochrome b haplotypes of A. pigra and hybrid individuals. Chiropotes albinasus, Aotus azarai, Ateles belzebuth, and Alouatta seniculus were used as outgroups and for calibration points. Numbers above branches are mean divergence time in My with 95% HPD in parentheses).







Genetic diversity and structure (microsatellites) patterns

We amplified 12 microsatellites loci, most of which showed deviations from HWE with heterozygote deficiency. Low linkage disequilibrium (Ia=0.719, pIa=0.001; rbarD=0.066, prD=0.001) was detected between 4 loci (Supplementary Figure S3). The structuring analysis for A. pigra identified K=6 genetic clusters across the distribution, although with high admixture among them (Figure 4), namely Macuspana, Chiapas, Tormento norte, Tormento sur and Calakmul (the latter with sampling localities 15 and 16 differentiated).
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Figure 4 | (A) Genetic differentiation of Alouatta pigra individuals based on microsatellite loci. Sampling localities (numbers 2-16; see Supplementary Table S1) are indicated. Structure plots for K=4, K=5 and K=6. The five genetic clusters identified are indicated as Macuspana (MAC), Chiapas (CHI), Tormento norte (TON), Tormento sur (TOS) and Calakmul (CAL). (B) Number of clusters obtained with Clumpak (Kopelman et al., 2015) with model selection based on four estimators (medmedk, medmeak, maxmedk, maxmeak; Puechmaille, 2016).



Overall genetic diversity for both hybrid individuals and for A. pigra showed high number of alleles, rarefied allelic richness, observed heterozygosity and unbiased expected heterozygosity (Table 2). Values among genetic clusters were very similar, with the highest observed heterozygosity in Calakmul and Tormento norte. Significant FIS was observed for Tormento norte and Tormento sur (Table 2). Paired genetic distance results showed significant values, indicating limited gene flow between the hybrids and all A. pigra genetic clusters, being highest with Calakmul (RST =0.378); also Calakmul showed significant distances with Tormento norte and Tormento sur (Supplementary Table S3). The DAPC analysis corroborated a clear differentiation of the hybrids from the rest of the genetic clusters (Figure 5).


Table 2 | Genetic diversity values estimated for 186 Alouatta pigra and 33 hybrid individuals from five genetic clusters (MAC, CHI, TON, TOS, CAL; Structure results), including the hybrid individuals (HYB) and the non-admixed individuals (MNA) from the contact zone.
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Figure 5 | Discriminant Analysis of Principal Components (DAPC) based on microsatellite data including the hybrid (HYB) and the non-admixed Alouatta pigra sampled in Mexico. Colored dots indicate all the individuals sampled and analyzed in the study.



Results considering only the A. pigra data showed that the distribution of genetic variance (AMOVA) was significant (p<0.001) among populations within genetic clusters (Fsc=0.129) and within populations (Fst=0.078) (Supplementary Table S4). The Mantel test was significant (p<0.001) for both genetic distance measures (r=0.285 with D-Jost; r=0.495 with Edwards) (Supplementary Figure S4).






Discussion




Mitochondrial divergence and diversity patterns of Alouatta pigra and hybrid populations

The A. pigra and A. palliata clades each encompassed hybrid individuals with their corresponding species mitochondria, which is concordant with the historical diversification of these two species. The split between A. palliata and A. pigra has been dated between ~2.8 and ~3 My (Cortés-Ortiz et al., 2003; Doyle et al., 2021), while diversification of A. palliata in Mexico happened ~2.4 My (Solórzano-García et al., 2021). According to our results, the highest diversification for A. pigra in Mexico occurred later (1.4 My), while identifying another, more recent, diversification event including A. palliata and hybrid individuals (ca. 0.56 My). This would support different diversification events along these primates’ evolutionary history (Doyle et al., 2021). Such patterns indicate a recent colonization and population expansion of these howler monkeys through Central America northwards into Mexico, also coinciding with the hypothesis that A. pigra likely arrived first at Central America and diversified, with subsequent range reduction following the invasion of A. palliata (Ellsworth and Hoelzer, 2006). This is also in agreement with the biogeographic history hypothesis for Mesoamerican primates, namely that within species diversification was promoted by a series of demographic fluctuations in response to Pleistocene and Holocene climatic variations (Lynch-Alfaro et al., 2015; Solórzano-García et al., 2021).

On the other hand, divergence of hybrid individuals, although dated more recently in comparison with each parental species, as we predicted, is not a contemporary process in the evolutionary history of these sister species. The evolutionary outcomes when hybridization is old would be a hybrid zone that is shaped by multiple episodes of primary divergence and secondary contact, reflecting both recent and ancient hybridization (Abbott et al., 2013; Sardell and Uy, 2016; Wang et al., 2020). Indeed, our findings suggest that the two species came into contact at the zone of sympatry at least some eight hundred thousand years ago. Periods of isolation and secondary contact and reproductive isolation, jointly with particular demographic, behavioral and ecological characteristics of these primates have kept this as a narrow hybrid zone (Ho et al., 2014; Baiz et al., 2019; Cortés-Ortiz et al., 2019).

Mitochondrial haplotype and nucleotide diversity was higher in hybrids in comparison with the non-admixed individuals. In addition, the highest number of different haplotypes was found in Macuspana in the localities where hybrids are distributed. Notably, hybrids with A. pigra mitochondria exhibited both higher diversity values and number of unique haplotypes than those with A. palliata mitochondria. Cortés-Ortiz et al. (2019) surveyed populations from the hybrid zone and found that some individuals comprising nuclear (microsatellites) A. pigra alleles possessed A. palliata mitochondrial haplotypes and vice versa, implying that females of both species have contributed to hybrid offspring, but with a bias of more A. pigra females successfully producing hybrid offspring. Our diversity findings concur with hybrids resulting from multiple generations of backcrossing as well as higher successful reproduction of females with A. pigra maternal lineages than those with A. palliata maternal lineages. Such patterns can be due to a higher philopatry in A. pigra females (Ho et al., 2014; Van Belle and Di Fiore, 2022), or to mechanisms of genetic compatibility.

Regarding the black howler populations, the overall cyt-b diversity was lower than values observed in other howler monkey species, including A. palliata (Nascimento et al., 2008; Ruiz-García et al., 2017; Solórzano-García et al., 2021), as well as to that reported for other Atelids, like Ateles, Brachyteles and Lagothrix (Chaves et al., 2011; Ruiz-García et al., 2019). It is important to highlight that Chiapas had the lowest haplotype and nucleotide diversity and number of different haplotypes. This zone represents the southernmost margin of the species’ distribution, therefore A. pigra likely has reduced genetic diversity at this range edge than closer to the center; a pattern observed in many species of plants and animals (Ellsworth and Hoelzer, 2006; Lira-Noriega and Manthey, 2014).





Nuclear genetic diversity and structure patterns

Maintaining genetic diversity is key to enhance species adaptive potential and prevent extinction (Junker et al., 2020; Oklander and Soto-Calderón, 2024). Notably, contrary to our prediction of reduced genetic variation due to habitat modification and fragmentation, overall A. pigra genetic (microsatellites) diversity exhibited higher values (Ho=0.460, He=0.650) in comparison with that found in A. palliata across its distribution in Mexico (Ho=0.330, He=0.450; Solórzano-García et al., 2021) and A. caraya from Argentina and Paraguay (He=0.420; Oklander et al., 2017), which respectively represent the northernmost and southernmost distributions of this genus, reflecting a latitudinal gradient of diversity (Ellsworth and Hoelzer, 2006).

Although A. pigra genetic diversity was fairly similar among genetic clusters, the highest values were found in Calakmul, which notably represents the most conserved and continuous habitat in our study. Van Belle et al. (2012) also documented high genetic diversity (Ho=0.588) in A. pigra populations within a protected area (Palenque National Park). Regarding the genetic diversity of hybrids (Ho=0.420, He=0.730), we expected it to be higher in comparison with the parental species, which was true when compared with A. palliata but not with A. pigra. This could be the result of a series of factors, including the narrow area of the hybrid zone that only allows certain parental genotypes from adjacent populations to be admixed, along with the history of colonization of Central America and time of contact between these two species. Interestingly, significant genetic distance was observed between hybrids and all non-admixed A. pigra genetic clusters, highlighting the particular genetic configuration of these admixed populations. Furthermore, our results showed that the majority of the sampled individuals within the hybrid zone were admixed, although 27% of the genotyped individuals from this area were non-admixed, supporting the notion of ongoing influx of parental forms into the area of sympatry (Cortés-Ortiz et al., 2019).

The observed pattern of genetic differentiation based on microsatellites loci supported isolation by distance, indicating that gene flow is mainly limited by the geographic distance among localities, with closer ones sharing more genetic features that further ones. Furthermore, Calakmul conformed the most differentiated genetic cluster which not only represents the furthest localities across our sampling, but also comprises the largest continuous conserved habitat of A. pigra’s distribution in Mexico. Notably, a different genetic configuration can be observed between Tormento sur and Tormento norte, which are adjacent locations of well-preserved habitat only divided by a heavy traffic two-lined road; these results indicate that this barrier significantly hinders individual dispersal, leading to increased genetic structure between them. Thus, habitat quality, arboreal vegetation and environment modification is tightly associated with the A. pigra genetic structure gradient.





Genetics, conservation and viability

Primates perform critical ecological roles as seed dispersers and ecosystem engineers, contributing among others to maintaining the structure and regeneration of tropical forests (Melin et al., 2020). Yet, developing strategies based on genetic evidence for conserving primates and to ensure the survival of viable primate populations in the long term are still urgently needed (Junker et al., 2020). Deforestation and habitat disturbance are among the major threats of most primate species living in isolated forest fragments (Serio-Silva et al., 2015; Estrada et al., 2017), hence determining their historical and contemporary genetic patterns, as in the present study, is of prime value to assess the viability and conservation of populations.

Our study provides novel information regarding the genetic diversity and structuring of A. pigra in Mexico. It shows that most of the evaluated A. pigra maintain genetic diversity and some connectivity. Nonetheless, we also found genetic differentiation and limited gene flow among them, as well as potential inbreeding signals, all of which render A. pigra prone to drift effects and increased extinction risk. Modern human activities, habitat modification and fragmentation have drastically contributed to the current isolated distribution of both the non-admixed A. pigra and of the hybrid individuals. In accordance, some actions that should be implemented to prevent this include, but are not limited to, legal protection and landscape management throughout this primate’s range, particularly in regions outside natural protected areas. Preventing forest loss and promoting forest regeneration in the human-modified landscapes have proven effective; Alcocer-Rodríguez et al. (2021) found that forest recovery over a relatively short period could promote the recovery of the A. palliata. Landscape genetics should be applied to evaluate and understand the impact of habitat loss and fragmentation in these primates. Finally, ex-situ facilities and care centers have become crucial for reproduction programs and for the rehabilitation of primates from trafficking or environmental impacts (Estrada and Garber, 2022; Pozo-Montuy et al., 2024); confident genetic information like that provided by our study will aid to adequately perform these activities.

Importantly, hybridization has been recognized as a common phenomenon across all major primate lineages (Arnold, 2009; Cortés-Ortiz, 2017), estimating an overall prevalence of natural hybridization in more than 10% of all primate species (Zinner et al., 2011). Yet nearly every hybrid system is different and general conservation rules are not effective (Gompert and Buerkle, 2016), thus we need redefining the role of admixture in species conservation, emphasizing that protection measures are required for taxa that have experienced gene flow and introgression over the course of their evolutionary histories (Pacheco-Sierra et al., 2018; vonHoldt et al., 2018). Our findings show that hybrid individuals exhibit high genetic variability and differentiation compared to non-admixed A. pigra, suggesting that they should be considered as a significant evolutionary unit included in conservation measures (Jackiw et al., 2015: Baiz et al., 2019; Suárez-Atilano et al., 2024). Future studies with these and other primate species should consider genomic advances, which are a promising avenue for evaluating and incorporating adaptive variation and functional genetics in the conservation of wildlife (Oklander and Soto-Calderón, 2024), including hybrid entities (Suárez-Atilano et al., 2024). Genomic tools are key for the assessment of functional genetic variations associated with, for instance, diseases, environmental changes, and ex-situ conditions.
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