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ABSTRACT OF THE DISSERTATION 

 

An Investigation of the Evolutionary History, Adaptation, and Demography  

of Canids and Galapagos Rails 

 

by 

 

Daniel Eduardo Chavez Viteri 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2021 

Professor Robert Wayne, Chair 

 

One of the fundamental goals in evolution is to understand the process of speciation and 

adaptation. In this dissertation, we explore this long-lasting question by addressing the genetic 

basis of species adaptation, and the geological and environmental factors that promote both 

population differentiation and speciation. To answer these questions, we focused on three model 

systems. (1) The genetic basis of the remarkable adaptations of the African wild dog (Lycaon 

pictus). We found unique mutations associated with cursoriality, hypercanivory, and coat color 

variation in this species. These mutations evolved  ~1.7 million years ago, coinciding with the 

diversification of large-bodied ungulates. (2) The diversification of one of the most rapid 

speciation in carnivores, the South American canids. We found that this group is derived from a 

single ancestral population that likely colonized South America three million years ago when the 
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Panama land bridge was formed. In South America, we found that the Andes promote early 

diversifications in the eastern region, followed by recent diversification in the west of the Andes.  

We detected extensive historical gene flow among the youngest lineages, which could have 

augmented species adaption to different niches. Finally, we found a complex history of adaptive 

diversification throughout a sequence of past climatic cycles in South America, compounded by 

recent population declines caused by humans.  (3) The effect of island isolation and species 

introduction in the genetic differentiation and diversity of Galapagos rails. We found that the 

separation of a central landmass in the archipelago around 400 thousand years ago shaped the 

diversification of rail populations. Our findings show that the eradication of goats was critical to 

avoiding episodes of severe inbreeding in most populations. 
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Chapter I, Comparative genomics provides new insights into the remarkable adaptations of 

the African wild dog (Lycaon pictus) 

Abstract 

 

Within the Canidae, the African wild dog (Lycaon pictus) is the most specialized with regards to 

cursorial adaptations (specialized for running), having only four digits on their forefeet. In 

addition, this species is one of the few canids considered to be an obligate meat-eater, possessing 

a robust dentition for taking down large prey, and displays one of the most variable coat 

colorations amongst mammals. Here, we used comparative genomic analysis to investigate the 

evolutionary history and genetic basis for adaptations associated with cursoriality, 

hypercanivory, and coat color variation in African wild dogs. Genome-wide scans revealed 

unique amino acid deletions that suggest a mode of evolutionary digit loss through expanded 

apoptosis in the developing first digit. African wild dog-specific signals of positive selection also 

uncovered a putative mechanism of molar cusp modification through changes in genes associated 

with the sonic hedgehog (SHH) signaling pathway, required for spatial patterning of teeth, and 

three genes associated with pigmentation. Divergence time analyses suggest the suite of genomic 

changes we identified evolved ~1.7 Mya, coinciding with the diversification of large-bodied 

ungulates. Our results show that comparative genomics is a powerful tool for identifying the 

genetic basis of evolutionary changes in Canidae. 
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Introduction 

 

 Among the living species of Canidae, the African wild dog (hereafter, AWD) is 

considered to be the most specialized with regard to adaptations for cursoriality, diet, and coat 

coloration (Hartstone-Rose et al., 2010). Along with a gracile appendicular skeleton, the most 

notable characteristic of AWDs is the loss of the first digit on the forefeet. This trait increases 

their stride length and speed allowing them to pursue prey for long distances in open plain 

habitats and is unique among living canids (Creel and Creel, 2002). The dentition of the AWD is 

also exceptional, as the teeth are generally sectorial in shape and the premolars are the largest 

relative to body size of any living carnivoran except spotted hyenas (Van Valkenburgh, 1991). 

AWDs also show a transformation of the talonid on the lower first molar (carnassial) from a 

basin-like crushing depression into a trenchant heel or cutting blade for slicing flesh, which also 

occurs independently in two other hypercarnivorous canids, the bush dog (Speothos venaticus) 

and the dhole (Cuon alpinus). This feature is accompanied by the reduction or loss of post-

carnassial molars, also a characteristic of hypercarnivorous canids (Van Valkenburgh and 

Koepfli, 1993).  Fossil evidence suggests that the reduction of the first digit and transformation 

of the carnassial in AWDs evolved gradually during the Plio-Pleistocene (Martinez-Navarro and 

Rook, 2003). Finally, AWDs exhibit one of the most variegated coats among mammals, with 

individuals uniquely differing in pigmentation pattern and color (Shumba et al., 2017) (Figure 1-

1a), which suggests the expression of a diversity of genes. The function of this highly 

individualistic coat pattern is uncertain but may represent an adaptation for concealment, 

communication or thermoregulation (Walsberg, 1983, Gerald, 2001, Steiner et al., 2007, Candille 

et al., 2007). 
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 We investigated the genetic origins of adaptations associated with the evolution of 

cursoriality, hypercarnivory, and coat color variation in the AWD in the context of their 

evolutionary and demographic history. To accomplish these goals, we sequenced one high 

coverage AWD genome and utilized three previously reported AWD genomes (Campana et al., 

2016, Gopalakrishnan et al., 2018). Additionally, we used three de novo AWD reference 

genomes (Armstrong et al., 2018). Coverage depths are provided in the Supplementary Table 1-

S1. These genomes were compared with existing genomes from Canis (wolves, coyote and 

golden jackal) and Cuon alpinus (dhole) (Auton et al., 2013, Koepfli et al., 2015, Freedman et 

al., 2014, Campana et al., 2016, Robinson et al., 2016, vonHoldt et al., 2016, Gopalakrishnan et 

al., 2018). The genome of the bush dog was not included in this study because it is part of an 

ongoing research investigation on comparative genomics of South American canids (Armstrong 

et al., 2018). We hypothesized that genes showing signals of positive selection and other 

molecular changes in AWDs are associated with digit reduction, tooth morphology, and 

pigmentation. Furthermore, we aimed to investigate the possibility of convergent evolution at the 

genetic level, exploring shared signals of selection among the wolf-like canids that have a 

trenchant heel (AWDs and dholes). 

 

Results and Discussion 

 

 

Evolutionary history 

 To provide an accurate evolutionary framework for the comparative genomic analyses of 

AWDs relative to other wolf-like canids, we first reconstructed the phylogenetic relationships 

among species of Canis, Cuon, and Lycaon. Species tree analysis using ASTRAL-III (Zhang et 

al., 2018) produced 102 distinct gene trees from 8,117 25kb alignments sampled from 38 
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autosomes (~203Mb), with the final species tree being the consensus topology of the 100 

replicates from the analysis (Figure 1-1a). The resulting topology shows the Ethiopian wolf basal 

relative to the rest of Canis, with dhole and AWDs as successive sister lineages having diverged 

earlier (Figure 1-1a and 1-S1). Within Canis, the golden jackal and African wolf are independent 

lineages sister to the clade comprised of the coyote, gray wolf and domestic dog. These patterns 

of relationship are consistent with previous analyses based on nuclear DNA sequences 

(Lindblad-Toh et al., 2005, Koepfli et al., 2015, Gopalakrishnan et al., 2018).  

 We next estimated the age of divergence of the AWD lineage using the inferred tree and 

two methods. First, we computed average genomic divergence times using MCMCTree (Yang, 

2007), in which two fossil priors were used to calibrate nodes of the phylogeny (see Methods for 

details). Our estimates suggest an average genomic divergence of 3.91 mya (95% HPD = 3.30-

4.50 mya) between Lycaon and the clade containing Cuon and Canis, approximately two million 

years earlier than the earliest fossil evidence recorded for the lineage (Hartstone-Rose et al., 

2010). This more ancient divergence is feasible because average genomic divergence captures 

not only the time since species divergence, but also the time for lineages to coalesce in ancestral 

populations, which are known to be very large in canids (Freedman et al., 2014). To better 

address this discrepancy, we thus jointly inferred a complete demographic model using G-PhoCS 

(Gronau et al., 2011), taking into consideration gene flow between 44 possible pairs of branches 

in the phylogeny (see Methods for details). Indeed, the species divergence time for Lycaon is 

then estimated at 1.72 mya (95% HPD = 1.70-1.74 mya; Table 1-S2 and Figure 1-1a), which is 

much closer to estimates from both the fossil record and recent analyses of whole-genome data 

(Hartstone-Rose et al., 2010, vonHoldt et al., 2016, Gopalakrishnan et al., 2018). Importantly, 

while our inferred model suggests prevalent gene flow between divergent canid species, Lycaon 
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is inferred to be largely isolated from genetic exchange with other canid lineages. This isolation 

provided more time for unique genomic adaptations to evolve in isolation.  

      

African wild dogs are uniquely enriched in positively-selected genes related to primary cilia  

 To identify positive selection events that occurred on protein-coding genes during the 

evolution of the AWD lineage, the sequencing reads for four AWDs and eight other canid 

species were mapped to the domestic dog reference assembly (CanFam3.1) to take advantage of 

the high-quality annotation of the dog reference genome (Table 1-S1). The mapping process was 

based on the GATK Best Practices pipeline (Methods). For almost all canids, we found that more 

than 97% of reads successfully mapped to the dog genome. The only exception was a low 

coverage (12.1x) AWD that had ~93% of the reads mapped to the dog. To avoid potential 

reference bias from aligning reads to a different species, we further confirmed our results on 

three recently published de novo AWD reference genomes (Armstrong et al., 2018).  

After calling genotypes with SAMtools and filtering with GATK 3.7 (McKenna et al., 2010) as 

well custom python scripts, we identified ~19,000 orthologous protein-coding genes. Among 

these genes, 18,327 passed our quality filters (no internal stop codon, permissible length, and 

longest transcript) and were used to identify genes under positive selection using the branch-site 

model (Yang, 2007).  This test was conducted on each multi-species gene alignment generated 

with PRANK v.150803 (Loytynoja and Goldman, 2005) and using the topology in Figure 1-1a 

as the guide tree. AWD, dhole, and gray wolf were specified as different foreground branches. A 

gene was considered positively selected if the value obtained from the likelihood-ratio test 

comparing a model where the ratio of nonsynonymous substitutions (dN) to synonymous 

substitutions (dS) was greater than 1 (dN/dS > 1) against a null model where dN/dS = 1. 
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Significant differences were determinate with a chi-square distribution with 1 degree of freedom 

(Zhang et al., 2005).  

 One issue with the branch-site model is that it is highly sensitive to alignment errors. 

Therefore, we conducted an extensive filtering process on our data, first using SWAMP(Harrison 

et al., 2014) and then visually inspecting the alignments of genes with p < 0.05. After masking 

regions with unusual enrichment of amino acid changes, we conducted three independent runs 

for each foreground branch and gene family, and retained the one with the best likelihood-ratio 

score of each run (Yang and dos Reis, 2011). This guaranteed that large log-likelihood ratios 

depicted from the branch-site model were not the result of convergence problems of the test 

(Yang and dos Reis, 2011). Another concern in the exploration for genes under positive selection 

is the role of multiple nucleotide changes (Venkat et al., 2018). Although these changes may 

occur simultaneously, the branch-site model assumes that they occur in a successive manner. The 

result will be unrealistically high likelihood-ratio scores at a codon were nucleotide changes 

occurred at the same time (Venkat et al., 2018). Among our 12 candidate genes (Figure 1-1a), we 

identified three genes with multiple nucleotide changes (CC2d2a, TMEM67, PAH) and thus 

support for the positive selection on these genes should be interpreted with caution. Although it 

is challenging to elucidate the order of multiple nucleotide changes, our main conclusions are not 

affected even if we take a conservative approach and do not include such genes in the analysis. 

 We found 43 genes (Table 1-S3) that were significant at a false discovery rate (FDR) of 

20%, after conducting multiple hypothesis testing of 18,327 genes along the three foreground 

branches (AWD, dhole, and gray wolf). Since only a few genes passed the genome-wide 

significance threshold, we used all genes with a p-value ≤ 0.01 to test for enrichment of gene 

functions with G-profiler (Reimand et al., 2007). Ensembl identification of genes with a p-value 
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≤ 0.01 were input as query lists and the 18,327 total gene set was used as the background list. We 

allowed a minimum of two genes to overlap between query genes and genes belonging to a gene 

ontology (GO) term. This resulted in genes with specific signals of selection in AWDs 

overrepresented in terms related to primary cilia (Figure 1-1a), which are significantly involved 

in coordinating signaling pathways during mammalian development (Venkatesh, 2017).  

 The disadvantage of common tests for gene ontology enrichment like G-profiler 

(Reimand et al., 2007) is that an arbitrary significance cutoff must be specified, and data below 

that cutoff is expected to be lost. Therefore, instead of just focusing on some outlier genes with 

high likelihood ratios, we used polysel (Daub et al., 2017) to conduct analyses of polygenic 

selection across the full set of tested genes. We looked for pathways that were overrepresented 

with genes having low or moderate likelihood ratios more than would be expected by 

chance.  This model takes likelihood ratio test statistics estimated from the branch-site test and 

finds weak to moderate polygenic selection within biological pathways. Then, p-values are 

generated from an empirical null distribution obtained by randomly sampling gene sets in 

specified pathways. Using this approach, we also found that the “primary cilia” GO category was 

significantly enriched with a variety of levels of positive selection (Figure 1-1b). To rule out the 

possibility that this GO category could be enriched just by chance due to the large number of 

genes, we tested for overrepresentation of significant genes in primary cilia in the gray wolf and 

dhole and found no evidence of enrichment. Finally, to account for possible errors generated 

from mapping short reads of the AWD to a different species (domestic dog), we verified every 

mutation reported in this study (e.g., nucleotide and amino acid deletions and substitutions) with 

a consensus sequence of the three recently published de novo AWD reference genomes (NCBI 

Bioproject PRJNA488046; Table 1-S1) (Armstrong et al., 2018). 
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Digit Reduction through apoptosis  

 Two developmental mechanisms of digit reduction from the ancestral five-digit 

morphology have been characterized in mammals. One is related to a complete absence of a digit 

during development through regulation of the transduction of sonic hedgehog (SHH) signaling 

and the other involves apoptosis of digits during early development (Cooper et al., 2014). The 

loss of the first digit, as found in AWDs, has been shown to be independent of SHH signaling 

(Scherz et al., 2007). Therefore, we focused our analyses on genes associated with apoptosis 

pathways, particularly those related to digit development.  

 We used the Variant Effect Predictor annotation tool (McLaren et al., 2016) to identify 

amino acid-changing substitutions unique to the AWD that could have a significant impact on 

the associated proteins but will be ignored by the branch-site model test. We identified 403 genes 

with both high and moderate impact. High impact indicates a disruptive substitution that could 

cause truncation, loss of function, or nonsense-mediated decay of a protein whereas moderate 

impact indicating a non-disruptive substitution that might change protein functional efficiency. 

The substitutions we identified were categorized as in-frame indels, frameshift variations, and 

stop codon gains (see Methods for details).  

Strikingly, we found 596 genes with in-frame-deletions, with moderate impact, unique to AWDs. 

These amino acid deletions were tested for enrichment of GO categories using G-profiler 

(Reimand et al., 2007). We found that this type of mutation was overrepresented in digit-loss 

categories with a false discovery rate of 5%. Specifically, the term, “abnormality of the thumb,” 

was over-represented by the genes FANCC, FANCD2, and FANCM, which are associated with 

the Fanconi anemia (FA) pathway (Auerbach, 2009). We also observed an overrepresentation of 

33 genes with frameshift variation mutations in the olfactory receptor (OR) GO category. 
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Twenty eight of these genes were also enriched in the olfactory transduction KEGG category, in 

accordance with the dynamic evolution of OR gene families (Nei et al., 2008). 

 Our results implicate amino acid deletions in genes associated with the FA pathway in the 

loss of the first digit in AWDs through an apoptosis pathway that typically directs interdigital 

cell death (Figure 1-2a and 1-2b). Specifically, in the development of the ancestral five-digit 

foot, the primary function of apoptosis is to eliminate excessive cells on the interdigital webs 

which trims the dimension of the digit (Grotewold and Ruther, 2002, Cooper et al., 2014). When 

this digit individualization occurs during development, apoptosis has only a small effect on digit 

dimension (Zakeri et al., 1994). Studies have shown that FA proteins form a complex with the 

CtBP1 protein that results in the repression of the DKK1 gene. As expression of this gene is 

restricted to the interdigital area during the early development of digits, its repression prevents 

apoptosis from extending into the digits (Grotewold and Ruther, 2002, Huard et al., 2014). When 

the FA-CtBP1 complex fails to properly form, inhibition of DKK1 expression is removed, 

thereby permitting apoptosis to extend to the digits. We suggest that the amino acid deletions in 

FANCC, FANCD2, and FANCM found exclusively in AWDs may reduce the binding affinity of 

the FA protein complex to CtBP1, thus allowing the loss of the first digit through apoptosis 

(Figure 1-2b). Our findings are strongly supported by the fact that the mutations we have 

identified in the FA genes in AWDs are responsible for a condition commonly associated with 

the absence of the first digit in humans (Webb et al., 2011, Auerbach, 2009) and expression of 

DKK1 is related with absence of the first digit in mice (Adamska et al., 2004). Moreover, 

apoptosis as a mode of evolutionary digit has also has been shown in horses, jerboas, and camels 

(Cooper et al., 2014).  
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Hypercarnivory through sonic hedgehog (SHH) signaling 

 The primary cilium is a hair-like structure that projects from the surface of cells and 

serves as a sensory organelle, transmitting signals from the extracellular space into the nucleus 

(Bangs and Anderson, 2017) (Figure 1-3a). This structure is located at the dental epithelium and 

mesenchyme during the formation of dental cusps (Jernvall and Thesleff, 2000, Hampl et al., 

2017). As the primary cilium regulates numerous signaling pathways necessary for 

odontogenesis, ciliary defects can alter the process of cusp patterning (Thivichon-Prince et al., 

2009). 

 We found AWD-specific amino acid substitutions in components of the primary cilium, 

specifically the genes WDR35, TMEM67, CC2d2a and GLI1. These substitutions suggest a 

combined regulatory effect, through GLI transcription, on SHH-dependent genes (Figure 1-3a). 

Specifically, the role of primary cilia depends on the retrograde (to the basal body region) and 

antegrade (to the tip of the ciliary membrane) intraflagellar transport (IFT) of the transcriptional 

factor GLI1 (Liem et al., 2012, Hampl et al., 2017) (Figure 1-3a). This transportation occurs 

through a microtubule structure called the axoneme. The efficacy of GLI mobilization through 

the axoneme is dependent upon protein-mediated transport by WDR35 (also known as IFT121) 

as well as the proper docking of the axoneme into the basal body region, which is mediated by 

TMEM67 and CC2d2a proteins (Veleri et al., 2014, Abdelhamed et al., 2015, Hampl et al., 

2017) (Figure 1-3a).  Mutations within genes encoding primary cilium components alter 

mobilization of GLI to the basal body, and hence result in gain or loss of GLI function in this 

region. An increase in GLI will result in the gain of SHH phenotypes such as growth of molar 

cusps. In contrast, a decrease in GLI will cause loss of SHH phenotypes (Goetz and Anderson, 

2010) such as inhibition of molar cusp development (Jernvall and Thesleff, 2000). We suggest 
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that the amino acid changes observed in AWDs in WDR35, TMEM67, CC2d2a, and GLI1 may 

cause rapid transportation of GLI to the basal body, and consequently overexpression of SHH 

target genes (Ohazama et al., 2009, Hampl et al., 2017).  Variants in the candidate genes reported 

in this study have been associated with abnormal tooth shape and may thus be related to the 

exaggerated hypercarnivorous dentition of AWDs, which includes the development of a lower 

trenchant carnassial (Ohazama et al., 2009, Hoffer et al., 2013, Hampl et al., 2017). Most of the 

amino acid sites from these genes were unique to AWD even when compared to other placental 

mammals and marsupials, including two South American canids, Speothos venaticus and 

Chrysocyon brachyurus (Chavez et al., unpublished data, Figure 1-S2). Also, specific sites in 

CC2d2a had a relatively high probability of being affected by positive selection as suggested by 

a Bayes empirical Bayes test (BEB > 0.90).  Although nucleotide changes were not recorded for 

GLI1 with BEB, mutations in this gene were located within significant windows as suggested by 

the 
𝜃

𝐷
 estimate (p < 0.01; see Methods section) as estimated from the HKA-like test (Hudson et 

al., 1987), after verifying that the amount of information within windows of 25kb in length was 

not driving higher differences between diversity and divergence (Figure 1-S3). Our results 

suggest that the transduction of SHH through primary cilium may have promoted the 

modification of a primitive molar with a posterior crushing basin into a trenchant sectorial single 

cusp in AWDs (Figure 1-3b). 

 Another gene associated with spatial patterning of the tooth, CREBBP, was found to have 

an amino acid deletion in AWDs. Interestingly, we also observed a two amino acid deletion in 

the same region in the hypercarnivorous dhole, a canid that also possesses a lower trenchant 

carnassial heel (Figure 1-3b). CREBBP is a strong candidate for the modified carnassial observed 

in these two hypercarnivorous canids. Notably, this gene is associated with abnormal numbers or 
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features (talon cusps) of molar cusps in humans (Bloch-Zupan et al., 2007) (Figure 1-3b).  Even 

though CREBBP is ubiquitously expressed, the shared amino acid deletions were in the 

glutamine-rich region of the protein (Figure 1-3c). This region is highly conserved in eukaryotes 

and serves as the binding site for Smad proteins(Janknecht et al., 1998, Kraus et al., 1999). These 

proteins are transcriptional factors that regulate the expression of genes located at the dental 

lamina and mesenchyme, and play important roles in regulating differentiation and proliferation 

of cells during tooth development (Huang and Chai). Specifically, Smad transcription factors 

enter the nucleus and bind to the coactivator CREBBP and regulate the expression of target genes 

(Figure 1-3a). We suggest that the observed amino acid deletions observed in CREBBP in AWDs 

and dholes may alter the formation of the Smad-CREBBP complex. This ultimately will have a 

regulatory effect on the expression of TGF-β and BMP dependent genes(Huang and Chai). In 

Smad knockout mice, dental cusp formation is affected (Huang and Chai). Our results suggest 

that the formation of the trenchant heel of AWD, initially guided by primary cilium components, 

may be reinforced by a regulatory effect of Smad transcriptional factors on genes involved in 

tooth development(Huang and Chai). Also, our findings suggest that this may be the regulatory 

pathway that also determines the blade-like cusps in the dhole. 

 The shared amino acid deletions in the CREBBP gene observed in AWDs and dholes 

(Figure 1-3c) could have arisen through different routes. First, the changes could have evolved 

independently in each species. Alternatively, the changes could have resulted from past adaptive 

introgression between species, as has been found among species within the Panthera lineage 

(Figueiro et al., 2017). To account for the latter possibility, we conducted tests of admixture in 

the context of the evolutionary and demographic history of the sampled canids(Gronau et al., 

2011). Results from models with and without gene flow among different lineages suggested a 
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history of extensive admixture among species of Canis (Supplementary Discussion; Table 1-S2 

and Figure 1-1a), consistent with recent findings (Gopalakrishnan et al., 2018). However, the 

genomic data for AWDs and dholes suggest little or no gene flow between these lineages and 

those leading to Canis species. Although the lack of post-speciation gene flow between the dhole 

and AWD could suggest that the amino acid deleting changes in CREBBP evolved 

independently, we do not entirely rule out the possibility of shared post-divergence ancestry. 

Particularly, we found a low proportion of divergent sites between the AWD and dhole (only 9 

divergent sites out of 3,000 flanking sites analyzed) around CREBBP that suggest a plausible 

shared ancestry. Regardless of the mode of evolution of CREBBP, the amino acid deletions 

shared between the AWD and the dhole may reflect similar selective forces favoring 

hypercarnivory (Van Valkenburgh and Koepfli, 1993). 

 

Positively-selected genes associated with AWD pelage coloration.  

 Assuming that positive selection could have occurred in genes associated with the unique 

pelage coloration and patterning seen in AWDs, we tested a set of 151 genes that have been 

shown to be involved in mammalian pigmentation (Sturm et al., 2001, Raposo and Marks, 2007, 

Lamoreux et al., 2010, Kaelin and Barsh, 2013, Crawford et al., 2017) using the branch-site test 

(Yang, 2007). We found six genes with AWD-specific signals of positive selection, three of 

which are known to have relevant function in coat coloration: MYO5A, HPS6, and PAH (Figure 

1-4a). The resulting amino acid changes were confirmed in a consensus sequence (“Dnv Lycaon 

pictus” in Figure 1-4b) of three high-coverage de novo AWD genomes. Moreover, most amino 

acid changes in coat color were unique to AWDs when compared to other species of placental 

mammals, marsupials, and monotremes (Figure 1-4b).  
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 Considering that positively-selected substitutions related to the pigmentary system might 

fall outside protein-coding regions and could have also occurred during recent evolutionary 

history, we used the Hudson-Kreitman-Aguadé (HKA) test to examine regions with high 

divergence and low diversity for signals of selective sweeps. To conduct this test, we first called 

genotypes using Haplotype Caller in GATK 3.8 (McKenna et al., 2010). We then calculated 

polymorphism within 100kb windows among the four AWDs genomes that were mapped to the 

domestic dog reference genome. At the same time, per-site divergence was calculated between 

the AWD with the highest coverage (LPI_RKW 4881) and the domestic dog. Considering that 

demographic effects are expected to have an effect across the entire genome, we used empirical 

p-values to identify loci with extreme values of high divergence and low diversity as evidence 

for positive selection.  

 After verifying that the amount of information within 100kb windows was not driving 

higher differences between diversity and divergence (Figure 1-S3), a total of 159 genes were 

located within windows with a magnitude of differentiation greater than expected by chance 

(empirical p-value < 0.01). Among the genes identified in the HKA test, seven were also 

observed in the branch-site test (Figure 1-1a). From this set of genes, we identified HPS6 as a 

candidate gene that may have been recently selected. Among the set of genes with AWD-specific 

signals of positive selection, we did not observe four genes (ASIP, MITF, MLPH, PMEL) that 

were previously shown to have elevated ratios of non-synonymous/synonymous substitutions in 

two lower coverage AWD genomes (Campana et al., 2016). For example, these authors reported 

a stop codon-gain in PMEL, but we found this was due to a misorientation in the codon 

translation frame (Figure 1-S4).   
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 The positively-selected genes associated with pigmentation we detected have notable 

functions that strongly suggest regulation of the variegated pelage of AWDs (Figure 1-4a). 

Although phenylalanine hydroxylase (PAH) has several pleiotropic effects, phenylalanine levels 

are closely related to melanin deposition (Nagasaki et al., 1999, Ding et al., 2006, Ding et al., 

2008) (Figure 1-4d). Levels of phenylalanine are determined by the PAH gene, whose protein 

catalyzes hydroxylation of phenylalanine to tyrosine (Thony et al., 2000, Ding et al., 2008). 

Using available information to construct a 3D structure of the PAH protein, we located the 

AWD-specific mutation in the biopterin H domain (Figure 1-4d), which contains a binding 

domain for the PAH cofactor (Erlandsen et al., 1997). This finding suggests that the mutation 

observed in the protein domain of PAH could be in part responsible for the AWD coat color 

pattern, as this gene and its cofactor are known to regulate the proportion of yellow and black 

fur(Ding et al., 2008) through the conversion of phenylalanine to tyrosine (Thony et al., 2000) 

(Figure 1-4d). The observed amino acid change in MYO5A (myosin 5A) is located at the myosin 

head region (Figure 1-S5), which is relevant to the motor function of the protein and the 

transportation of melanosomes (Yao et al., 2016). Mutations in this gene result in patchy color 

patterns in mice (Meehan et al., 2017) (see Figure 1-4c) and dilute pigment in dogs (Kaelin and 

Barsh, 2013). The AWD-specific mutations observed in MYO5A could be associated with white 

and black patches by regulating melanosome transport to the bulk of the hair (Wu et al., 1998, 

Evans et al., 2014) (Figure 1-4c). Similarly, sites under selection in HPS6 may be responsible for 

the white and black patches by regulating melanin deposition in melanosomes (Gautam et al., 

2004, Raposo and Marks, 2007) (Figure 1-4c). Mutations in this gene are associated with 

dilution of melanin in mice (Gautam et al., 2004) and Hermansky-Pudlak syndrome in humans 

(oculocutaneous albinism), a group of autosomal recessive disorders that cause abnormally light 
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coloring of the hair and skin (Di Pietro et al., 2004). As all AWDs are born black (Creel and 

Creel, 2002) and develop pigmentation patterns as puppies, longitudinal studies of gene 

expression will help corroborate the function of these genes in AWD pigmentation.  

 

Conclusions 

 A commonly observed trend among large mammalian predators that are cursorial is the 

elongation of limbs and the reduction or loss of digits which allows increased speed and  

improved pursuit and capture of increasingly faster prey (Van Valkenburgh, 1987). Among 

canids, the AWD displays the most specialized morphological changes associated with 

cursoriality, including a unique reduction of the number of digits on the forepaws (Swann, 1904). 

Similarly. AWDs have specialized carnassial molars that enhance the slicing of flesh. This 

decreases the consumption time of prey and therefore, the likelihood of encounters with 

competitors (Van Valkenburgh and Koepfli, 1993). Also, while the function of the conspicuous 

and individual-specific coat coloration patterns of AWDs is uncertain, it may help confuse both 

prey and competing predators (Van Valkenburgh, 1996),  or it may not be the direct object of 

natural selection (Anderson et al., 2009, Stahler et al., 2013).  

Our comparative genomic analyses suggest that the evolution of cursoriality in AWDs has been 

driven by a known apoptotic pathway implicated in evolutionary digit loss in other mammals 

(Cooper et al., 2014) and involved a single major gene pathway. We also found evidence of 

substitutions and amino acid deletions in genes possibly associated with the hypercarnivorous 

dentition of AWDs and that changes in one of these genes (CREBBP) are also found in the 

Asiatic dhole. Consequently, our data support the idea that convergent phenotypic evolution can 

result from genetic changes in the same genes. Our study provides a unique example of genome-
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scale adaptive evolution analysis of one of the most successful pack-hunters, the African wild 

dog, and exemplifies molecular pathways which can iteratively adapt organisms to the 

challenges of prey capture and consumption.   

 The unique adaptations observed in African wild dogs was likely facilitated by their 

unique demographic history. Most large canid linages have experienced gene flow from 

divergent species, whereas our inferred demographic model suggests that African wild dogs were 

genetically isolated from other species. Furthermore, divergence dating analyses provide a 

temporal framework for understanding the general rate of evolution of the molecular changes 

that underlie the morphological adaptations in AWDs. The earliest fossils of Lycaon (L. sekowei 

n. sp.) were described from sites in South Africa and dated to ca. 1.0-1.9 mya and suggest that 

the development of the hypercarnivorous dentition preceded the morphological changes 

associated with cursoriality in the modern AWD1. Divergence times estimated using a model that 

considers ancestral population size and post-divergence gene flow suggest that AWDs split from 

their common ancestor ~1.7 Mya, which is consistent with episodes of faunal turnover and the 

evolution of faster-moving ungulates during the Pleistocene that likely influence the adaptations 

of carnivores in sub-Saharan Africa (Turner, 1990; Bobe and Behrensmeyer, 2004). Our study 

demonstrates that comparative analyses of genomes provide a powerful approach to investigate 

the genetic basis of unique adaptations in an evolutionary context.  

 

Methods 

 

DNA sample and sequencing  

 Genomic DNA from a female African wild dog (LPI_RKW 4881) was pair-end 

sequenced (100 bp) to ~27.9X coverage using an Illumina HiSeq 2000 (Illumina, USA). The 
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library preparation and genome sequencing was performed by the Vincent J. Coates Genomics 

Sequencing Laboratory at University of California, Berkeley. The individual that we sequenced 

originally belonged to the Skukuza pack in Kruger National Park, South Africa, and was 

originally identified as SF5 (Girman et al., 1997).  This sample was selected based on sufficient 

quantities of high molecular weight DNA using a DNA fluorometer (Qubit 2.0), the NanoDrop 

spectrophotometer (ThermoFisher, USA) and gel electrophoresis. Genome sequences from 11 

other canid species, including three African wild dogs, were obtained from previous studies 

(Auton et al., 2013, Freedman et al., 2014, Koepfli et al., 2015, Campana et al., 2016, Robinson 

et al., 2016, vonHoldt et al., 2016) and are detailed in Table 1-S1.  

 

Alignment to the dog reference genome and annotation 

 An initial quality control of raw reads of LPI_RKW 4881, as well as those from 11 other 

canids obtained from the literature, was performed with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were then trimmed and 

filtered for adapters, short reads, and low-quality bases (Q<20) with Trim Galore 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)  

 before being aligned to the domestic dog genome reference assembly (canFam3.1) using 

Bowtie2 (Langmead et al., 2009). The percentage of aligned reads to the domestic dog for most 

species was more than 97 and resulted in different coverage depths per species (Table 1-S1). 

Variant calling was performed with HaplotypeCaller using the Genome Analysis Toolkit 3.7 ( 

GATK; McKenna et al., 2010) with a series of filtering steps to minimize the presence of false 

genotypes (Supplementary methods). 
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Species tree estimation 

 To reconstruct a phylogenetic tree of the 12 canid genomes, 8,177  sliding-window 

fragments of 25kb were generated (Supplementary methods) and further aligned with PRANK 

v.150803 (Loytynoja and Goldman, 2005) using one iteration (-F once option) and the topology 

shown in Figure 1-1a as the guide tree.  Then, windows were trimmed using GBlocks 

(Castresana, 2000) with default parameters. Trimmed alignments were run with RAxML v8.2.9 

(Stamatakis, 2014) under the GTR model for each locus to infer individual maximum likelihood 

(ML) gene trees with 100 bootstrap replicates. For each locus, the best tree was selected from the 

RAxML output, while the 100 bootstrap trees were merged into a single file per locus. 

Additional alignment trimming and tree generation was done using a modified script from the 

SqCL pipeline (Singhal et al., 2017; phylogeny_align_genetrees_prank.py). The best tree files 

were concatenated into one file with only 10% missing data tolerated, collapsing branch lengths 

shorter than 1e-05 substitution per site, and collapsing clades with support less than one using a 

script from the SqCL pipeline (phylogeny_prep_astrid_astral.py).  

 The species tree was estimated using ASTRAL-III v.5.5, which models the discordance 

between gene trees and species trees using a coalescent model (Zhang et al., 2018). We used 

both the concatenated best-tree and bootstrap tree files as inputs. The analysis was conducted 

with 100 bootstrap replicates and the best multi-locus tree was selected with ML support values. 

The best tree was then scored to obtain a posterior probability and quartet support values for each 

node/clade. The gray fox (Urocyon cinereoargenteus) was used as the outgroup to root the tree, 

based on results from previous molecular systematic investigations of canid relationships 

(Lindblad-Toh et al., 2005). 
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Estimation of divergence times  

 To estimate the ages of divergence among species of Canis, Cuon, and Lycaon (11 

species, including the Andean fox and gray fox as outgroups) we first generated alignments for 

1,183 single-copy coding orthologues. From the codon alignments, 166,182 four-fold degenerate 

sites (clock-like) were extracted and concatenated into a data matrix with 6,155 missing sites 

(3.7%) across the 11 species. Average genomic divergence times were estimated using 

MCMCTree from the software package PAML4 (Yang, 2007) with the HKY+G model of 

nucleotide substitution, the topology of the species tree obtained from the ASTRAL-III analyses 

as input, and 2,200,000 MCMC generations, of which the first 200,000 generations were 

discarded as burn-in. Other parameter settings used in the analysis are detailed in the 

Supplementary File. We applied two calibration priors with associated distributions and densities 

based on the fossil record of the Canidae to calibrate node ages, as previously described14. The 

first prior was set at the root with an age distribution of 9.0-11.9 million years ago (Mya), which 

provides an approximate age for the split between the tribes Canini and Vulpini, based on the 

first appearance of Eucyon, thought to be an early member of the Canini (Tedford et al., 2009, 

Slater et al., 2012). The second prior had an age range of 1.1-3.0 Mya ago, based on the earliest 

fossils of the modern gray wolf, Canis lupus, and the earliest known fossils of Canis, 

specifically, Canis edwardsii (Tedford et al., 2009).  

 Phylogenetic analyses suggest Canis edwardsii is sister to a clade that includes Canis 

aureus (golden jackal) and Canis latrans (coyote) (Tedford et al., 2009). However, since Canis 

lupaster (African wolf) and Canis simensis (Ethiopian wolf) are also contained in the genus 

Canis (Lindblad-Toh et al., 2005, Koepfli et al., 2015, Gopalakrishnan et al., 2018), we assumed 

that the earliest known age of Canis edwardsii bracketed all extant species of Canis. The MCMC 
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analysis was repeated twice, as recommended in MCMCTree manual, and no discordance was 

observed between runs.  

 

Demographic History and Admixture 

 Twelve canid individuals were used in the demographic analysis, including the domestic 

dog reference and excluding the gray fox (see Table 1-S1 for the remaining 11 genomes). 

Sequence alignments were obtained for these 12 genomes at 13,647 putatively neutral noncoding 

loci computed in previous studies to be short (1 kb long) interspersed (> 30 kb apart) and distant 

from protein-coding genes (> 10 kb)(Freedman et al., 2014). Of these alignments, 2,535 had 

more than 10% genotypes missing due to a sequencing depth below four reads or above the 95th 

coverage percentile. These loci were removed and the remaining 11,112 loci were analyzed 

using the Generalized Phylogenetic Coalescent Sampler or G-PhoCS (Gronau et al., 2011). We 

assumed a population phylogeny consistent with the topology of the species tree inferred by 

ASTRAL-III. After labeling ancestral populations, we modeled gene flow by augmenting this 

phylogeny with 44 directional migration bands (Supplementary methods). An additional analysis 

was done assuming a species tree obtained by switching the position of the golden jackal and 

Ethiopian wolf in the species tree inferred by ASTRAL-III with the same 44 migration bands 

(see Supplementary Discussion). 

We ran the multi-threaded version of G-PhoCS V1.3.2 (https://github.com/gphocs-dev/G-

PhoCS) using five threads per run and a standard MCMC setup. Namely, we assumed an 

exponential distribution with mean of 0.0001 as the prior of all the mutation-scaled population 

sizes () and divergence times (), and a Gamma (= 0.002, = 0.00001) distribution for the 

prior of migration rates (m). Because of the large number of migration bands, the Monte Carlo 

https://github.com/gphocs-dev/G-PhoCS
https://github.com/gphocs-dev/G-PhoCS
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Markov chain was let to converge for 200,000 burn-in iterations, after which parameters were 

sampled every 50 iterations, for the next 400,000 iterations, resulting in a total of 8,000 samples 

from the approximate posterior distribution. For each parameter, we recorded the mean sampled 

value and the 95% Bayesian credible interval (CI). Population size estimates (Ne) were obtained 

from the mutation-scaled samples () by assuming a mutation rate per-generation of =4.0×10-9 

(Skoglund et al., 2015), and divergence times (T) were calibrated by assuming the same rate and 

an average generation time of three years. Migration rates were scaled by the duration of time of 

the migration band, resulting in total rates, which approximate the probability that a lineage 

experienced migration.  Parameter estimates are summarized in Table 1-S2 and Figure 1-1a. 

 

Positive Selection 

 Coordinates of ~19,000 orthologous genes were obtained using the domestic dog 

reference genome (canFam3.1) available in the Ensembl database (Zerbino et al., 2018). To 

exclude paralogous genes, we filtered sites following previous recommendations (McCormack et 

al., 2013). Specifically, we filtered out sites according to the following criteria: 1) coverage 

higher than a 95th percentile of distribution; 2) sites that occurred in more than one locus (with 

fix mate in GATK); and 3) duplicated sites likely generated from PCR libraries (with PCR 

duplicates in GATK). We also manually checked sequences for signals of duplication events and 

kept only sites that were bi-alellic. 

 To reduce the inclusion of false signals of positive selection caused by errors in the 

alignment process, short regions enriched with unreasonably high rates of nonsynonymous 

substitutions (dN) sites were masked with the Sliding Window Alignment Masker for PAML 

(SWAMP) tool(Harrison et al., 2014). Specifically, a two-step masking procedure was 
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conducted. First, with dN ≥ 10 in a 15-codon window, followed by dN ≥ 3 in a 5-codon. This 

approach has been proven to effectively remove most of the problematic sequences associated 

with misalignment(Harrison et al., 2014).  

 Genes that passed our filters (no internal stop codon, permissible length and longest 

transcript) were then tested for signals of positive selection, based on the reconstructed species 

tree (Figure 1-1a), using the branch-site model in PAML 4.8 (Yang, 2007) (Supplementary 

methods). We run this model on the AWD and the other two pack-hunting species (dhole and 

gray wolf) were each used as foreground branches. Model A (allowing sites to be under positive 

selection; fix omega = 0) was compared to the null model A1 (sites may evolve neutrally or 

under purifying selection; fix omega = 1 and omega = 1). We included only genes with omega 

values >1, since genes lower than this threshold could be driven by relaxed selection. Statistical 

significance (P < 0.05) was assessed using likelihood ratio tests (LRTs) and chi-square tests. 

Multiple hypothesis correction for 18,327 protein-coding genes and three foreground branches 

was conducted with a 20% false discovery rate (FDR) criterion using QVALUE in R(Storey et 

al., 2017).  

 To detect recent signals of selection that include non-coding regions such as promoters 

and enhancers, we aimed to detect selective sweeps through an HKA-like approach (Hudson et 

al., 1987, Huber et al., 2016, Johnson and Voight, 2018). To determine interspecific variation, 

genotypic variants were called with Haplotype Caller from the Genome Analysis Toolkit 3.8 

(McKenna et al., 2010). Independent gVCF files were created for the four AWD genomes (Table 

1-S1) and then joined with the option “CombineGVCFs” from GATK.  On the multiple-samples 

gVCF, per-site polymorphism among the four AWDs was calculated across non-overlapping 

100kb windows with 10k steps between windows. At the same time, per-site divergence was 
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calculated between the high coverage AWD (LPI_RKW 4881) and the domestic dog. These 

estimates were calculated with the following equation: 

𝜃

𝐷
=

Σ𝑖=1
𝐿 2𝑝𝑖(1 − 𝑝)

𝐿 ∗
𝑛

𝑛 − 1
Σ𝑖=1

𝐿 𝑋𝑖 + 0.5𝑌𝑖

𝐿

 

(1) 

where p is the frequency of one allele in the four AWD genomes, L is the total number of 

callable sites with good quality in the window, n is number of sampled chromosomes (n = 8 for 4 

diploid individuals), Xi is the number of derived alleles in the AWD (LPI_RKW 4881) with 

respect to the dog; and Yi  is the number of heterozygous sites.  

 Windows were required to have at least 10 kb of sequence and sites were filtered for low 

coverage (less than 3x and no more than a 95th percentile of distribution), low quality variant 

sites (QUAL<50), missing genotype, non-bi-allelic sites, low quality genotype scores (Q< 20) 

and regions with high GC content. The windows with the lowest θ/D ratio were candidates for a 

selective sweep (Huber et al., 2016, Zhai et al., 2009). Empirical p-values were obtained for a 

total of 22,269 windows. To ensure that outliers were not driven by less sequencing data, we 

plotted the divergence and diversity ratio (θ/D) vs. the number of called bases per window 

(Figure 1-S3).  

 To further investigate candidate genes detected to be under positive selection, protein 

structure information from the relevant gene available in the literature was used. Nucleotide 

sequences of orthologous genes in FASTA format were translated into amino acids using 

“vespa.py translate” from the VEPSA tool (Webb et al., 2017).  The AWD protein sequences 

were then aligned to human annotated versions of the orthologous genes within Geneious 

v11.1.1 (Kearse et al., 2012) to identify amino acid changes that occur within a given protein 

domain (see Figure 1-S4).  When information was available, the effect of amino acid 
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changes on protein structure and function was evaluated using three-dimensional models 

depicted from SWISS-MODEL (Biasini et al., 2014). Finally, to evaluate the degree of 

conservation (constraint) of the AWD-specific amino acid changes and deletions, AWD 

alignments were compared with available orthologous coding sequences from: 1) 12 other 

canid species, including corresponding sequences from the genomes Speothos venaticus (bush 

dog) and Chrysocyon brachyurus (maned wolf) (unpublished data); and 2) 29 to 41 other 

species of placental, marsupial and/or monotreme mammals, using the tool OrthoMaM v9 

(Douzery et al., 2014). Some amino acid changes in the PAH as well as the WDR35 genes 

described in the result section were not observed in all samples of AWDs. However, they were 

confirmed on a consensus sequences of three high-coverage de novo ADW reference genomes 

(“Dnv Lycaon pictus” in Figure 1-4b and 1-S2). This suggests that these mutations may be 

heterozygotes for PAH and WDR35 genes, failing to be detected in some samples due to 

insufficient coverage. 

 

Enrichment test  

 Information about the functional impact of amino acid changes was obtained from the 

Ensembl Variant Effect Predictor tool (McLaren et al., 2016) with the domestic dog (Ensembl’s 

release89)  and further used to identify indels (frameshift variation, in-frame insertions and in-

frame deletions), loss-of-function mutations (stop codons) and regulatory variants (5’ UTR, 3’ 

UTR) that were unique to AWDs. Genes within these categories were then tested for enrichment 

of Gene Ontology (GO) categories using G-profiler version r1732_e89_eg36 (Reimand et al., 

2007), with a Benjamini-Hochberg (BH) false discovery rate (FDR) to correct for multiple 

testing.  
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 To identify overrepresentation of genes with AWD specific-signals of positive selection 

depicted from the branch-site model, a GO analysis using G-profiler version r1732_e89_eg36 

(Reimand et al., 2007) was performed. Ensembl identification numbers of genes that resulted 

from the branch-site model (p<0.05) were input as query lists, and all the genes tested (18,327 

filtered genes) were employed as the background gene list. Multiple hypothesis correction was 

conducted with the Benjamini-Hochberg FDR method (Benjamini and Hochberg, 1995). 

Likewise, Ensembl identification numbers of genes within windows that had empirical p-values 

<0.01 from the HKA-like test were input as query lists, and all the genes tested were used as the 

background gene list. 

 

Polygenic selection 

 To detect biological pathways overrepresented by weak to moderate signals of selection 

on the AWD, dhole, and gray wolf, the program polysel (Detection of polygenic selection in 

gene sets) was employed (Daub et al., 2017). Polysel uses information from all genes depicted by 

the branch-site model test to find low-level polygenic selection across many genes within a 

pathway. Significant pathways were identified with an FDR <0.20, after removal of the overlap 

between pathways with the pruning procedure implemented in polysel (see Supplementary 

methods for details).  
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Figures 

 

Figure 1-1. Evolutionary history and adaptation in the African wild dog (AWD) and nine other species of 

canids. (a) A species tree was inferred by applying ASTRAL-III to 8,117 25kb-windows (light gray, in 

background), with internal nodes placed according to average genomic divergence estimated via 

MCMCTree and calibrated using two fossil priors (see Methods and Figure 1-S1 for details). A demographic 

model was inferred for the same species (excluding gray fox) by applying G-PhoCS to 11,112 putative 

neutral 1kb windows (dark gray, in foreground). The same phylogenetic tree topology was assumed, 

augmented with 44 directed migration bands (see Methods and Table 1-S2 for details). Block arrows depict 

the eight migration bands inferred with total rates higher than 0.05, with arrow widths scaled proportionally 

to the estimated total rate. The widths of branches in the demographic model are scaled proportionally to 

inferred effective population sizes (see scale bar at top-left), and their lengths are scaled proportionally to 

inferred species divergence times. Both scales assume an average per-generation mutation rate of =4.0×10-

9 and an average generation time of three years (Skoglund et al., 2015). Species divergence times are much 

smaller than the average genomic divergence times. Divergence times associated with AWD are indicated at 

the bottom with 95% Bayesian credible intervals (note the change in time scale between 2.5 – 5 Mya). 

Genes with signals of positive selection are specified on the branches leading to the AWD and the dhole. 

Different phenotypic categories are indicated by color; genes marked with an asterisk had in-frame deletions 

and genes marked with a cross were pseudogenized. Note that CREBBP has undergone parallel adaptation 

in both lineages. (b) Venn diagrams showing shared positively-selected genes (left) and pathways (right) 

obtained from different analytical approaches. Among the seven genes that resulted in significant scores 

from both the HKA-like and branch-site tests, only HPS6 was associated with AWD adaptations. Primary 

cilium was the only pathway that was identified by both G-profiler and polysel. 
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Figure 1-2. Apoptosis of the first digit in the African wild dog. (a) Primitive condition of five digits in the 

Canidae; note the small first digit in gray wolf called the “dewclaw.” The absence of the first digit is 

shown in the African wild dog (AWD). (b) Schematic representation of digit reduction and separation of 

digits. In the normal five-digit pattern scenario shown at the top, apoptosis (blue circles) is restricted to 

interdigital regions. The first digit, enclosed by a rectangle, is protected from apoptosis by FANCC and 

FANCM that form a complex with CtBP1 and repress DKK1 (Huard et al., 2014). The stability of this 

complex is regulated by the FANCD2-FANCI association (Joo et al., 2011). In the scenario shown below, 

amino acid deletions (red stars) observed in FA genes may reduce both the affinity of FA genes to CtBP1 

and the stability of the protein complex. Consequently, the FANCC-FNACM-CtBP1 complex is not 

formed and DKK1 is not suppressed (indicated by empty arrow).  Deficiency of the FA complex activity 

increases DKK1 expression. As a result, apoptosis expands to the first digit; note blue circles (apoptosis) 

on the region of the thumb. (c) Effect of the mutations in the FA and  DKK1 genes in humans (Reprinted 

from Auerbach © 2009 with permission from Elsevier) and mice (Reprinted from Adamska et al © 2004 

with permission from Elsevier). (d) Multiple sequence alignments of mammalian FANCD2, FANCM, and 

FANCC amino acid sequences showing deletions specific to AWDs. Five AWDs are shown; “RWK481” 

and “SAMN04312208” are individuals from Kruger National Park, South Africa; “CN3669” and 

“SAMN04312209” are individuals from Kenya and “Dnv Lycaon pictus” is the consensus sequence of 

three de novo reference AWD genomes (Armstrong et al., 2018). The top panel also shows a 3D protein-

model of FANCD2 with the location of the observed amino acid deletion, which is important for the 

association with FANCI. 
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Figure 1-3. Possible mode of evolutionary molar cusp modification in the African wild dog through SHH 

signaling. (a) Figure at the top right shows genes found to be enriched in primary cilium with polysel; genes 

above dashed line are those found to be enriched with G-profiler as well (see Methods for details). Only gene 

names with known function in tooth development are shown. Figure at the top left shows a schematic of the 

primary cilium and the role of candidate genes in SHH transduction. SHH, represented by red circles, reaches 

the ciliary membrane. Then, transport of transcriptional factors GLIs such as GLI1, through the axoneme, is 

promoted by WDR35/IFT121 as well as the efficient docking of the axoneme in the plasma membrane, which is 

conducted by CC2d2a and TMEM67. Together, these components of primary cilium cause rapid accumulation 

of GLI into the basal body. Ultimately, GLIs will enter the nucleus and promote the expression of SHH-

dependent genes.  In the case of CREBBP, the observed amino acid deletion (red star) may increase the affinity 

of this cofactor with smad genes and increase the expression of TGF-β and BMP dependent genes involved in 

molar cusp development.  (b) Left-bottom figure showing the single cuspid talonid of the lower first molar 

(carnassial) in the AWD as opposed to a bi-cusped talonid carnassial in the gray wolf. Right-bottom figures 

shows the effect that mutations in CBP have on humans (Bloch-Zupan et al., 2007) (reprinted by permission 

from Wiley-Liss, Inc.; American Journal of Medical Genetics Bloch-Zupan et al © 2007); talon cusp condition 

is observed; cusps that protrude from the anterior region of incisors on the left and extra cusps on molars on the 

right. (c) Amino acid alignment of the glutamine-rich region of CREBBP for 51 species of mammals showing 

the deletions specific to AWDs and the dhole. Five AWDs are shown; “RWK481” and “SAMN04312208” are 

individuals from South Africa; “CN3669” and “SAMN04312209” are individuals from East Africa; “Dnv 

Lycaon pictus” is the consensus sequence of three de novo reference AWD genomes (Armstrong et al., 2018). 

The ancestral condition in canids is inferred as 15 glutamine residues. 
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Figure 1-4. Candidate genes and possible mechanisms associated with coat pigmentation and patterning in 

African wild dogs. (a) Plot showing Q-values depicted from the branch-site test after a multiple hypothesis 

correction of 151 different coat color genes with the AWD as the foreground branch (see methods). 

Significant genes (Q-value<0.20) are shown above the horizontal blue line; for illustration purposes, Q-values 

shown on the Y-axis were transformed to -log10. Only names of genes with relevant functions are shown. 

Illustration at the bottom showing coat color in the AWD; genes are shown in red circles and are placed on 

the type of color they regulate (e.g., PAH regulates brown and yellow colors). (b) Amino acid alignment of 

coat color candidate genes for an average of 49 species of mammals showing changes specific to AWDs. Five 

AWDs are shown: “RWK481” and “SAMN04312208” are individuals from Kruger National Park, South 

Africa; “CN3669” and “SAMN04312209” are individuals from Kenya and “Dnv Lycaon pictus” is the 

consensus sequence of three de novo reference AWD genomes(Armstrong et al., 2018). (c) A schematic 

showing the role of candidate genes in color pattern. (I) shows that black coat color will need both proper 

cargo of melanin by HPS6 to melanosomes and its transport by MYO5A to the bulk of the hair. (II) In the 

case of white blotches or spots, they could be the result of either proper transport of melanosomes but 

containing no melanin or melanosomes containing melanin that fail to reach the bulk of the hair. Figure on 

the bottom-right shows the effect of MYO5A mutations on the pelage of a domestic mouse(Meehan et al., 

2017). (d) 3D model of the PAH protein depicted with SWISS-model (see methods) that shows a mutation on 

the cofactor of the enzyme (B𝐻4). The scheme at the bottom illustrates the role of PAH and its cofactor. The 

right figure shows a gradual recovery of the black color of yellow mice (PKU) with deficiency of PAH (Ding 

et al., 2006) (Reprinted by permission from Springer Nature: Springer Nature, Gene Therapy Ding et al © 

2006). 
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Appendix 1-I: Supplementary Discussion 

 

Demographic model with alternative topologies 

 According to our inferred demographic model, gene flow in AWDs is restricted to low 

rates between the two African populations (7.4%), with other analyzed species experiencing 

much higher rates of admixture. Most notable of these is the Eurasian golden jackal (Canis 

aureus), for which previous studies have also inferred high rates of ancestral gene flow 

(Freedman, 2014, Fan et al., 2016).  

Since the species tree inferred by ASTRAL-III does not account for gene flow, the location of 

the golden jackal branch could be falsely inferred as part of the clade containing all wolf species. 

To ensure that this uncertainty in species tree topology does not influence our estimates of 

demographic parameters associated with AWDs or dhole (Cuon alpinus), we inferred an 

alternative set of demographic parameters assuming a species tree in which the golden jackal is 

an outgroup to all wolf populations, including the Ethiopian wolf (obtained by switching the 

location of the golden jackal and the Ethiopian wolf in the tree). 

 The estimates of demographic parameters obtained under this alternative model were 

highly concordant with our original estimates, with overlapping credible intervals for nearly all 

parameters (see Table 1-S2). The main difference between the two inferred models related to the 

time period between divergence of the golden jackal and Ethiopian wolf from other populations 

(between TANC5 and TANC4). Under the original model (based on the tree inferred by ASTRAL-

III), the two species diverged from other lineages during a short period of time roughly 842,500 

years ago, with a significant population size decrease during this brief period. However, under 

the alternative model, the golden jackal diverged 945,600 years ago and the Ethiopian wolf 

diverged 175,000 years later. This difference may indicate that the golden jackal diverged from 
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other Canis lineages prior to the Ethiopian wolf, and genomic similarity between the golden 

jackal and several wolf species is now partly explained by post-divergence gene flow. 

Importantly, this uncertainty in the topology of the species tree does not significantly influence 

any of the parameters associated with AWDs or the dhole. 

 

Appendix 1-II: Supplementary Methods 

 

Alignment to the dog reference genome and annotation 

 To conduct a comparison between canid genomes, reads were aligned to the domestic 

dog with Bowtie2 (Langmead et al., 2009). Then, duplicates that may arise during library 

construction using PCR were removed with Picard tools 1.80 

(https://broadinstitute.github.io/picard/). To correct mapping errors made by genome aligners and 

to ensure that reads were properly paired, local realignment around indels was conducted with 

the Genome Analysis Toolkit 3.7 (GATK) IndelRealigner tool (McKenna et al., 2010). To 

reduce potential errors introduced by sequencing, base quality scores were recalibrated with the 

GATK BaseRecalibrator tool. Bases at sites with expected variation were masked with “known 

variants”, which was obtained by calling genotypes with three different tools: the GATK 

HaplotypeCaller, GATK UnifiedGenotyper and SAMtools mpileup (McKenna et al., 2010, Li et 

al., 2009). Then, genotype calls that were found in two or more of the tools were extracted with 

BCFtools (Li et al., 2009). To ensure convergence between reported and empirical genotype 

quality scores, base score quality recalibration was run three times. Only reads that were 

calibrated, properly mapped and with high quality (Phred scores >= 20) were employed for 

further analysis. 
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 To minimize the inclusion of erroneous genotypes, a series of filters were applied to 

called variants. Specifically, sites with a read depth less than 4 or greater than 95th percentiles of 

depth for each individual genome were filtered out. To reduce bias in downstream analysis due 

to base composition heterogeneity, CpG islands were removed following previous studies 

(Marsden et al., 2016). To ensure the inclusion of variants that were both substitutions and bi-

allelic, the following sites were removed from the original VCF files: indels, multi-nucleotide 

polymorphisms, and sites with more than one alternate allele.  Finally, to conserve only high-

quality reads, only variant sites with high quality scores (GQ≥30) were retained in the final VCF 

file.  

 

Collection of multi-species sequence alignments 

 Most of the analyses conducted in this study require multi-species alignments in FASTA 

format. Therefore, whole-genomes in FASTA format were obtained from BAM files by first 

creating pileup files using SAMtools 1.2 (mpileup with -uv options) (Li et al., 2009). Pileup files 

were converted to VCF files with BCFtools 1.1-108-g1844401 (-c option), filtering out low-

quality variants (Phred quality scores > 20, min depth coverage > 3x, and maximum depth 

coverage < 95th percentile of species total coverage). Filtered VCF files were converted to 

consensus FASTQ files using vcf2fq in vcfutils.pl from SAMtools, and further transformed into 

FASTA files with seqtk v.1.2 (https://github.com/lh3/seqtk/blob/master/seqtk.c). Once whole 

genomes in FASTA format were obtained, specific regions (e.g neutral regions, orthologs; see 

next sections) were extracted with BEDtools v2.26 (-getfasta option), 

(http://bedtools.readthedocs.io). Finally, the multi-species FASTA sequences were aligned with 

http://bedtools.readthedocs.io)/
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PRANK v.150803 (Loytynoja and Goldman, 2005) using one iteration (-F once option) and the 

topology shown in Figure 1-1a as the guide tree.  

 

Species tree estimation 

 To  generate 25kb genome fragments suitable for a phylogenetic reconstruction, we first 

called genotypic variants with Haplotype caller with GATK (McKenna et al., 2010).  This 

generated independent gVCF files for 12 canid genomes that were combined with 

“CombineGVCFs” tool from GATK. Then, in conjunction with SAMtools (Li et al., 2009) and 

BEDtools (http://bedtools.readthedocs.io), a custom python script was written to generate non-

overlapping sliding-window fragments of 25kb that mapped to the 38 canid autosomes. Window 

size was chosen based on previous studies of relationships among closely related species of 

carnivores (Kumar et al., 2017). Only windows with more than 700 informative sites were kept. 

A site was considered informative if at least nine genomes out of twelve had information about 

their genotype (i.e., either variant or invariant sites). In contrast, a site was considered not 

informative if more than 4 genomes had masking substitutes of low-quality base calls with 'N's 

(undetermined bases). This filtered out roughly 5% of the windows genome-wide. FASTA 

sequences were then obtained for the remaining overlapping windows.  

 

Demographic History and Admixture 

 The demographic history model was conducting using the topology shown in Fig.1 along 

with ancestral populations that were label as follows: 

ANC1 – ancestral to domestic dog and gray wolf. 

ANC2 – ancestral to dog, gray wolf, and coyote. 

http://bedtools.readthedocs.io)/
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ANC3 – ancestral to dog, gray wolf, coyote, and African wolf. 

ANC4 – ancestral to dog, gray wolf, coyote, African wolf, and golden jackal. 

ANC5 – ancestral to the entire Canis clade (including Ethiopian wolf). 

ANC6 – ancestral to the Canis clade and dhole. 

AWD – ancestral to the two sampled AWD populations (from East and South Africa) 

ANC7 – ancestral to the Canis clade, dhole, and AWD. 

ROOT – ancestral to all sampled individuals, including the Andean fox. 

 

Gene flow was modeled by augmenting the phylogeny of Fig.1 with the 44 directional migration 

bands: 

Thirteen migration bands between the golden jackal and wolf-like canids, as inferred in several 

previous studies (Freedman, 2014, Fan et al., 2016). Specifically, bands from dog to golden 

jackal and between the golden jackal and each of gray wolf, African wolf, dhole. Also, bands 

between the golden jackal and the three populations ancestral to both dog and gray wolf but not 

to Ethiopian wolf or golden jackal (ANC1, ANC2, and ANC3). 

Five migration bands between the coyote and other canids, as inferred by previous studies 

(vonHoldt et al., 2016, Gopalakrishnan et al., 2018a): Bands from dog to coyote and between the 

coyote and either the gray wolf or ANC1 (the population directly ancestral to dog and gray 

wolf). 

Eighteen migration bands between AWD and other populations: Bands between the two sampled 

AWD populations. Also, bands between African wolf or dhole and each of the three AWD 

populations (including the one directly ancestral to the two sampled populations). Additionally, 

four bands from gray wolf or dog into each of the two AWD populations. 
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Eight migration bands involving African wolf, Ethiopian wolf and dhole. Specifically, Bands 

from the dog and gray wolf to each of dhole, African wolf, and Ethiopian wolf. Also, bands 

between African wolf and Ethiopian wolf. 

 

Positive Selection 

 To prepare files for the branch-site test of positive selection (Yang, 2007), a set of python 

scripts from the tool VESPA (Webb et al., 2017) were used. Only sequences that were confirmed 

as protein coding (length of the sequence divisible by 3), did not have internal stop codons, and 

were the longest transcript available, were kept for the positive selection analysis using 

“vespa.py clean”. Sequences were further translated to amino acid alignments with “vespa.py 

translate” to ensure that no incomplete codons or internal stop codons were included. Amino acid 

sequences were aligned with PRANK v.150803 (Loytynoja and Goldman, 2005) using one 

iteration (-F once option) and the topology shown in Figure 1-1a as the guide tree. Then, a 

database with all amino acid sequences was created with “vespa.py create_database” to assist the 

next process of backward transformation from amino acid to the nucleotide sequence. The latter 

step was done with the command “vespa.py map_alignments”. A directory structure for PAML 

analysis was created with a custom bash script. Each individual folder contained a multiple 

sequence alignment for a specific gene and a phylogenetic tree corresponding to Figure 1-1a with 

the labeled foreground branch. Also, each file included a control file with information about the 

null model (fixed Omega) and the model assuming positive selection (“free” Omega). 

 

Polygenic selection 
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 To conduct analyses of polygenic selection across the full set of tested genes in PAML, 

pathways were extracted from NCBI (https://www.ncbi.nlm.nih.gov/biosystems/), with the 

options "pathway"[BioSystemType] and "Canis lupus familiaris"[Organism]. Then, based on 

information available in the literature, a subset of pathways relevant to digit development, tooth 

formation, and pigmentation were chosen as input for polygenic signals associated with species 

adaptations (Kaelin and Barsh, 2013, Cooper et al., 2014, Jernvall and Thesleff, 2000, Daub et 

al., 2017). Once the pathways were specified, likelihood ratio test statistics of all genes in each 

pathway were added in the form of ‘SUMSTAT’ scores. To estimate the ‘SUMSTAT’ scores, 

the ΔlnL4 score was calculated as the fourth root of the log-likelihood ratio previously obtained 

with the branch-site test for positive selection in PAML4 (Daub et al., 2017). Ensembl gene IDs 

were transformed into Entrez gene IDs using information within the gene2ensembl file from the 

NCBI ftp server (ftp://ftp.ncbi.nih.gov/gene/DATA/gene2ensembl.gz). Once a gene set and 

pathways were specified as input to polysel, a null distribution for each pathway was created by 

randomly sampling genes from the original gene set to generate pathways of a similar size as the 

ones provided in the input. Then, p-values were obtained by detecting how often a ‘SUMSTAT’ 

score surpasses those from the null distribution. Finally, a multiple testing correction was 

performed by first removing high-scoring genes from lower level pathways in a process called 

pruning in polysel. Then, p-values were re-calculated again from the pruned pathways. This 

process was conducted 300 times, creating an empirical FDR distribution. Significant pathways 

were identified with an FDR <0.20.  

 

 

https://www.ncbi.nlm.nih.gov/biosystems/)
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Appendix 1-III: Supplementary Figures 

 

 

Figure 1-S1. Coalescent species tree inferred by applying ASTRAL-III to 8,117 25kb-windows with 

internal nodes placed according to average genomic divergence estimated via MCMCTree and calibrated 

using two fossil priors (see Methods for details). 
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Figure 1-S2. Multiple sequence alignment of mammalian genes that are candidates for blade-like molar cusps 

in AWDs. Amino acid changes of AWD (Lycaon pictus) are enclosed in red rectangles. Five sequences of 

AWD are shown; “RWK481” and “SAMN04312208” are individuals from Kruger National Park, South 

Africa; “CN3669” and “SAMN04312209” are individuals from Kenya and “Dnv_Lycaon pictus” is the 

consensus of the tree de novo reference AWD genome. 
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Figure 1-S3. The relationship between the ratio of diversity/divergence and amount of genotype calls 

(after filtering) within 100-kb windows. Each point represent a window; diversity was calculated among 

four African wild dog samples, and divergence was calculated by comparison of the AWD (LPI_RKW 

4881) with the domestic dog (see Methods).  
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Figure 1-S4. Translation of PMEL CDS sequence with Geneious (Kearse et al. 2012) under two orientations 

(“forward 1” vs “reverse 1”). Stop codon reported by Campana et al., (2016) is shown by an asterisk in the 

alignment with the incorrect reading frame (“frame 1 reverse” at the bottom) at position 1023 bp, amino acid 

(AA) 341. The red arrow and line show the consistency of the correct reading frame (“forward 1” at the top) 

orientation with reported AA sequences in NCBI. The green arrow and rectangle indicates the concordance of 

the correct reading orientation (“forward 1”) with the AA variation predicted by Variant Effect Predictor tool 

(black rectangle at the top). Numbers 1-4 indicate sequence identity among the four African wild dogs 

included in the analysis: 1. SAMN04312209, 2. RWK4881, 3. CN3669, and 4. SAMN04312208.  The 

accession number for the NCBI dog AA sequence is NP_001096686.  
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Figure 1-S5. Protein alignments showing that the amino acid mutation unique in AWDs is located at the 

Myosin 5A head domain. Alignment between the four AWDs (sequences 1-4) and human (sequence 5). 

RWK481 and SAMN04312208 are individuals from Kruger National Park, South Africa; CN3669 and 

SAMN04312209 are individuals from Kenya. The red star indicates the amino acid mutation, protein 

domains are shown in gray.   
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Appendix 1-IV: Supplementary Tables  

 

Table 1-S1. Basic sequencing statistics related to the genomes analyzed in this study. Statistics were 

calculated with Qualimap on BAM files after base quality recalibration.  
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African wolf Canis lupaster RKW1356 15 27.96 65 98.11 655 

Andean fox Lycalopex 

culpaeus 
SRS523207+ 16 10.98 25.5 97.71 264 

AWD East 

Africa 

Lycaon pictus SAMN04312209* 11 12.1 28.1 93.94 146 

AWD East 

Africa 

Lycaon pictus SAMN10180432* 

 (CN3669)  

106 17.28 40.2 98.3 521 

AWD South 

Africa 

Lycaon pictus SAMN04312208* 11 10.67 24.8 96.66 126 

AWD South 

Africa 

Lycaon pictus SAMN09924608* This  

Study  

27.93 65 98.71 674 

AWD East 

Africa 

Lycaon pictus SAMN099174391 13 69 NA NA NA 

AWD East 

Africa 

Lycaon pictus SAMN099174791 13 46 NA NA NA 

AWD - 

captive 

Lycaon pictus SAMN099174801 13 25 NA NA NA 

Coyote Canis latrans RKW13455 17 25.67 59.7 98.72 604 

Dhole Cuon alpinus SAMN10180424* 106 19.53 45.4 98.35 511 

Ethiopian 

wolf 

Canis simensis SAMN10180425* 106 9.66 22.5 97.37 247 

Golden jackal Canis aureus SAMN03366713*  
(RKW1332) 

101 26.09 60.7 97.46 110
2 

Gray fox Urocyon 

cinereoargenteus 

SAMN04495241* 14 18.47 42.9 97.49 450 

Gray wolf Canis lupus RKW1547 102 27.33 63.6 98.76 643 

*BioSample IDs as shown in NCBI 

+trace.ddb  
1Genomes employed exclusively for validation of specific mutations. 
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Table 1-S2. Demographic parameter estimates inferred by G-PhoCS. Analysis was done under a model with 

population phylogeny with the topology of the species tree inferred by ASTRAL-III and 44 migration bands 

(middle column) as well as a model in which the golden jackal and the Ethiopian wolf are switched in the 

population phylogeny (right column). Effective population sizes are calibrated by assuming an average per-

site mutation rate of µ=4.0×10-9 (Skoglund et al., 2015), and divergence times are calibrated assuming the 

same rate and an average generation time of three years. Total migration rates are obtained by multiplying the 

mutation-scaled rate with the duration of time of the migration band. For low rates, this approximates the 

probability that a lineage experienced migration. Total migration rates are shown for the 18 migration bands 

inferred by G-PhoCS to have the highest total migration rates. The total migration rates of the remaining 26 

bands were estimated with mean value 0.0 and 95% Bayesian credible interval below 0.005 in the two runs. 

The six parameters for which the 95% Bayesian credible intervals from the two analyses do not overlap are 

shown in bold. 

Parameter Mean estimate (95% Bayesian CI) 

Tree inferred by ASTRAL-III Tree with Golden jackal and 

Ethiopian wolf switched 

Population divergence times (years) 

TAWD 26,000 (23,000-29,300) 25,700 (23,100-28,300) 

TANC1 72,200 (66,700-77,800) 70,600 (63,800-81,700) 

TANC2 362,500 (329,300-392,000) 349,800 (317,300-385,400) 

TANC3 498,900 (478,100-520,400) 523,000 (492,500-565,000) 

TANC4 842,500 (827,600-859,500) 770,700 (748,200-794,100) 

TANC5 842,700 (827,700-859,600) 945,600 (920,800-970,900) 

TANC6 1,610,200 (1,585,600-1,634,900) 1,597,200 (1,569,700-1,624,300) 

TANC7 1,722,800 (1,703,900-1,741,600) 1,724,200 (1,705,300-1,742,700) 

TROOT 2,823,400 (2,792,400-2,854,000) 2,823,200 (2,793,400-2,853,300) 

Effective population sizes (number of individuals) 

Ne (AWD-SA) 16,400 (14,800-17,900) 15,700 (14,300-17,200) 

Ne (AWD-EA) 19,300 (17,600-21,300) 20,100 (18,200-22,100) 

Ne (AWD) 29,800 (29,000-30,600) 29,800 (29,000-30,600) 

Ne (Gray wolf) 27,100 (25,100-29,300) 26,800 (24,200-30,100) 

Ne (Coyote) 65,700 (61,700-69,800) 62,900 (58,600-67,200) 

Ne (African wolf) 12,700 (11,700-13,700) 11,800 (10,500-13,000) 

Ne (Golden jackal) 51,000 (49,000-53,200) 51,100 (49,000-53,200) 

Ne (Ethiopian wolf) 9,100 (8,500-9,700) 9,600 (9,000-10,200) 

Ne (Dhole) 11,200 (10,600-11,700) 11,200 (10,600-11,700) 

Ne (Andean fox) 50,500 (49,100-51,900) 50,500 (49,100-52,000) 

Ne (ANC1) 124,300 (115,500-132,700) 127,800 (117,400-136,600) 

Ne (ANC2) 176,400 (140,200-210,300) 190,200 (162,100-220,800) 

Ne (ANC3) 122,200 (114,400-130,800) 105,600 (88,300-118,700) 

Ne (ANC4) 12,000 (1,600-35,600) 162,200 (138,100-186,100) 

Ne (ANC5) 119,700 (115,400-123,800) 111,400 (105,700-117,000) 

Ne (ANC6) 92,200 (69,000-115,800) 105,600 (79,100-130,800) 

Ne (ANC7) 166,600 (160,300-173,000) 166,200 (160,000-172,800) 

Ne (ROOT) 108,700 (103,400-114,100) 108,700 (103,400-114,000) 

Total migration rates 

m(ANC1→Golden jackal) 0.376 (0.306-0.474) 0.405 (0.333-0.469) 

m(Dog→African wolf) 0.326 (0.299-0.354) 0.340 (0.307-0.378) 

m(Dog→Coyote) 0.155 (0.116-0.192) 0.132 (0.083-0.177) 

m(Ethiopian wolf→African wolf) 0.135 (0.124-0.148) 0.148 (0.134-0.163) 

m(ANC2→Golden jackal) 0.111 (0.000-0.188) 0.242 (0.159-0.320) 

m(Gray wolf→Coyote) 0.092 (0.064-0.129) 0.121 (0.091-0.158) 

m(AWD-SA→AWD-EA) 0.074 (0.036-0.135) 0.028 (0.013-0.046) 



  45 

m(African wolf→ 

Ethiopian wolf) 

0.060 (0.045-0.073) 0.023 (0.011-0.036) 

m(Coyote→Gray wolf) 0.044 (0.028-0.057) 0.041 (0.025-0.058) 

m(African wolf→Golden Jackal) 0.042 (0.033-0.052) 0.048 (0.036-0.058) 

m(Coyote→ANC1) 0.041 (0.026-0.063) 0.002 (0.000-0.014) 

m(Golden jackal →Dhole) 0.030 (0.025-0.036) 0.033 (0.026-0.040) 

m(Dog→ Golden jackal) 0.027 (0.006-0.045) 0.003 (0.000-0.017) 

m(Dog→Ethiopian Wolf) 0.010 (0.006-0.014) 0.011 (0.008-0.014) 

m(ANC1→Coyote) 0.003 (0.000-0.031) 0.027 (0.000-0.073) 

m(Golden jackal→African Wolf) 0.002 (0.000-0.011) 0.001 (0.000-0.010) 

m(ANC3→Golden jackal) 0.001 (0.000-0.012) 0.002 (0.000-0.014) 

m(AWD-EA→WildDog-SA) 0.001 (0.000-0.007) 0.038  (0.020-0.062) 
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Table 1-S3. Genes detected to be under positive selection using the branch-site test in 

PAML4 and after multiple hypothesis-testing correction on three foreground branches 

(African wild dogs, dhole, and gray wolf) using 18,327 genes. Only genes significant for 

the branch of the African wild dog (AWD) and with qvalues < 0.20 are shown. 

Unavailable gene name is indicated by “N/A. 

Ensembl ID Gene symbol P value Q value 

ENSCAFG00000014773 HSPG2 0 0 

ENSCAFG00000015624 LEO1 8.33E-13 2.29E-08 

ENSCAFG00000030852 N/A 8.33E-10 1.53E-05 

ENSCAFG00000000070 PHLPP1 7.72E-09 0.000106117 

ENSCAFG00000015593 N/A 9.24E-08 0.001016086 

ENSCAFG00000004101 BICRA 1.53E-07 0.00136672 

ENSCAFG00000006937 N/A 1.74E-07 0.00136672 

ENSCAFG00000006714 NLRP14 2.39E-07 0.001642617 

ENSCAFG00000005629 N/A 2.95E-07 0.001654988 

ENSCAFG00000029964 N/A 3.01E-07 0.001654988 

ENSCAFG00000003045 ZNF292 1.31E-06 0.005301932 

ENSCAFG00000011482 PABPN1 1.35E-06 0.005301932 

ENSCAFG00000016111 FOXK1 1.91E-06 0.007001169 

ENSCAFG00000003025 RASSF6 2.13E-06 0.007277162 

ENSCAFG00000007121 FEZF2 2.25E-06 0.007277162 

ENSCAFG00000012783 NHS 2.50E-06 0.007636528 

ENSCAFG00000012447 TRAF3IP1 3.70E-06 0.010707216 

ENSCAFG00000024733 N/A 4.52E-06 0.012426158 

ENSCAFG00000009552 IMPG2 4.92E-06 0.012881731 

ENSCAFG00000023991 N/A 6.50E-06 0.016244977 

ENSCAFG00000017716 EEF2K 8.38E-06 0.020032937 

ENSCAFG00000007213 CHPT1 1.04E-05 0.023825967 

ENSCAFG00000001545 TTC39B 1.09E-05 0.023972588 

ENSCAFG00000031056 MANEA 1.25E-05 0.025455093 

ENSCAFG00000029006 N/A 1.25E-05 0.025455093 

ENSCAFG00000005441 DLL3 1.84E-05 0.036131686 

ENSCAFG00000001554 BOP1 3.10E-05 0.058774931 

ENSCAFG00000011856 N/A 3.27E-05 0.05993147 

ENSCAFG00000003816 SMPD2 5.06E-05 0.089746445 

ENSCAFG00000015595 IGSF21 5.71E-05 0.096381965 

ENSCAFG00000000938 MCM9 5.94E-05 0.096381965 

ENSCAFG00000005330 SH2D4A 5.96E-05 0.096381965 

ENSCAFG00000016793 ZNF646 6.47E-05 0.101640003 

ENSCAFG00000001178 COL22A1 7.16E-05 0.109355078 

ENSCAFG00000004611 GRIN2C 9.37E-05 0.139240732 

ENSCAFG00000011155 STARD9 0.000105578 0.151227217 

ENSCAFG00000031292 NKX1-2 0.000107267 0.151227217 

ENSCAFG00000029563 DIO3 0.000121385 0.166852786 

ENSCAFG00000032438 N/A 0.000139159 0.186619007 

ENSCAFG00000031975 N/A 0.000144209 0.188786749 

ENSCAFG00000025358 KRT72 0.000156208 0.198060984 

ENSCAFG00000011046 BCL9 0.000160622 0.198060984 

ENSCAFG00000024785 ANKRD40 0.0001621 0.198060984 
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Chapter II, Splendid diversification: dissecting the evolution of South American canids 

with whole genome sequences 

 

Abstract 

South American canids represent the most remarkable recent radiation within the dog family 

(Canidae), comprising 10 species distributed across a wide diversity of habitats and including 

disparate forms such as the short-legged, hypercarnivorous bush dog and the long-legged, 

largely-vegetarian maned wolf. Despite the considerable research on these canids, many aspects 

of their evolutionary history remain uncertain, and the genetic basis of their unique adaptations is 

unknown. Moreover, human-induced population declines in some species may have led to 

reduced genetic diversity and adaptive potential, highlighting the need for baseline genomic 

information to inform conservation planning. We analyzed a total of 31 whole genomes 

encompassing all extant South American canid species and other related canids to investigate 

their evolutionary history, demography, current patterns of genetic diversity, and the molecular 

basis of their adaptations. We found that South American canids are derived from a single 

ancestral population that likely colonized South America ~3 million years ago. This ancestral 

lineage first diversified in the eastern region of South America followed by a single colonization 

event and diversification west of the Andes. We detected extensive historical gene flow among 

the earliest South American lineages, which could have enhanced adaptation. Our genome-wide 

scans of selection show that disparate limb proportions in the bush dog and maned wolf may be 

due to mutations in genes regulating chondrocyte proliferation and enlargement. Further, the 

maned wolf’s ability to eat fruit may be enhanced by genetic variants in genes associated with 

energy intake from short fatty acids. Similarly, unique genetic variants in the bush dog were 

consistent with both the development of the interdigital web and dental adaptations for 
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hypercarnivory. Finally, we found a complex history of adaptive diversification throughout past 

climatic cycles in South America, compounded by recent population declines caused by humans. 

Our analysis demonstrates the remarkable potential of genomic analysis to provide new insights 

into the recent colonization by canids of the South American continent, their species-specific 

demographic history, degree of admixture and the development of unusual adaptations.  

 

Introduction  

 

In South America, the rapid diversification of canids resulted in ten species ranging in 

size and conformation from the squat bush dog to the long-legged maned wolf (Figure 2-1). 

Although this group represents the most rapid recent diversification of canids, its evolutionary 

history remains uncertain. There are three main aspects of South American (hereafter SA) canid 

evolution that have yet to be resolved. The first concerns the invasion and dispersion of canids 

into South America. Although it is widely agreed that the first canids migrated into South 

America after the formation of the isthmus of Panama ~3 million years ago, there is 

disagreement about the number of ancestral lineages that entered South America, and therefore, 

the antiquity of their diverse adaptations (Langguth, 1975, Berta, 1987, Wayne et al., 1997, 

Webb, 2006, Perini et al., 2010, Eizirik, 2012, Tchaicka et al., 2016, Prevosti and Forasiepi, 

2018). When canids arrived in South America, the Andes had already attained their present-day 

elevation (Mora et al., 2010) and formed a distinct geographic barrier that extended along the 

entire SA continent serves (Eizirik et al., 1998, Webb, 2006, Koepfli et al., 2007, Favarini, 2011, 

Patterson et al., 2012, Helgen et al., 2013, Tchaicka et al., 2016). Although canids are found on 

both sides of the Andes, it is unknown whether the ancestral canid lineage entered the east or 

west side of the Andes or both sides and subsequently diversified. If the latter is the case, it 
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establishes the mountain chain as an enabler of diversification and the independent history of 

canids on either side. Also, it is unclear whether canids migrated across the Andes at one or 

several points, or if canids circumvented the Andes in the southern range of the continent (Perini 

et al., 2010, Patterson et al., 2012). Knowing the number of invasions and dispersion of canids in 

South America is critical to understanding the constraints and mechanisms underlying this burst 

of speciation. 

 

The second outstanding question pertains to the influence of the Andes on canid 

demographic history. Climatic changes were distinct on each side of the Andes. In the eastern 

lowlands, the glacial periods of the Pleistocene led to the expansion of savanna vegetation into 

areas that now support forest vegetation (Haffer, 1969, Webb, 1991, Haberle and Maslin, 1999, 

Beerling and Mayle, 2006, Haggi et al., 2017). To the west of the Andes, glacial periods led to 

the expansion of glaciers in the south and shifts of vegetation zones along the Andean slopes 

(Clapperton, 1993, Heine, 2000, Kaiser et al., 2007). On balance, these changes may have 

reduced the favorable habitat of some species but extended the habitat of others (Haffer, 1969, 

Cossios et al., 2009, Lima-Rezende et al., 2019). Currently, the Andes restrict the geographic 

range of western species, leaving only a narrow belt between the Andes and the southern Pacific 

Ocean (Eva et al., 2004). This restricted range affects western species sensitive to direct human 

persecution and the introduction of domestic species (Jiménez and McMahon, 2015, Miranda et 

al., 2015, Yahnke et al., 1996). Particularly concerning is the reduction of temperate forest 

habitat and the introduction of domestic dogs in the Valdivia region of southern Chile, which 

may have led to the near elimination of Darwin’s fox on the mainland, with only 78 individuals 

estimated as remaining (Jiménez and McMahon, 2015). Due to this recent history of sharp 
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population decline, the genetic diversity of this remnant population is a pressing conservation 

concern.  

 

The third poorly resolved question concerns the genetic basis of the highly unique 

adaptations in SA canids. Two sister species, Speothos venaticus (bush dog) and Chrysocyon 

brachyurus (maned wolf), have extraordinary morphological differences that have been subject 

to extensive evolutionary speculation (Hildebrand, 1952, Walker and Paradiso, 1975, Berta, 

1984, Dietz, 1984, Dietz, 1985, Wayne, 1986a, Wayne, 1986b, Van Valkenburgh, 1991). The 

bush dog is the only obligate meat-eating (hypercarnivorous) canid in the New World that 

survived the Late Pleistocene extinction of large hypercarnivores, potentially due to its ability to 

hunt mid-size prey in rain forest habitats (Deutsch, 1983, Berta, 1987, Van Valkenburgh, 1991, 

Lima et al., 2009). This species possesses a suite of dental and skeletal specializations to process 

and capture prey in forests, savanna, and wetlands, including short robust legs with webbed feet, 

long bodies with short tails, a unique extension of the meat cutting blade in the upper P4 and 

lower M1 teeth (a trenchant heel), and loss of molars which in other canids functions to crush 

hard plant foods (Van Valkenburgh, 1991). In contrast, the maned wolf is the only large-bodied 

canid in South America that survived the late Pleistocene extinctions, which may reflect its 

ability to exploit a wide range of food resources in the savanna-like cerrado environment. The 

maned wolf is a fruit specialist with as much as 90 percent of its diet being composed of a 

tomato-like fruit commonly known as “wolf apple” (Solanum lycocarpum) (Dietz, 1984, Dietz, 

1985, Aragona and Setz, 2001, Bueno and Motta, 2004). The maned wolf also possesses the 

longest limbs among canids (Figure 2-1). However, it is not a swift runner (Hildebrand, 1952, 

Dietz, 1984), with its running speed limited by a unique racking gait (lifting both feet on each 
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side of the body simultaneously) that facilitates movement through tall grassland habitats 

(Walker and Paradiso, 1975, Dietz, 1985, Harris, 1993).  Although these two species have been 

extensively studied (Hildebrand, 1952, Walker and Paradiso, 1975, Dietz, 1984, Berta, 1984, 

Dietz, 1985, Wayne, 1986b, Wayne, 1986a, Van Valkenburgh, 1991), the genomic 

underpinnings of these extraordinary adaptations remain a mystery.  

 

Here, we investigate these three questions concerning SA canid evolution, addressing 

their phylogeny, recent and historic admixture, demographic history, and patterns of genomic 

diversity. In addition, we explore the genetic basis of the unique morphological characteristics of 

the bush dog and maned wolf. To accomplish these goals, we have sequenced 16 new genomes 

and in total analyzed 31 genomes belonging to 23 different species including the domestic dog 

(Table 2-S1). Finally, to investigate adaptive evolution and genome variation in the maned wolf 

and bush dog, we have generated de novo genomic assemblies for both species and additionally 

have sequenced seven wild-caught individuals (four maned wolves and three bush dogs, 

respectively) to characterize their patterns of genetic diversity in the wild. 

 

Results 

 

Phylogenomics  

 To provide an accurate evolutionary framework for the comparative genomics analysis of 

SA canids, we reconstructed a consensus phylogenetic tree of all 10 extant species of SA canids 

and 12 other species from the genera Canis, Lupallela, Lycaon, and Cuon (Table 2-S1). We first 

mapped reads from 30 canid genomes to the domestic dog reference assembly (CanFam3.1). We 

then extracted 6,716 alignments of 25 kb windows from these mapped genomes. We used 
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maximum likelihood to construct independent phylogenetic trees from each of these windows. 

To account for phylogenetic discordance among these trees, we generated a consensus 

phylogenetic tree with ASTRAL-III (Zhang et al., 2018; Figure 2-1 and 2-S1). Furthermore, we 

estimated the age of divergences among SA canids using our consensus tree and the MCMC 

function implemented in PAML4 (Yang, 2007). Our species tree shows that SA canids are 

monophyletic, with the earliest branching lineage of the bush dog + maned wolf splitting around 

3.9 million years ago (mya; 95% HPD = 3.30 – 4.50 mya), followed by a clade containing the 

crab-eating fox (Cerdocyon thous) and enigmatic short-eared dog (Atelocynus microtis) that split 

2.66 mya (95% HPD = 2.36 – 2.96 mya), and lastly, a clade composed of species of the genus 

Lycalopex. Species within the latter group, which were distributed east of the Andes, started to 

diversify 2.17 mya (95% HPD = 1.95 - 2.40 mya), whereas those west of the Andes form a 

monophyletic group that diverged at 1.87 mya (95% HPD = 1.67 - 2.07 mya). These species 

include the Sechuran fox (Lycalopex sechurae), sister to Culpeo fox (Lycalopex culpaeus) and 

Darwin’s fox (Lycalopex fulvipes), basal to this monophyletic clade (Figure 2-1). 

 

Biogeographic history 

 Given the potential influence of the Andes on the diversification of SA canids, we 

reconstructed the ancestral distribution of extant species of SA canids using the R package 

BioGeoBEARS (Matzke, 2013). We used this tool to estimate the probability that an ancestral 

lineage was distributed across the west, center, or east of the Andes (see methods for details). 

Among six different models tested, the DIVALIKE with +J parameter that allows for a jump 

dispersal event best fit our data (corrected AIC = 81.23%; Figure 2-1 and S2; Table 2-S2). 

According to this model, there is a 95% probability that lineages splitting earlier than 2.66 mya 
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originated in the east of the Andes (Figure 2-1). This group includes the bush dog, maned wolf, 

crab-eating fox, and short-eared dog. Likewise, there is a 67% probability that the hoary fox also 

originated in the east of the Andes around 2.17 mya (95% HPD = 1.95 - 2.40 mya; see node 21 

in Figure 2-1). Thereafter, our model suggests with 78% probability that an ancestral SA fox had 

a range expansion from east to the west of the Andes around 2 mya (95% HPD = 1.79 – 2.21 

mya; see node 20 in Figure 2-1). Following this migration, two ancestral SA fox lineages arose 

on opposite sides of the Andes. One arose west of the Andes and included the ancestor of 

Darwin’s fox, Sechuran fox, and culpeo fox ~1.87 mya (95% HPD = 1.67 - 2.07 mya) with 

100% probability (see node 19 in Figure 2-1). The other lineage arose in the eastern region of the 

Andes ~1.12 mya (95% HPD =  0.83 – 1.251 mya) with a probability of 85% (see node label 17 

in Figure 2-1), and included the ancestor of pampas and SA gray fox. 

 

Interspecific gene flow 

 We explored the degree of interspecific gene flow among SA canid species using G-

PhoCS v1.3.2 (https://github.com/gphocs-dev/G-PhoCS) assuming the topology in Figure 2-1 

and a priori predicted a higher prevalence of gene flow among more recently diversified species 

(Figure 2-2a and Table 2-S3). Our results show a minor amount of gene flow (≤ 5.2%) among 

lineages including the bush dog, maned wolf, crab-eating fox, and short-eared dog that 

diversified > 2.3 mya (Figure 2-2a and Table 2-S3). Conversely, there is a strong signal of gene 

flow among species of the genus Lycalopex that split more recently, <1.9 mya (Figure 2-2a, b 

and Table 2-S3). Importantly, there is considerable gene flow (>50%) from pampas fox to SA 

gray fox, Darwin’s fox, and hoary fox (Figure 2-2b).  Similarly, there is relatively high gene flow 

(>10%) from culpeo fox to Darwin’s fox (18%) and SA gray fox. Other episodes of admixture 

https://github.com/gphocs-dev/G-PhoCS
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include gene flow from Darwin’s fox to SA gray fox (11%)  (Figure 2-2b). Overall, our results 

show a relatively small degree of admixture among the bush dog, maned wolf, crab-eating fox, 

and short-eared dog (Figure 2-2b and Table 2-S3), indicating that the speciation episodes 

involving these species are more complete. In contrast, speciation in Lycalopex is more recent, 

with high rates of interspecific historical gene flow that have caused non-independence of these 

lineages over the course of their radiation (Figure 2-2a and b).  

 

To investigate the effect of admixture on phylogenetic discordance in SA canids, we 

extracted the quartet frequencies for a subset of internal nodes from the tree inferred by 

ASTRAL-III (Figure 2-2c). Among different nodes analyzed, two showed unresolved 

relationships for the pampas fox, SA gray fox, and Darwin’s fox (see nodes N20 and N17 in 

Figure 2-2c). Interestingly, these are the species that showed the highest amount of gene flow 

(Figure 2-2b). This suggests that the long history of phylogenetic discordance among the 

youngest clade of SA foxes is likely due to interspecific gene flow (Yahnke et al., 1996, Wayne 

et al., 1997, Vila et al., 2004, Lindblad-Toh et al., 2005, Perini et al., 2010, Prevosti, 2010, 

Favarini, 2011, Slater et al., 2009, Tchaicka et al., 2016). 

 

Genetic diversity and ROH 

  To understand the influence of species demographic history on patterns of genetic 

variation, we examined per-site heterozygosity in non-overlapping 100 kb windows across the 

genome of every analyzed individual (Figure 2-3 a-c). We observed three patterns of genome-

wide heterozygosity among SA canids. First, five generalist species (crab-eating fox, hoary fox, 

pampas fox, SA gray fox and to a lesser degree, culpeo fox) had genomes with high 
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heterozygosity across most autosomes (Figure 2-3a). Second, Darwin’s fox had regions of high 

heterozygosity alternating with stretches of homozygosity that span nearly entire chromosomes 

(Figure 2-3b). Lastly, four species (short-eared dog, bush dog, maned wolf, and Sechuran fox) 

had genomes with uniformly low heterozygosity across most autosomes (Figure 2-3c). High 

levels of heterozygosity in the pampas fox, hoary fox, crab-eating fox, and SA gray fox genomes 

suggest that these species have sustained large population sizes throughout their recent history 

(Figure 2-3a). Conversely, the low levels of genome-wide heterozygosity of the short-eared dog, 

bush dog, maned wolf, and Sechuran fox suggest that persistent small population sizes have 

caused a historical decline in diversity across all autosomes (Figure 2-3c). The Darwin’s fox 

results suggest that recent population declines and inbreeding (Yahnke et al., 1996, Vila et al., 

2004, Farias et al., 2014)  may have contributed to the depletion of genetic diversity across long 

stretches of the genomes that span as much as several megabases in length (Figure 2-3b; see 

below). Among all the canids in our analysis, the short-eared dog, bush dog, Darwin’s fox, and 

Sechuran fox had the lowest genome-wide heterozygosity (< 0.5 heterozygote sites/kb; Figure 2-

3d and 2-4; Table 2-S4), a value that is similar than those observed in endangered canids such as 

the Ethiopian wolf, African wild dog and dhole (< 0.5 heterozygote sites/kb; Figure 2-4). 

 

 Given the observation that several regions of the genomes exhibited depleted genetic 

variation (Figure 2-3b and 2-c), we quantified the extent of runs of homozygosity (ROH) (Figure 

2-3d and 2-3e; Table 2-S4). Long ROH indicate recent population bottlenecks and inbreeding. In 

contrast, short ROH could indicate ancient bottlenecks as there have been more opportunities for 

recombination to dissolve long haplotypes. We observed that the individual from Nahuelbuta 

National Park, Chile, had more sequences in long ROH (> 10 Mb) than any other wild canid 
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(Figure 2-3d and 2-3e). The total length of these long ROH fragments was 131 Mb and 

represented 5 % of the genome, as opposed to an average of 18 Mb (<1% of the total genome) in 

the other nine species of SA canids (excluding the captive bush dog). Likewise,  a Darwin’s fox 

from Chiloé Island, located at the west coast of south Chile (Figure 2-3d and 2-3e; Table 2-S4), 

had high ROH similar to that of a captive bush dog (Figure 2-3d and 2-3e) which was born in 

captivity and known to be highly inbred. The total length of medium ROH was highest in the 

Darwin’s fox from Chiloé Island and was four times higher than for any other canid, accounting 

for 935Mb or 37% of the genome (Figure 2-3d and 2-3e; Table 2-S4;). These results are 

consistent with the relatively low historic population size of 5,300 (95% BI = 5, 100 – 5, 500) 

estimated by our G-PhoCS model (Figure 2-2a and Table 2-S3) as well as low census estimates 

for the Darwin’s fox (Silva-Rodríguez et al., 2016). 

 

Other species with moderate to low levels of heterozygosity (>1 heterozygotes/kb) 

including the bush dog, short-eared dog, maned wolf, and Sechuran fox had a dominance of 

small ROH (Figure 2-3d and 2-3e). On average, small ROH in these canids totaled  512 Mb 

(Table 2-S4), representing ~20% of the genome. Also, these species were characterized by 

medium (1-10 Mb) and few long (>10 Mb) ROH that represent 3.4% and 0.96% of the genome, 

respectively. According to our G-PhoCS model, the population size was relatively small in the 

short-eared dog, bush dog, maned wolf and Sechuran fox, ranging from 6,500 (95% BI = 6, 200 - 

6, 800) in the short-eared dog to 12,000 (95% confidence interval = 11,600 – 12,400) in the 

maned wolf (Figure 2-2a and Table 2-S3). Species with high levels of heterozygosity (>1 

heterozygotes/kb) such as the crab-eating, hoary, pampas, and culpeo foxes (Figure 2-3d and 2-

3e; Table 2-S4) had few ROH. In these species, the majority of the ROH were <1 Mb and 
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represented only 6% of the genome and a total of 106 Mb average length. Also, no long ROH 

were observed in these species (Figure 2-3d and 2-3e). This is consistent with high population 

numbers depicted by G-PhoCS, ranging from 13,800 (95% BI = 13,300 – 14,400) in the culpeo 

fox to 118,400 (95% BI = 114,200 – 122,600) in the pampas fox (Figure 2-2a and Table 2-S3).  

 

Demographic analysis 

 Given the different population histories suggested by genome diversity and G-PhoCS 

results, we investigated the historical demography of SA canids using the multiple sequentially 

Markovian coalescent (MSMC) approach (Schiffels and Durbin, 2014). We scaled the 

Instantaneous Inverse Coalescence Rate (IICR) from the MSMC model by 2µ for use as a proxy 

of the effective population size (Ne). We used the IICR with different mutation rates and 

generation times to estimate plausible time ranges (in thousands of years) of the resulting MSMC 

trajectories (Figure 2-S3). Some species from the east of the Andes had relatively small Ne 

values (Figure 2-5a). These species included the maned wolf, which had a stable Ne trajectory 

around 5,000, as well as the bush dog and short-eared dog, which both demonstrated a decline 

that began ~20 kya and reached a Ne as low as 2,000. The dip in estimated Ne of the short-eared 

dog ~10 kya (Figure 2-5a) suggested a sharp recent bottleneck, though this trajectory could also 

be associated with historic population structure (Mazet et al., 2016, Chikhi et al., 2018). The 

hoary, pampas, and crab-eating fox, and SA gray fox, all from the east of the Andes, had the 

highest Ne trajectories of around ~20,000. The latter species had a Ne decline after 20 kya 

(Figure 2-5a). The Darwin’s fox from the west of the Andes had the lowest Ne (~1,000) after a 

persistent population decline over 20,000 years ago (Figure 2-5b). The remaining two species 

from the western region of South America, the Sechuran and culpeo foxes,  had a long-term 



  69 

stable Ne trajectory between 5,000 and 8,000 (Figure 2-5b). Overall, our results are consistent 

with estimates from the G-PhoCS model, showing the lowest Ne among western canids as well 

as for the bush dog, maned and short-eared dog (Figure 2-2a and Table 2-S3). These estimates 

ranged from 5,300 (95% BI = 5,100 – 5,500) in the Darwin’s fox to 12,000 (95% BI = 11,600 – 

12,400) in the maned wolf. Similarly, our results for eastern hoary, pampas, and crab-eating fox 

and SA gray fox were consistent with G-PhoCS, showing relatively high population size for 

these species (Figure 2-2a and Table 2-S3) with estimates ranging from 19,200 (95% confidence 

interval = 18500-19900) in the SA gray fox to 118,400 (95% BI = 114, 200 – 122, 600) in the 

pampas fox. 

 

Deleterious variation 

To further investigate the potential consequences of past population declines, we 

analyzed the estimated effect on protein-coding variants. We annotated mutations as 

synonymous or nonsynonymous and further classified nonsynonymous variants as tolerated (no 

effect on the protein; SIFT score > 0.05) or deleterious (significant impact on protein; SIFT score 

< 0.05). We grouped synonymous and tolerated mutations as ‘benign’ and deleterious missense 

mutations, stop codons, and variants that interrupt splice sites as ‘damaging’. The bush dog 

genomes had on average 227 damaging homozygote derived genotypes, ~31.36% higher than 

other SA canids that had on average 165 (Figure 2-6 and Table 2-S5). This difference was two 

times greater than those observed for homozygote benign mutations (Figure 2-6). The bush dog 

had on average 3,402 benign homozygote derived genotypes, only 12.5% more than the other 

species, which had on average 3,000 benign homozygote derived genotypes (Table 2-S5). These 

findings suggest that the accumulation of deleterious variants in the bush dog could be a 
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consequence of their long-standing small population size. Particularly, selection in small 

populations is inefficient, resulting in fixation of deleterious variants of moderately and slightly 

negative effect on fitness, consistent with population genetic theory as well as empirical findings 

(Marsden et al., 2016, Lohmueller et al., 2008, Robinson et al., 2016, Robinson et al., 2019). 

 

Genetic basis of bush dog and maned wolf adaptations 

Among SA canids, bush dogs and maned wolves are the most disparate with regards to 

diet, ecology, and morphology despite descending from a recent common ancestor ~3.6 mya 

(Figure 2-1). The most notable difference between the two species is their limb proportions. 

Changes in gene regulatory regions have been principally associated with limb diversification in 

mammals (Cretekos et al., 2008, Osterwalder et al., 2018). The two species also differ 

considerably in their diets, as bush dogs are hypercarnivorous whereas maned wolves are 

omnivorous, with a heavy reliance on vegetable matter. We used several distinct analyses to 

identify genes associated with the contrasting limb morphologies and diets of bush dogs and 

maned wolves. First, we analyzed a set of 17,185 genes to identify amino acid changes that could 

have undergone selection in the bush dog or maned. These genes were stringently filtered and 

visually inspected to eliminate false positives for positive selection using the branch-site 

likelihood ratio test (see methods for details). Briefly, with SWAMP, we masked any region with 

more than 10 amino acid changes in a 15-codon window and 3 amino acid changes in a 5-codon 

window. Then, we visually inspected the gene alignments that had p < 0.05 and searched for 

alignment errors. We identified genes with multiple nucleotide changes in a single codon that 

tended to increase the likelihood-ratio scores (Venkat et al., 2018). To avoid any possible bias 
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from mapping our samples to the dog reference genome, we confirmed every mutation in each de 

novo assembly of the bush dog and maned wolf. 

 

Following correction for multiple hypothesis testing, we found no significant outlier 

genes (Table 2-S6 and Table 2-S7). Nevertheless, our results revealed that the Beta-1,4-

Galactosyltransferase 7 gene (B4GALT7) in the short-legged bush dog was among the top genes 

showing evidence of positive selection (p<0.01). Interestingly, this gene is involved in the 

synthesis of sulfate proteoglycans (heparan and chondroitin), which are the active molecules 

responsible for limb elongation through transportation of Indian hedgehog during chondrocyte 

proliferation (Cortes et al., 2009, Lindahl et al., 2017). Autosomal recessive mutations in 

B4GALT7 are directly tied to dwarfism in humans and Friesian horses (Cartault et al., 2015, 

Leegwater et al., 2016) as well as the short stature phenotype in spondylodysplastic Ehlers-

Danlos syndrome (Ritelli et al., 2017). 

Morphological and dietary differences between the maned wolf and bush dog may have 

been driven by many genes. Since these genes would collectively regulate a biological pathway, 

each could have a moderate to a weak signal of positive selection. Standard tests for gene 

ontology enrichment such as Gprofiler, which considers only data above an arbitrary significance 

cutoff, are likely to miss these weaker signals of selection (Daub et al., 2017). Therefore, to 

explore the possibility of polygenetic signals of selection on the branches leading to the bush dog 

and maned wolf, we used polysel (Daub et al., 2017).  We tested biological pathways related to 

frugivory in the maned wolf and hypercarnivory in the bush dog, along with limb elongation in 

both species (Table 2-S8 and Table 2-S9). Our scan of polygenetic signals of selection showed 

one significant category (q<0.05), butanoate metabolism in the maned wolf, which is related to 
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energy intake from short-chain fatty acids derived from fruit fiber (Figure 2-7 and Table 2-S8 ). 

To test if butanoate metabolism is uniquely associated with amino acid changes of the maned 

wolf, we further evaluated GO categories associated with frugivory in other canid species 

including coyote, gray wolf, dhole, and African wild dog (Table 2-S10). As expected, butanoate 

metabolism was not significant in other canids, which further supports its association with the 

fruit-rich diet of the maned wolf.  

Limb elongation in mammals has been found principally at regulatory regions (Cretekos 

et al., 2008, Osterwalder et al., 2018). Therefore, we examined promoter and enhancer regions 

conserved in the Canidae but with lineage-specific variation for the bush dog or maned wolf. We 

analyzed 1 kb windows flanking the start and end sites from 39,704 transcripts belonging to 

32,704 genes from the dog genome (canFam3.1). Within each window, we calculated the 

number of private alleles for the bush dog and maned wolf. In parallel, we calculated the average 

number of segregating sites across the remaining species (excluding maned wolf and bush dog). 

This group includes species of the genus, Lycalopex (SA foxes), Canis (wolves, coyote, and 

golden jackal), Cuon (dhole), Lycaon (African wild dog), and Lupalela (jackals). With the scores 

obtained from each window, we calculated empirical p-values. In this test, a relatively low p-

value indicates a potential promoter or enhancer with a unique feature in either the bush dog or 

maned wolf. In each window, we searched for the presence of transcription binding sites from 

the JASPAR database (http://jaspar.genereg.net/). We found 110 genes in proximity to these 

windows with p-values less than 0.01 (Figure 2-8). Of these, 12 genes were found with known 

direct or indirect associations with limb development (Figure 2-8; Table 2-S11 and S12). Among 

these, IGF1, B3GALT5, and B4GAL7 are related with chondrocyte proliferation through the 

synthesis of sulfate proteoglycans and chondrocyte enlargement (Cortes et al., 2009, Cooper et 

http://jaspar.genereg.net/
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al., 2013, Lindahl et al., 2017), which are primary genes associated with limb diversification in 

mammals (Rolian, 2020). To test if bone elongation genes are uniquely associated with bush dog 

and maned wolf regulatory regions, we further evaluated the proportion of private alleles in the 

regulatory regions of other canid species including coyote, gray wolf, dhole, and African wild 

dog. As expected, there were relatively few genes related to bone elongation in other canids (see 

SI). To further investigate the possibility of coding mutations reinforcing unique variation at 

regulatory regions, we focused on amino acid changes on genes related with limb development 

in the bush dog and maned wolf. Among 1,384 genes tested in the bush dog with the branch-site 

model test in PAML, we observed that B4GALT7 yielded the most significant results (p=0.005). 

However, this gene was not significant after correction for multiple hypothesis testing (q=44; 

Table 2-S13). 

 

Lastly, we identified mutations that may have a considerable impact on protein function 

and consequently, could underlie morphological differences. Some of these mutations include 

indels, stop codons, and UTR regions that are ignored by the branch-site test. We used the 

variant effect predictor tool (VEP) and identified in-frame indels, frameshift variations, and stop 

codon gains that could have a significant effect on their associated protein. We focused on 

mutations with a high impact on the protein as they are most likely to have been subject to 

selection. Also, we chose mutations that were unique to either the bush dog or maned wolf, 

among 25 species of canids. We found a total of 656 genes in the bush dog with unique 

mutations causing significant impact on their encoded proteins, including a unique 2-nucleotide 

insertion in the 3’ UTR region of the MSX1 gene, which affects both tooth and digit development 

(Weatherbee et al., 2006, Al-Qattan, 2014). Also, we found SULF2, a gene responsible for 
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sulfation of the receptor heparan sulfate proteoglycan (Ratzka et al., 2008). This result is 

consistent with our finding above of genetic variants in regulatory regions associated with 

chondrocyte proliferation through the synthesis of chondroitin sulfate proteoglycans (Cortes et 

al., 2009, Lindahl et al., 2017). We identified 450 genetic variants unique to the maned wolf with 

a high impact on their associated protein. Among these, we observed a loss of stop codon in the 

alcohol dehydrogenase 4 gene (ADH4) unique to the maned wolf. This gene facilitates energy 

transfer in the form of NADH when converting alcohol to ketone. Mutations in this gene have 

been found among species that have a diet rich in fruits (Carrigan, 2017). 

 

Discussion 

 

The geography of speciation during a rapid radiation 

In past studies, divergence time estimates have been used to determine the number of 

canid invasions of South America (Slater et al., 2009, Perini et al., 2010, Tchaicka et al., 2016). 

In our analysis, we incorporated population size reconstructions of ancestral lineages to further 

assess the colonization of canids to South America. Our estimates of ancestral population sizes 

based on G-PhoCS analyses showed that the ancestral lineage of all SA canids had a relatively 

small population size of 11,600 (95% BI = 10900-12400) between 2.9 - 2.6 mya (Figure 2-2a). 

This is consistent with a past migration through the developing Panamanian corridor of Central 

American ~3mya (Webb, 1978, Webb, 1991, Woodburne, 2010). This corridor was primarily 

savanna and was narrow, limiting population sizes and acting as a selective filter (Webb, 1978, 

Webb, 1991, Woodburne, 2010). On reaching South America, canids encountered a vast 

landscape with few obligate carnivores, and those that were present were functionally distinct, 

such as marsupials and terror birds (Phorusrhacidae) (Marshall, 1977, Webb, 1991, Prevosti and 
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Forasiepi, 2018). The habitat diversity and lack of competition in South America likely fostered 

population growth and speciation of canids (Berta, 1988, Perini et al., 2010, Zurano et al., 2017). 

At least 13 species diversified in South America, including four hypercarnivorous forms and the 

recently extinct Falklands wolf (Berta, 1987, Berta, 1988, Prevosti, 2010, Slater et al., 2009, 

Perini et al., 2010, Austin et al., 2013, Prevosti and Forasiepi, 2018). Our G-PhoCS results are 

consistent with an increase in diversification around 2.6 mya followed by a 5-fold increase in 

population size of the ancestor of SA foxes as well as the common ancestor of the bush dog and 

maned wolf (Figure 2-2a). 

 

Our findings support a single invasion of canids into South America around 3 mya 

(Woodburne, 2010). This model is challenged by the presence of North American fossils related 

to the genus of the maned wolf (Chrysocyon) and the crab-eating fox (Cerdocyon) from the early 

Pliocene ~5 mya (Torres-Roldán and Ferrusquía-Villafranca, 1981, Berta, 1987, Tedford et al., 

2009). This record predates the formation of the Panama land bridge (Bacon et al., 2015, O'Dea 

et al., 2016). However, these fossil remains are fragmentary, and correct phylogenetic 

assignment has proven to be difficult. The Cerdocyon North American fossil has been related to 

the Asian raccoon dog, Nyctereutes procyonoides (Berta, 1984, Berta, 1987, Tedford et al., 

2009), although this species has never been recorded in the Americas (Tedford and Qiu, 1991, 

Tedford et al., 2009, Wang et al., 2008). The remaining North American fossils, belonging to 

Chrysocyon nearticus, have been related to the maned wolf based on dental features. However, 

the dentition of these fossils is common to species that are distantly related to SA canids, such as 

Canis and Vulpes (Tedford et al., 2009). Despite the uncertainty about the identification of Ch. 

nearticus, these fossils possess the angular process that is characteristic of SA canids (Tedford et 
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al., 2009). The general dentition of this fossil suggests that it could be a basal lineage related to 

the ancestor of all SA canids, an inference that is compatible with the single-invasion hypothesis. 

 

Following the colonization of South America via the Panamanian land bridge, our 

biogeographic model showed that canids first diversified east of the Andes (Figure 2-1), which 

suggests that they used a natural corridor known as the “savanna route” to disperse from Central 

America to eastern South America (Webb, 1978). This was the preferred route for most 

mammals, including felids, procyonids, large horses, and large proboscideans (Berta, 1988, 

Eizirik et al., 1998, Koepfli et al., 2007, Eizirik et al., 2010, Helgen et al., 2013), which suggests 

that the Andes may have been a barrier to western dispersal of most mammals during the early 

stages of the great American interchange. Consequently, canids diversified in a north-south 

pattern along the east of the Andes. These species include the bush dog, maned wolf, crab-eating 

fox, short-eared dog, and hoary fox (Figure 2-1). Our results indicate that the ancestral SA fox 

dispersed to the west of the Andes ~ 2 mya. The dispersal of this ancestral lineage probably 

occurred during the dry periods of the Pleistocene when savannas expanded in South America 

(Haffer, 1969, Webb, 1991, Haberle and Maslin, 1999, Beerling and Mayle, 2006). Given that 

the oldest fossil record of Lycalopex has been found in the austral region of the continent (Berta, 

1981, Berta, 1987, Berta, 1988), it is possible that this ancestral SA fox circumvented the Andes 

in southern Patagonia to colonize the west side of the Andes. Multiple species then diversified 

from this ancestral lineage, including the Pampas fox and SA gray fox in the east and Darwin’s 

fox, culpeo fox, and Sechuran fox to the west of the Andes (Figure 2-1). This burst of speciation 

is consistent with fossil records suggesting that the center of the Lycalopex radiation was 
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Argentina (Berta, 1987) and establishes the Andes as a critical constraint on early diversification 

of canids.  

 

 Admixture between species and the changing dynamics of habitats 

Our biogeographic scenario predicts that lineages resulting from early divergences in 

eastern South America should have less interspecific admixture than recently diversified species 

on the west of the Andes. Our results from G-PhoCS partially support this prediction. 

Particularly, most species west of the Andes had more than 15% admixture (Figure 2-2a and b). 

In contrast, divergences older than ~2.66 mya east of the Andes have led to lineages with less 

than 2% of interspecific admixture (Figure 2-2a). These lineages included the maned wolf, bush 

dog, short-eared dog, and crab-eating fox. The exception to this low level of admixture in eastern 

lineages were species of the genus Lycalopex. Within this group, most of the detected gene flow 

derives from the eastern pampas fox to other lineages (Figure 2-2b). There was a 90% rate of 

gene flow from pampas to SA gray fox. These species are morphologically similar and have been 

suggested to be conspecific (Zunino et al., 1995, Prevosti et al., 2013). Also, their morphological 

similarities could be the result of extensive hybridization (Wayne et al., 1997, Tchaicka et al., 

2016). Additionally, we found 51% of gene flow from pampas to hoary fox (Figure 2-2b), which 

suggest earlier hybridization between these species since our genomes derive from locations 

outside any known hybrid zone, and from individuals that have been considered ‘pure’ based on 

microsatellite markers (Table 2-S1) (Favarini, 2011, Garcez, 2015). The connection of formerly 

isolated species, during savannas expansion in the Pleistocene, may have provided the conditions 

for hybridization (Haffer, 1969, Webb, 1991, Haberle and Maslin, 1999, Beerling and Mayle, 

2006). It is possible that the habitat of pampas fox extended as far as the west of the Andes 
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during dry periods, which would explain the observed admixture from pampas to the western 

Darwin’s fox (Figure 2-2b). Overall, our results suggest that interspecific gene flow occurred 

throughout the radiation of Lycalopex foxes, probably augmenting their adaptive potential 

through the introduction of new alleles and thereby facilitating their rapid ecological 

diversification (Fuentes and Jaksic, 1979, Jimenez et al., 1995, Zunino et al., 1995, Prevosti et 

al., 2013, Bubadue et al., 2016, Zurano et al., 2017, Schiaffini et al., 2019), as has been shown in 

Darwin’s finches and Heliconius butterflies (Dasmahapatra et al., 2012, Lamichhaney et al., 

2015).  

 

Demographic history of SA canids 

Different climatic conditions on each side of the Andes may have shaped the 

demographic history of SA canids. The expansion of ice sheets was likely the most important 

influence on population size to the west region of the Andes, whereas the expansion of savannas 

was critical in the eastern region (Haffer, 1969, Webb, 1991, Haberle and Maslin, 1999, Beerling 

and Mayle, 2006, Haggi et al., 2017). Our demographic results provide new insights into how 

Pleistocene climatic cycles shaped canid demography. The MSMC model showed a decrease in 

population size of the short-eared dog and bush dog, both forest-associated eastern species, ~20 

kya (Figure 2-5a). Concurrently, there was an increase in population size in species that prefer 

open habitats, such as the hoary fox, SA gray fox, pampas fox, and crab-eating fox. The 

population size increase of open-habitat species coupled with a decline of forest specialists could 

be related to habitat changes that occurred during the last glacial maximum. During this time, 

there was a 25% reduction of rainfall, which led to a 34-67% expansion of grasslands and a 14-

25% reduction of forests (Haberle and Maslin, 1999, Beerling and Mayle, 2006). These habitat 



  79 

dynamics suggests that the expansion of savannas may have permitted canids from open habitats 

to extend their ranges and consequently increase their population size. In contrast, the reduction 

of forests may have decreased the range of forest specialists and consequently led to a reduction 

of their population size.  

For Darwin’s, Sechuran, and culpeo foxes found west of the Andes, our MSMC models 

suggest relatively low population sizes (Figure 2-5b). The Andes restricted the geographic range 

of western species, leaving a narrow belt between the Andes and the southern Pacific Ocean. The 

lowlands west of the Andes are only 3% of the width of the eastern lowlands (Eva et al., 2004). 

The relatively small area of western lowlands could be related to species population size. The 

Sechuran fox has a minute distribution in northern Peru, which may have restricted its population 

growth (Cossíos, 2010). In contrast, the culpeo fox has the greatest population size and 

heterozygosity among the western species, and its geographic range is also the most extensive 

(Crespo, 1975, González del Solar and Rau, 2004). These results further establish the Andes as 

an important constraint on genomic variability and adaptive potential.  

Our results show that Darwin’s fox from Nahuelbuta National Park had low genome-

wide heterozygosity, and this species was the only wild canid genome with a considerable 

proportion of long ROH (Figure 2-3b, 2-3d, and 2-3e), suggesting that this population may have 

experienced recent inbreeding as a consequence of their severe population decline. Our MSMC 

model showed a drastic population decline in Darwin’s fox over the last 20 kya (Figure 2-5b). 

This type of trajectory reflects population bottlenecks, since the model tends to smooth them as 

persistent population declines (Beichman et al., 2017). Population bottlenecks in Darwin’s fox 

could be associated with past climatic changes as well as recent human intervention. This species 

is distributed in the Valdivia forest, which extends from 35°S to 48°S latitude (Nahuelhual et al., 
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2007). During the LGM, ice sheets expanded from the Andes into the pacific coast. The effect of 

this glacial expansion was to restrict the Valdivia forest’s southern limit to 41° S (Kaiser et al., 

2007). This habitat reduction may have led to a decrease in population size during the LGM 

(Villagran, 1988). On a more recent time scale, satellite images have shown that 33% of 

Darwin’s fox native habitat has been lost due to deforestation (Otavo and Echeverria, 2017). This 

habitat loss has caused a population decline so severe that it almost eliminated Darwin’s fox 

from the mainland (Yahnke et al., 1996, Farias et al., 2014). Current estimates suggest that only 

78 individuals remain in two relic populations from Nahuelbuta National Park and the Valdivian 

costal range (Yahnke et al., 1996, Farias et al., 2014, Jiménez and McMahon, 2015, Silva-

Rodríguez et al., 2016). These populations are isolated from each other, which raises concerns 

about further erosion of genetic diversity. In contrast to mainland populations, Darwin’s fox 

from Chiloé Island showed higher heterozygosity and smaller blocks of ROH, consistent with the 

larger census size (~500 adults) of this population. Moreover, this population is considered less 

threatened compared to the mainland populations (Silva-Rodríguez et al., 2016). Nonetheless, 

our MSMC results suggest that the influence of past population bottlenecks on the genome from 

the Chiloé Island individual, possibly related to the founding colonization of the island, which 

likely occurred during the Last Glacial Maximum ~15 kya when the island was connected to the 

mainland via a land or ice bridge (Moreno et al., 1994). The invasion of Chiloe by land mammals 

has been confirmed by the presence of mastodons on the island (Moreno et al., 1994). Also, the 

capability of canids to invade nearby islands has been evident in other SA canids. For instance, 

the Falkland Islands wolf (Dusicyon australis) was able to colonize from the continent nearby 

islands in eastern South America (Austin et al., 2013). Although the introduction of Darwin 

foxes to Chiloe by humans may be a possibility, our MCMC analyses suggest the two 
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populations split ~35 kya (95% confidence interval = 33-48kya), before the earliest presence of 

humans in southern Chile between 18-14kya (Dillehay et al., 2015). 

 

Genetic basis of bush dog and maned wolf adaptations 

Although the bush dog and maned wolf have been subject to extensive morphological 

study, the genomic mechanisms underlying their unique adaptations have remained a mystery 

(Langguth, 1975, Dietz, 1984, Dietz, 1985, Wayne, 1986a, Wayne, 1986b, Berta, 1987, Van 

Valkenburgh, 1987, Van Valkenburgh, 1991, Sheldon, 1992). For a large canid, maned wolves 

have a novel set of food sources, with a diet consisting primarily of fruits, which presents a 

challenge to digesting polysaccharides. These complex sugars are indigestible for most 

carnivores (Clerici et al., 2011, Pereira et al., 2019). In most mammals, including canids, 

polysaccharides are broken down by bacterial fermentation in the cecum (den Besten et al., 2013, 

Rahim et al., 2019). Given that maned wolves lack a long intestine to make extensive 

fermentation possible (Sheldon, 1992), they likely have some physiological adaptations that 

allow them to process bacterial products more efficiently. Our findings of polygenic signals of 

selection related to energy intake from short-chain fatty acids provide new insights into the 

mechanism by which maned wolves digest complex sugars. Specifically, short-chain fatty acids 

(SCAFs) are processed in the cecum during gut bacterial fermentation for  polysaccharides such 

as fruit fiber (den Besten et al., 2013). Then, unique mutations in the maned wolf may enhance 

the transformation of SCAFs into an energy precursor, Acetyl-CoA, through the butanoate 

metabolism process (Figure 2-7). Once Acetyl-CoA is produced, it releases energy in the form of 

ATP in the citric acid cycle (den Besten et al., 2013, Rahim et al., 2019). 
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 The bush dog and maned wolf have the most divergent body size and limb proportions 

among canids, which may represent adaptations to flooded forests, and tall grasslands, 

respectively (Deutsch, 1983, Dietz, 1985). Newborns in both species already have the respective 

species’ characteristic limb proportions (Wayne, 1986a, Wayne, 1986b). Consequently, since 

differences in limb length at birth are not explained by variation in gestation time, a molecular 

pathway that decreases the rate of fetal limb growth (while not restricting the growth of the axial 

skeleton) may exist, such as in various chondrodysplasias (Wayne, 1986a, Wayne, 1986b, Sutton 

et al., 2005). Our results of unique mutations in regulatory regions and amino acid changes 

related to chondrocyte proliferation and enlargement provide new insights into this long-standing 

question. Notably, bone elongation begins when chondrocytes multiply in the proliferation 

region (Figure 2-9d and 2-9j). Subsequently, these cells grow to become hypertrophic 

chondrocytes (Rolian, 2020). Finally, there are a series of steps for cell enlargement during 

which hypertrophic chondrocytes triple their size (Figure 2-9e and 2-9k; Cooper et al., 2013). 

The genomic windows enriched with lineage-specific alleles next to B4GAL7 in the maned wolf 

and B3GALT5 for the bush dog are associated with limb elongation through the synthesis of 

sulfate proteoglycans (heparan and chondroitin) (Lindahl et al., 2017). Additionally, the variant 

in  SULF2 may have a significant impact on the associated protein of bush dogs and is 

responsible for sulfation of heparan sulfate proteoglycans (Ratzka et al., 2008).  Sulfate 

chondroitin proteoglycans (CSPG) and heparan sulfate proteoglycans (HSPG) transport Indian 

Hedgehog (Ihh) from the hypertrophic region to the top region of the proliferation zone (Figure 

2-9b and 2-h; Cortes et al., 2009). In this region, Ihh activates target genes necessary for 

chondrocyte multiplication (Figure 2-9c and 2-9i). The rate at which new chondrocytes are 

generated is determined by the proportion of CSPG and HSPG (Cortes et al., 2009). Our findings 
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suggest that a relatively high rate of sulfation of chondroitin proteoglycans may promote longer 

limbs in the maned wolf (Figure 2-9a-f) whereas lower sulfation may result in short limbs in the 

bush dog (Figure 2-9g-l; Cortes et al., 2009). The other gene relevant to limb proportion is IGF1, 

which is significantly enriched with private alleles in the bush dog, and determines the increase 

of hypertrophic chondrocytes through fluid intake and mass growth (Figure 2-9e and 2-9k; 

Cooper et al., 2013). Previous studies have shown that IGF1 is associated with a 40-fold increase 

of metatarsal cell volume in the jerboa as well as the enlargement of forelimbs on newborn 

opossums (Sears et al., 2012, Cooper et al., 2013). In dogs, a single mutation at IGF1 has been 

associated with size differences among dog breeds (Sutter et al., 2007, Vaysse et al., 2011, 

Plassais et al., 2019). Given the characteristic short limbs of bush dogs, our results suggest that 

unique mutations may decrease the expression of IGF1 and consequently limit chondrocyte 

elongation (Figure 2-9e). A depletion of IGF1 reduces the duration of the cell enlargement 

process, thus restricting limb elongation  (Figure 2-9k and 2-9l; Cooper et al., 2013). Supporting 

this view, mice deficient in IGF1 failed to double the volume of their chondrocytes, resulting in 

short limbs (Wang et al., 1999). 

The other unusual characteristics of the bush dog include an interdigital web on the foot 

that enhances its swimming abilities, as well as molar reduction and the development of a 

trenchant heel in the carnassial teeth (p4/M1) that improves meat cutting. The latter two features 

are associated with an emphasis on meat rather than plant material in the diet of carnivores (Van 

Valkenburgh, 1991). Our results from the variant effect predictor tool suggest a candidate gene, 

MSX1, that may be related to molar reduction and interdigital webs. We found an insertion of 

two bases at the 3’ UTR region of the MSX1 gene that, among canids, is unique to the bush dog 

and likely affects gene transcription. Previous studies have shown that mutations in this region 



  84 

can affect the functionality of MSX1 (Wong et al., 2014, Li et al., 2015), which in turn influences 

tooth development (Wong et al., 2014). In particular, a decrease in MSX1 reduces BMP4. The 

latter protein lowers the proliferation of mesenchymal cells during tooth formation (Jernvall and 

Thesleff, 2000). In the case of digit development, a decrease of MSX1 expression would increase 

the effect of its antagonist FGF8. The protein expressed from the latter gene prompts the survival 

of mesodermal cells in the interdigital web (Weatherbee et al., 2006, Al-Qattan, 2014). These 

findings suggest that the observed insertion at the 3’ UTR region may decrease the expression of 

MSX1, with potentially a dual phenotypic effect in the bush dog, depending on the tissue in 

which the gene is being expressed (loss of molars in tooth development, and interdigital webs 

formation). If confirmed by experimental data in the future, this dual effect would offer a striking 

pathway toward morphological innovation and macroevolution evolving genetic changes in a 

single gene. 

 

Conclusions 

Our analysis of whole-genome sequences of all extant species of SA canids supports the 

hypothesis of a single canid invasion into South America. This finding suggests that the 

adaptations we have genetically characterized in this study may have evolved exclusively in 

South America. This result provides new context to the rapid adaptive radiation of these species. 

For instance, the miniature stature of the bush dog represents an obvious disadvantage for 

hunting large prey and mitigating competition with large carnivores (Van Valkenburgh, 1991, 

Van Valkenburgh and Hertel, 1993). However, in South America, the absence of other 

carnivores and dense Amazon forest of the late Pleistocene may have facilitated the evolution of 

a diminutive hypercarnivore that can readily locomote in wet rainforests and take advantage of 
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small and mid-sized prey such as the paca and capybara through social hunting (Berta, 1978, 

Berta, 1981, Deutsch, 1983, Van Valkenburgh, 1991, Perini et al., 2010, Bubadue et al., 2016, 

Zurano et al., 2017, Prevosti and Forasiepi, 2018). Similarly, the long limbs of the maned wolf 

may facilitate locomotion and field of vision through the high grass pampas. Our results suggest 

that the dramatic evolution of these traits may derive from simple changes in regulation and 

composition of a few genes that influence limb development, interdigital webbing, and tooth 

morphology. We have shown that the Andes represented a geographical barrier that prevented 

canids from colonizing the western region of the Andes early in their evolutionary history. As a 

consequence of this barrier, canids dispersed southward along the east of the Andes, until 

reaching the lowest elevation of this mountain range in Patagonia ~2 mya. The expansion of 

savannas during glacial periods has affected the demographic history and admixture of each 

South America canid. Notably, there was considerable admixture in Lycalopex, suggesting that 

the rapid adaptation of SA canids to a variety of habitats may have been facilitated by 

introgression. Admixture also accounts for some of the phylogenetic discordance among pampas 

fox, SA gray fox, and Darwin’s fox. Finally, the expansion of savannas during the Pleistocene 

cycles has greatly favored population growth of species that prefer open habitats. An important 

conservation implication of our results is that Darwin’s foxes from the mainland are genetically 

depauperate and potentially suffering from high genetic load and inbreeding depression. Captive 

breeding and habitat restoration are urgently needed to allow mainland populations to expand to 

parts of their previous geographic range and retain genetic viability. Our analysis dramatically 

demonstrates the power of genomic analysis to reveal new evolutionary insights into the causes 

of speciation and adaptive radiation which have puzzled evolutionary biologists for decades.  
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Methods 

 

Sequencing Mapping and Genotype calling 

We extracted genomic DNA from 19 samples belonging to 10 different species of SA 

canids using the Qiagen DNEasy kit. Samples were chosen based on sufficient quality and 

quantity with a DNA fluorometer (Qubit 2.0), a NanoDrop spectrophotometer (ThermoFisher, 

USA), and gel electrophoresis. We conducted whole-genome sequencing on these extractions 

using Novaseq with 150 paired end reads from the Vincent J. Coates Genomics Sequencing 

Laboratory at the University of California, Berkeley. The samples (Cbr17082018 and 

Sve16082018) used for the de novo assembly in the maned wolf and bush dog were sequenced at 

the Smithsonian OCIO Data Science Lab (Table 2-S1). Genomes for the North American and 

Old World canids as well as the culpeo fox were downloaded from the National Center for 

Biotechnology Information (NCBI) (see Table 2-S1 for further information). 

 

We filtered the raw reads using a modified pipeline from the Genome Analysis Toolkit 

best practice guide (GATK) (McKenna et al., 2010). Then, we mapped reads with good quality 

to the domestic dog canFam3.1, using BWA-MEM (Li, 2013). We used GATK HaplotypeCaller 

to conduct a combined genotype calling from sites that were mapped to the reference genome.  

We filtered the called genotypes for coverage and quality and kept only genotypes that had a 

minimum of 5 reads at a given position and a high-quality score (Phred scores >= 20), and no 

more than the 99th percentile of coverage for each sample. Other variant filtering criteria 

followed (GATK) Best Practices Guide and Robinson et al. (2019). Briefly, we filtered out CpG 

islands, indels, multi-nucleotide polymorphisms, and sites with more than one alternate allele. 
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The command line code used for reads mapping, variant calling, and filtering is available at 

https://github.com/dechavezv/2nd.paper.v2 

 

To avoid any potential reference bias in our results of positive selection and deleterious 

variation, we confirm that the sequence of every candidate gene mapped de novo reference 

genomes of SA canids. We first create the de novo assemblies of the bush dog and maned wolf 

using MaSurcA (Zimin et al., 2013) with default parameters. We removed every scaffold less 

than 500 bp. We used the program assembly stats version 0.1.4 (Trizna, 2020) to obtain the 

counting and scaffold statistics of the generated de novo assemblies for the bush and maned wolf. 

We used these assemblies to ensure that our candidate mutations were not misalignments. 

Specifically, we BLASTed every candidate gene to these de novo assemblies.   

 

Phylogenetic analysis 

We reconstructed a species tree representing the relationships between 31 genomes using 

ASTRAL-III. First, we extracted 6,716 alignments, each 25 kb in length, from the entire set of 

38 autosomal chromosomes. Each independent window was aligned with PRANK v.150803 

using iteration (-F once option) and the topology shown in Figure 2-1 as a guide tree. After 

trimming each multiple species alignments with Gblocks (Castresana, 2000), we calculated the 

independent phylogeny using  RAxML 8.0 (Stamatakis, 2014) under the GTR model. We 

selected the best phylogeny from each RAXML output.  We then created a consensus file with 

these trees with no more than 10% of missing data. Branch of length < 1e-05 substitution per site 

were collapsed. Also, we collapsed clades with support lower than one using SqCL pipeline 

(phylogeny_prep_astrid_astral.py).  We chose the best tree from the result depicted from 
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RAXML and merged the 100 bootstrap trees. We used the best tree and consensus file of 

bootstrap trees to investigate the discordance between gene trees and the species tree using 

ASTRAL-III v.5.5. This resulted in maximum likelihood support values that served to choose the 

best multi-locus tree. We ran 100 bootstrap replicates on this tree and further scored it to 

calculate the quartet support values and posterior probabilities for each node. We used the gray 

fox as an outgroup.  

 

To calculated divergence times, we obtained the four-fold degenerate sites from 183 

single-copy coding orthologues with a custom python script 

(https://github.com/mahajrod/MAVR/tree/master/scripts/multiple_alignment/extract_degenerate

_sites_from_codon_alignment.py). We concatenated into a supermatrix 166, 182 four-fold 

degenerate sites across 30 genomes analyzed (including the domestic dog). After keeping a 

matrix with only 10 % of sites missing, we used the MCMCTree tool from PAML to calculate 

the divergence times. We used the topology depicted from ASTRAL-III (Figure 2-1). We used a 

HKY + G model and ran a total of 2,200,000 MCMC generations. We discarded the first 

200,000 generations as burn-in. The fossil priors used to calibrate nodes of the phylogeny are 

shown in Table 2-S14. 

 

BioGeoBEARS  

We investigated the geographic origin of extant species of SA canids before possible 

colonization events across the mountain chain using the R package BioGeoBEARS (Matzke, 

2013). This tool estimates the maximum-likelihood distribution of hypothetical ancestors 

(internal nodes) by modeling shifts between different geographical ranges along the phylogeny 

https://github.com/mahajrod/MAVR/tree/master/scripts/multiple_alignment/extract_degenerate_sites_from_codon_alignment.py
https://github.com/mahajrod/MAVR/tree/master/scripts/multiple_alignment/extract_degenerate_sites_from_codon_alignment.py
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as a function of time. First, we tested three different models: the dispersal-Extinction-

Cladogenesis (DEC), dispersal vicariance analysis (DIVALIKE), and the Bayesian analysis of 

biogeography (BAYAREALIKE) models. Additionally, we test the same three models plus a 

founder effect parameter on each model named “J”: DEC+J, DIVALIKE +J, and 

BAYAREALIKE+J (Matzke, 2013). The best fitting model was chosen based on the corrected 

the Akaike information criterion (AIC) scores (Figure 2-S2 and Table 2-S2).  

 

Interspecific gene flow 

We ran the multi-threaded version of G-PhoCS V1.3.2 (https://github.com/gphocs-dev/G-

PhoCS) based on 11, 636 putatively neutral 1 kb windows following Chavez et al (2019). We 

used five threads per run and a standard MCMC setup. We assumed an exponential distribution 

with a mean of 0.0001 as the prior of all the mutation-scaled population sizes () and divergence 

times () as well as a Gamma (= 0.002, = 0.00001) distribution for the prior of migration rates 

(m). Because of the large number of migration bands, the Monte Carlo Markov chain was let to 

converge for 200,000 burn-in iterations, after which parameters were sampled every 50 

iterations, for the next 400,000 iterations, resulting in a total of 8,000 samples from the 

approximate posterior distribution. For each parameter, we recorded the mean sampled value and 

the 95% Bayesian credible interval (CI). Population size estimates (Ne) were obtained from the 

mutation-scaled samples () by assuming a mutation rate per generation of =4.0×10-9 

(Skoglund et al., 2015), and divergence times (T) were calibrated by assuming the same rate and 

an average generation time of three years. Migration rates were scaled by the duration of time of 

the migration band, resulting in total rates, which approximate the probability that a lineage 

experienced migration.  Parameter estimates are summarized in Table 2-S3. 

https://github.com/gphocs-dev/G-PhoCS
https://github.com/gphocs-dev/G-PhoCS
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Genomic Diversity 

We examined the site heterozygosity in non-overlapping 100 kb windows across the 

genome of every SA canids analyzed. We defined heterozygosity as the number of heterozygous 

genotypes divided by the total number of sites that were called. The total genotypes called within 

each window included the sum of heterozygous, homozygotes derived, and homozygotes 

reference genotypes. We kept only windows with no more than 20% of missing data. The script 

used to calculate 100 kb windows heterozygosity was modified from Robinson et al. (2016 and 

2019) and is available at https://github.com/dechavezv/2nd.paper.v2/tree/main/4-

Demography/Heterozygosity/WindowHet. We then quantified the extent of runs of 

homozygosity (ROH) in SA canids using PLINK (Purcell et al., 2007). The parameters chosen to 

calculate ROH were: SNPs within a window =200, heterozygotes allowed within a window= 3, 

missing sites within a window=50. We binned these segments into three different size categories 

using Plink (Purcell et al., 2007; Table S4 and Figure 2-3d). The categories were short ROH as 

short (1Mb<), medium ROH (>5Mb and <10Mb) long ROH (>10Mb). 

 

MSMC 

We used the program MSMC (Schiffels and Durbin, 2014) to calculate the instantaneous 

inverse coalescence rates (IICR). Then we scaled the IICR from the MSMC model by 2µ to use 

it as a proxy of the effective population size (Ne). IICR were further scaled to numerous of 

generation times and mutation rates to estimate plausible time ranges (in thousands of years) of 

the resulting MSMC trajectories (Figure 2-S3). 

 

https://github.com/dechavezv/2nd.paper.v2/tree/main/4-Demography/Heterozygosity/WindowHet
https://github.com/dechavezv/2nd.paper.v2/tree/main/4-Demography/Heterozygosity/WindowHet
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Deleterious variation 

We assessed the effect of the joint variant calls on the associated proteins using the 

variant effect predictor tool (McLaren et al., 2016). First, we annotated mutations as synonymous 

or nonsynonymous. Then we used the SIFT scores to evaluate the effect of coding mutations on 

the associated protein. The SIFT score was calculated with SIFT (version 5.2.2) by comparing 

amino acid mutations annotated from the dog reference genome with a protein database from 

UniRef90 (release 2014_11). We grouped synonymous and tolerated mutations as ‘benign’ and 

classified loss-of-function mutations, deleterious missense mutations, and variants that interrupt 

splice sites as ‘damaging’ following Robinson et al (2019). Finally, we classified ‘benign’ and 

‘damaging’ mutations as derived (not matching the reference allele) or reference (matching the 

reference genome) with respect to the dog genome. 

 

Positive Selection 

To obtain the orthologous genes necessary for the branch-site model in PAML (Yang, 

2007, we followed Chavez et al (2019). Briefly, we used BioMart in Ensembl (Ensembl Genes 

104 release) to get the coordinates of 19,000 genes. These regions were extracted from the 

annotation of the dog reference genome canFam3.1. To avoid the inclusion of paralogous genes, 

we used VESPA (Webb et al., 2017)to extract and concatenated different exons from the same 

transcript. Also, sequences were filtered for quality, coverage (5< X <95 percentile). We further 

confirmed that exons had a permissible length (exons whose length is an exact multiple of three) 

and no internal stop codon. We kept only the longest transcript for downstream analysis. Once 

sequences were translated to amino acid sequences we aligned them with prank using the 

topology obtained by Astral-III as a guide tree. The obtained multiple species alignments were 
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reverse-translated to nucleotide sequence using Vespa (Webb et al., 2017). The pipeline to 

extract species 1:1 orthologous genes can be found at 

https://github.com/dechavezv/2nd.paper.v2/tree/main/2-PositiveSelection  

 

Each ortholog gene from a set of 17,185 genes was tested for signals of positive selection 

using the branch-site model in PAML 4.8 (Yang, 2007)..  We compare a model that allows sites 

to be under positive selection (dN/dS > 1) along a particular branch in the tree (fix omega = 0) 

against a model where sites evolve under neutral or purifying selection (dN/dS = 1; fix omega = 

1). The likelihood of each model was compared through likelihood ratio tests (LRTs). We 

determined statistical significance using a chi-square distribution with 1 degree of freedom 

freedom (Zhang et al., 2005). Two forward branches were tested for selection, the clade of the 

bush dog and another one for the maned wolf clade. We corrected for multiple hypothesis using 

a false discovery rate of 0.20 with QVALUE in R. Given the considerable number of genes 

tested that led to no significant genes (Q-value < 0.2), we further tested the overrepresentation of 

genes on biological pathways using G-profiler version r1732_e89_eg3629. We provide genes 

with (p-value < 0.01) as query lists while the full set of tended tested (N= 17,185) was specified 

as the background gene list. We allowed a minimum of two genes to overlap between the query 

list and the full set of genes.  

 

Testing for polygenic selection 

We used polysel (Daub et al., 2017) to detect biological pathways overrepresented by 

weak to moderate signals of selection on the bush dog and maned wolf. This tool uses the output 

from the branch-site model in the bush dog and maned wolf to find polygenic selection across 
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biological pathways. We extracted these pathways from NCBI 

(https://www.ncbi.nlm.nih.gov/biosystems/) using the option "pathway"[BioSystemType] and 

"Canis lupus familiaris"[Organism]. Based on the literature, we chose pathways that are relevant 

to the unique morphologic features of the bush dog and maned wolf. The characters were diet 

(carnivorous or frugivorous), limb development, tooth formation, and interdigital membrane 

development. Polysel uses two inputs. One is the set of biological pathways. The other is the 

genes set from PAML in the form of ‘SUMSTAT’ scores. To obtain these scores we took the 

fourth root of the log-likelihood ratios from PAML. To make the ID of genes match those in the 

pathway, we converted gene labels into Entrez gene IDs using gene2ensembl from NCBI 

(ftp://ftp.ncbi.nih.gov/gene/DATA/gene2ensembl.gz). Polysel uses the genes and pathways to 

reveal a null distribution. This null distribution was created by randomly sampling genes to make 

new pathways of a similar size. We obtained p-values by comparing the ‘SUMSTAT’ score 

between the null distribution and the onset from the original set. After conducting multiple 

hypothesis correction implemented in polysel, we chose significant pathways with an FDR 

<0.20. 

 

Enrichment of private alleles at the promoter and regulatory regions 

We aimed to detect enrichment of private alleles (alleles unique to one species) in the 

flanking regions from the bush dog and maned wolf genes. First, we inferred interspecific 

variation by conducting a join genotyping different canid species with HaplotypeCaller from 

GATK (McKenna et al., 2010). This group includes species of the genus Chrysocyon (maned 

wolf), Speothos (bush dog), Lycalopex (SA foxes), Canis (wolves, coyote, and golden jackal), 

Cuon (dhole), Lycaon (African wild dog), and Lupalela (jackals). Then, we combined 

https://www.ncbi.nlm.nih.gov/biosystems/
ftp://ftp.ncbi.nih.gov/gene/DATA/gene2ensembl.gz
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independent gVCF files with the “CombineGVCFs” option. We annotated the combined VCF 

for sites that passed our filter criteria (see annotation of genetic variant section for further 

details). We used BioMart in Ensembl (Ensembl Genes 104 release) to extract the start and end 

sites from 39,704 transcripts belonging to 32,704 genes from the dog genome canFam3.1. Then 

we generated a bed file with 1 kb windows upstream to the transcription start site (promoter 

region) and downstream to the transcription end site (potential regulatory region). We used this 

bedfile to calculate the number of private alleles for the bush dog and maned wolf in the 

combined VCF file containing genotypes calls for the different canid species. Within each 1 kb 

window, we used a custom python script to calculate the number of private alleles for the bush 

dog and maned wolf. In parallel, we calculated the average number of segregating sites across 

the remaining species (excluding maned wolf and bush dog). Considering that unique mutations 

at flanking regions could be overrepresented in the bush dog and maned wolf due to their 

relatively long evolutionary history (i.e. long branch lengths), we calculated the difference 

between private alleles between both species. Mutations overrepresented in one species but not 

in the other could be candidates of genes under positive selection. These estimates were 

calculated with the following formula: 

 

𝑃

𝑆
=

Σ𝑖=1
𝐿 (𝐴𝑖 + 0.5𝑎𝑖) − (𝐵𝑖 + 0.5𝑏𝑖)

𝐿
Σ𝑖=1

𝐿 𝑋𝑖 + 0.5𝑌𝑖

𝑛
𝐿

 

 

where A is the number of private alleles in the bush dog, a is the number of heterozygous sites 

with private alleles, B is the number of private alleles in the maned wolf genome, b is the number 

of heterozygous sites with private alleles, L is the total number of called sites with good quality 
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within each widow, n is the number of samples analyzed, Xi is the number of derived alleles with 

respect to the dog, and Yi is the number of heterozygous sites. After calculating the formula 

above on 38,542 1 kb window, we calculated empirical p-values. To verified that the number of 

sites was not influencing outlier windows, we plotted P/S vs. the number of sites (Figure 2-S4). 

Only windows with a minimum of 250 sites were included in the results. The custom pipeline 

can be found at https://github.com/dechavezv/2nd.paper.v2/tree/main/2-PositiveSelection/07-

Selection_Regulatory_Regions/scripts 
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Figures  

 

Figure 2-1. BioGeoBEARS (Matzke 2013) ancestral area reconstruction derived from the species tree 

obtained by ASTRAL-III (Zhang, et al. 2018). This tree was estimated from 6,716 25 kb windows and 

divergence times using MCMC tool in PAML (Yang 2007). A total of 31 genomes were included (Table 2-

S1). The North American and Old World clade are shown in Supplementary Figure 2-1. The best fitting 

model was DIVALIKE with the parameter “J” that represents a founder event (Figure 2-S2 and Table 2-

S2). The estimated ancestral ranges are shown by colored boxes on each node, while boxes at terminal 

branches indicate the current species distribution; red squares with the letter “e” indicate distributions east 

of the Andes, black “c” squares indicate the central region of the Andes, and blue “w” squares indicate the 

west side of the Andes. The probabilities of these ancestral regions are shown in the pie charts below each 

node. The maps on the right represent species distribution within a major clade. The colored distributions 

on the map match the colors underlining species names. Canid illustrations were reprinted from (Castelló 

2018) © 2018 with permission from Princeton University Press. 
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Figure 2-2. (a) Demographic model estimated using G-Phocs (https://github.com/gphocs-dev/G-

PhoCS) based on 11, 636 putatively neutral 1 kb windows. The widths of branches in the 

demographic model are scaled proportionally to inferred effective population sizes (see scale bar at 

the top left), and their lengths are scaled proportionally to inferred species divergence times. Both 

scales assume an average per-generation mutation rate of μ = 4.0 × 10−9 and an average generation 

time of three years. The purple vertical bar along the terminal branches indicates evidence of gene 

flow after analyzing 37 directed migration bands among all SA canids (see Table 2-S3 for details). 

The species tree from Figure 2-1 is shown as light gray in the background. Canids illustrations were 

reprinted from (Castelló 2018) © 2018 with permission from Princeton University Press. (b) 

Probability of admixture among SA foxes. Gene flow probabilities within the genus Lycalopex are 

shown inside the purple square. (c) Quartet frequencies for a subset of internal nodes with three 

plausible tree topologies. The blue topology represents the tree in the top panel and Figure 2-1. 

Alternative topologies are shown in red and green colors. The labels on the terminal branches of the 

trees are Se  = Sechuran fox, Dar = Darwin’s fox, Cul= culpeo fox, Pam = pampas fox, SaF = South 

American gray fox. Only nodes with a relative high frequency among different topologies are shown. 

 

 

 

 

 

 

 

https://github.com/gphocs-dev/G-PhoCS
https://github.com/gphocs-dev/G-PhoCS
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A) 

 

 

 
 

(E) 

 

 

B) 

 
C) 

 

Figure 2-3. Heterozygosity per 100 kb window with a 10 kb step size across the genome of SA canids. Three 

different patterns were found: (a) Species with high heterozygosity thorough the genome. (b) Species with 

high heterozygosity alternating with long stretches of depleted genetic diversity. (c) Species with low 

heterozygosity thorough the genome. Canid illustrations were reprinted from (Castelló 2018) © 2018 with 

permission from Princeton University Press. (d) Histogram with per-site heterozygosity across the autosomal 

genome (left panel) and summed lengths of ROH of three specific length categories (right panel). On the right 

panel from top to bottom: Summed lengths of short (< 1 Mb), medium (1 Mb ≤ ROH < 10 Mb), and long 

(>10 Mb) ROH per individual. (e) Panels showing the total number of ROH in the three length categories. 

From left to right: short ROH indicating ancient inbreeding as in the short-eared dog and bush dog, medium 

ROH indicating ancient and historic inbreeding as in the Darwin’s fox from Chiloé island, and long ROH 

indicating recent inbreeding as in the case of the Darwin’s fox from Nahuelbuta and the inbred captive bush 

dog. 
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mean het. = 0.475 per kb
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mean het. = 0.321 per kb
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mean het. = 0.459 per kb
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Figure 2-4. Genome-wide heterozygosity of canids. Names in bold indicate South American 

canids. The IUCN categories are LC = Least Concern, NT = Near Threatened, and  EN = 

Endangered. Endangered canids under the IUCN have less than 0.5 heterozygote sites/kb. This 

group includes the African wild dog (wild dog ), dhole, and Ethiopian wolf. South American 

canids with a heterozygote below this cutoff are the maned wolf, Sechuran fox, Darwin’s fox, 

bush dog, and short-eared dog. Among these species only the Darwin’s fox is listed as 

endangered. 
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Figure 2-5. Demographic history of South American canids estimated using MSMC 

(Schiffels and Durbin 2014). The y axis corresponds to the inverse coalescent rate (IICR) 

scaled by 2µ, which is a proxy of the effective population size (Ne) through time (x-axis in 

thousands of years). IICR scaled to numerous generation times and mutation rates are shown 

in Supplementary Figure 2-S3. 
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Figure 2-6. Count of derived alleles. Mutations were identified as benign (synonymous and 

tolerated missense mutations) and damaging (deleterious missense mutations, disruption of 

splice sites, and gain or loss of a stop codon) using the variant effect predictor tool (McLaren, 

et al. 2016). Only homozygous derived genotypes and heterozygotes are shown. The full list 

of alleles including homozygous ancestral genotypes are shown in the Supplementary Table 

2-S5. Homozygous derived genotypes in the damaging category are higher in species with 

smaller populations like the bush dog and short-eared dog. In contrast, damaging mutations 

are less frequent in species with large populations, like the hoary fox. This difference is less 

evident under the benign category.     
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Figure 2-7. Adaptation to digest fruit fiber in the maned wolf. The left panel shows genes found to be 

enriched in the butanoate metabolism category, as inferred by polysel (Daub, et al. 2017). The right 

panel shows a schematic of fruit fiber digestion and the role of the candidate metabolic process. First, 

short fatty acids (SCAFs) represented by colored circles are obtained from fruit fiber fermentation (here 

represented as the “wolf apple” on the top left). The fermentation process is conducted by bacteria and 

takes place in the cecum where cells of the intestine, represented in pink, will absorb SCAFS. Within 

these cells, candidate genes under selection (represented as the word “Butanoate metabolism” in bold) 

convert SCAFs to energy precursors Acetyl-CoA. 
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Figure 2-8. Rate of private alleles for the bush dog (top panel) and maned wolf (bottom panel) depicted 

from 1 kb windows flanking 39,704 transcripts belonging to 32,704 genes. Significant genes (score 

equivalent to empirical p-value < 0.01) are shown above the horizontal red line. Genes involved in limb 

development are shown in red. Genes relevant to limb elongation are highlighted by a red rectangle. 
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Figure 2-9. Limb elongation in the bush dog and maned wolf. The different panels represent the growth plate 

and the process of limb elongation in the maned wolf (a-f) and bush dog (g-l). (a and g) Small circles at the 

top show the resting region, the middle-flattened circles represent the proliferative area, and the large squares 

at the bottom represent the hypertrophic region. The Indian hedgehog protein (Ihh; black circles) is initially 

produced by hypertrophic chondrocytes. Then as shown in panels (b and h), sulfated chondroitin 

proteoglycans (black oblique lines with orange lines) transport Ihh to the top of the proliferative region. Note 

that unsulfated proteoglycans (black oblique lines) cannot transport Ihh. Panels (c and i) indicate the entrance 

of Ihh into the target cell facilitated by sulfated heparan proteoglycans (black straight lines with green vertical 

lines). Note that Ihh will not ligate to unsulfated heparan (black straight lines). Once inside the cell, Ihh 

promotes the replication of chondrocytes at the proliferative region. Note the multiplication of chondrocytes 

on panels d and j. Finally, there is an enlargement of hypertrophic chondrocytes (squares at the bottom) 

regulated by the gene IGF1, represented by red-colored hexagons (e and k). The rate of chondrocyte 

multiplication at the proliferative regions, coupled with hypertrophic enlargement at the bottom (squares), 

determines the length of the bone (f and i). 
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Appendix 2-I: Supplementary Figures 
 

 

 

Figure 2-S1. Coalescent species tree based on 6,716 25 kb windows, as inferred by ASTRAL-III (Zhang et 

al., 2018). A total of 31 genomes corresponding to 23 species were included in the tree (Table 2-S1). 

Bootstrap supports are shown at the nodes of the tree. The scale bar at the bottom indicates the number of 

substitutions per site.  
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Figure 2-S2. Inference of ancestral distributions depicted by BioGeoBEARS (Matzke, 2013). Six 

different models were analyzed: DEC, DEC+J, BAYAREALIKE, BAYAREALIKE +J, 

DIVALIKE, and DIVALIKE+J. The parameter “j” represents a founder event. The probability of 

different ancestral distributions is indicate by the pie charts located at the nodes of the tree: red = 

East side of the Andes, blue = West of the Andes, and purple = West and East of the Andes. Letters 

on terminal branches corresponded to the species’ current distribution: W = west of the Andes, C = 

central region of the Andes, and E = east side of the Andes. The model with the best AIC score was 

DIVALIKE+J (see Table 2-S2 for a full list of AIC scores). This model suggests that the ancestor 

of culpeo, Sechuran, Darwin’s, pampas, and SA gray fox was the first lineage to colonize the west 

of the Andes. Species with a current western distribution have an ancestral range at the west of the 

Andes. Others with an eastern distribution, have an ancestral range at the east of the Andes. Most 

species with a current distribution across different areas (WE or WCE) have an ancestral 

distribution at the east of the Andes. This group includes the bush dog, crab-eating fox and SA gray 

fox. The expectation is the culpeo fox that has an ancestral range at the west of the Andes.  
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Figure 2-S3. Demographic model of the rain forest specialists (bush dogs and short-eared dogs), and the 

savanna-like specialist (maned wolf). The figure shows the inference of inverse coalescent rate (IICR) 

scaled by 2μ, through time (in terms of years), for different paired values of mutation rates indicated by μ, 

and generation times shown as yer/gen. The “low” mutation rate (faint lines at the top) is the lowest 

extreme of the values tested, calculated assuming a 1-year generation time and μ = 2.19 × 10−8. The 

“realistic” mutation rate, which is presented in Figure 2-5, is calculated based on a 4-year generation time 

and μ = 1.19 × 10−8. The “high” mutation rate (faint lines at the bottom) is calculated based on a 10-year 

generation time and μ = 2.94 × 10−8. The range of mutation rates and generation times indicate how much 

the MSMC’s trajectories could vary with different generation times and mutation rates. For instance, the 

decline of the IICR on forest specialists, the bush dog, and short-eared dog, could started anywhere 

between 15,000 and 25,000 years ago. 

 

 

 



  108 

 

Figure 2-S4. The relationship between private alleles and number of sites within 1 kb windows 

flanking 39,704 transcripts. The y-axis indicates the proportion of private alleles in the bush dog and 

maned wolf divided by the average of segregation sites among other canids (see methods for details). 

Significant genes (score equivalent to empirical p_value < 0.01) are shown above the horizontal red 

line. The x axis indicates the number of sites within a particular 1kb window that passed our filter 

criteria (see methods for details). The windows that contained less than 250 good quality sites (“GQ 

sites”) were ignored. 
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Appendix 2-II: Supplementary Tables 

 

Table 2-S1. Descriptive statistics of the 30 canid genomes analyzed in this study. Statistics were calculated 

with Qualimap (Okonechnikov et al., 2016) on BAM files that were mapped to the domestic dog canFam3.1 

(see methods).   
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Maned wolf 18 Chrysocyon 

brachyurus 

Cbr17082018* This study 77.7 98.34 98.48 

Maned wolf 370 Chrysocyon 

brachyurus 

bcbr370 This study 27,01 62.9 98.29 

Maned wolf 383 Chrysocyon 

brachyurus 

bcbr383 This study 27.96 65 98.37 

Maned wolf 388 Chrysocyon 

brachyurus 

bcbr388 This study 22.1 51.4 98.23 

Maned wolf 404 Chrysocyon 

brachyurus 

bcbr404 This study 24.35 56.7 98.26 

Bush dog 16 Speothos venaticus Sve16082018* This study 42.4 98.8 98.5 

Bush dog 313 Speothos venaticus bsve313 This study 73.5 171.2 98.55 

Bush dog 315 Speothos venaticus bsve215 This study 20.37 47.4 98.15 

Bush dog 338 Speothos venaticus bsve338 This study 24.7 57.5 98.22 

Short-eared dog Atelocynus microtis AMI This study 17.23 40.1 98.23 

Crab-eating fox Cerdocyon thous Cth This study 23 65.3 98.67 

Hoary fox Lycalopex vetelus Lvet This study 32.12 74.8 98.72 

Pampas fox Lycalopex 

gymnocercus 

Lgy This study 11.78 27.4 98.03 

SA gray fox 

Pazucar 

Lycalopex griseus Lgri.015 This study 16.7 38.6 98.4 

SA gray fox 

Vilos 

Lycalopex griseus Lgri.006 This study 18 41.7 98.45 

Darwin’s fox 

Chiloe 

Lycalopex fulvipes DFU_Ch This study 16.1 37.4 98.25 

Darwin’s fox 

Nahuelbuta 

Lycalopex fulvipes DFU_Na This study 19.3 45 98.4 

Sechuran fox Lycalopex sechurae DSE This study 16.14 37.6 98.28 

Black back 

jackal 

Lupulella mesomelas BBJ (Perri et al., 

2021) 

57 132 98.9 

Side strip jackal Lupulella aduta SSJ Perri, et al. 

2021) 

37.8 88 97.63 

African wolf Canis lupaster RKW1356 (Koepfli et al., 

2015) 

27.96 65 98.11 

Andean fox Lycalopex culpaeus SRS523207   (Auton et al., 

2013) 

10.98 25.5 97.71 

AWD South 

Africa 

Lycaon pictus SAMN09924608 This Study  27.93 65 98.71 

Coyote Canis latrans RKW13455  (vonHoldt et 

al., 2016) 

25.67 59.7 98.72 
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Dhole Cuon alpinus SAMN10180424 (Gopalakrishnan 

et al., 2018) 

19.53 45.4 98.35 

Ethiopian wolf Canis simensis SAMN10180425 (Gopalakrishnan 

et al., 2018) 

9.66 22.5 97.37 

Golden jackal Canis aureus SAMN03366713  

(RKW1332) 

(Freedman et 

al., 2014) 

26.09 60.7 97.46 

Gray fox Urocyon 

cinereoargenteus 

SAMN04495241 (Robinson et al., 

2016) 

18.47 42.9 97.49 

Gray wolf Canis lupus RKW1547  (Fan et al., 

2016) 

27.33 63.6 98.76 

Red fox Vulpes vulpes SAMN06553695 (Kukekova et 

al., 2018) 

70 173.2 98.60 

  

* Samples used for the construction of the de novo assembly  
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Table 2-S2. Descriptive statistics of the ancestral species distribution models using BioGeoBEARS 

(Matzke, 2013). The log-likelihoods for different models are shown in column “LnL”. Each model 

contained a specific number of parameters. The best fitting model (shown in bold) was selected based on 

the corrected Akaike information criterion (AICc) scores. The parameters are d = rate of range-expansion 

dispersal, e = rate of range-contraction/local extirpation, and j=founder event.  

Model LnL #Parameters d e j AICc 

DEC -33.16 2 0.26 2.00E-08 0 71.06 

DEC+J -33.16 3 0.26 1.00E-12 1.00E-05 73.91 

DIVALIKE -36.81 2 0.3 1.00E-12 0 78.38 

DIVALIKE+J -36.81 3 0.3 1.00E-12 1.00E-05 81.23 

BAYAREALIKE -19.71 2 0.071 0.14 0 44.16 

BAYAREALIKE+J -19.58 3 0.08 0.18 1.00E-05 46.77 
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Table 2-S3. Demographic parameter estimates inferred by G-PhoCS (https://github.com/gphocs-

dev/G-PhoCS). Analysis was done under a model with population phylogeny with the topology of 

the species tree inferred by ASTRAL-III (Figure 2-1) and 37 migration bands (see total migration 

rates on the left column). Effective population size were calibrated by assuming an average per-

site mutation rate of =4.0×10-9 (Skoglund et al., 2015), and divergence times were calibrated 

assuming the same rate and an average generation time of three years. Total migration rates were 

obtained by multiplying the mutation-scaled rate with the duration of time of the migration band.  

Parameter  
Mean estimate (95% Bayesian CI) 

Tree inferred by ASTRAL-III 

Population divergence times (years) 

tau_SF_CF 607300(585500-627000) 

tau_SA5 757800(737900-778100) 

tau_PAMPAS_ANC 759100(738800-779200) 

tau_SA4 760000(739700-780000) 

tau_SA3 1047900(1020300-1076700) 

tau_CEF_SED 1399900(1356000-1442100) 

tau_SA2 1684600(1670000-1699800) 

tau_BD_MW 2322800(2287300-2359600) 

tau_SA1 2636900(2623300-2650300) 

tau_GW_CO 202300(192500-212000) 

tau_GW_BB 1987100(1958300-2015500) 

tau_GW_SA 2912600(2897700-2927400) 

tau_ROOT 6994900(6924700-7069400) 

Effective population sizes (number of individuals) 

theta_SECHURAN_F 8700(8400-9000) 

theta_CULPEO_F 13800(13300-14400) 

theta_DARWINS_F 5300(5100-5500) 

theta_SA_GRAY_F 19200(18500-19900) 

theta_PAMPAS_F 118400(114200-122600) 

theta_HOARY_F 52000(49500-54600) 

theta_CRAB_EATING_F 43000(41900-44200) 

theta_SHORT_EARED_D 6500(6200-6800) 

theta_BUSH_D 7900(7600-8200) 

theta_MANED_W 12000(11600-12400) 

theta_YELLOWSTONE_W 21300(20200-22400) 

theta_CALIFORNIA_C 36500(34400-38700) 

theta_BB_JACKAL 22800(22200-23400) 

theta_GRAY_F 37300(36400-38200) 

theta_SF_CF 22200(18100-26500) 

theta_SA5 6200(700-15100) 

theta_SA4 142000(130500-154500) 

theta_SA3 105200(101300-109200) 

theta_CEF_SED 77300(65300-89600) 

theta_SA2 62800(60900-64800) 

theta_BD_MW 42800(35200-50800) 

theta_SA1 11600(10900-12400) 

theta_GW_CO 52600(51400-53700) 

theta_GW_BB 80800(76700-85000) 

theta_GW_SA 51400(50200-52600) 

theta_ROOT 81100(75700-86400) 

https://github.com/gphocs-dev/G-PhoCS
https://github.com/gphocs-dev/G-PhoCS
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theta_SECHURAN_F 8700(8400-9000) 

theta_CULPEO_F 13800(13300-14400) 

theta_DARWINS_F 5300(5100-5500) 

theta_SA_GRAY_F 19200(18500-19900) 

theta_PAMPAS_F 118400(114200-122600) 

theta_HOARY_F 52000(49500-54600) 

theta_CRAB_EATING_F 43000(41900-44200) 

theta_SHORT_EARED_D 6500(6200-6800) 

theta_BUSH_D 7900(7600-8200) 

theta_MANED_W 12000(11600-12400) 

theta_YELLOWSTONE_W 21300(20200-22400) 

theta_CALIFORNIA_C 36500(34400-38700) 

theta_BB_JACKAL 22800(22200-23400) 

theta_GRAY_F 37300(36400-38200) 

theta_SF_CF 22200(18100-26500) 

theta_SA5 6200(700-15100) 

theta_SA4 142000(130500-154500) 

theta_SA3 105200(101300-109200) 

theta_CEF_SED 77300(65300-89600) 

theta_SA2 62800(60900-64800) 

theta_BD_MW 42800(35200-50800) 

theta_SA1 11600(10900-12400) 

theta_GW_CO 52600(51400-53700) 

theta_GW_BB 80800(76700-85000) 

theta_GW_SA 51400(50200-52600) 

theta_ROOT 81100(75700-86400) 

Total migration rates (Gene flow) 

m_PAMPAS_F->SA_GRAY_F 89.0(87.9-89.9) 

m_PAMPAS_F->DARWINS_F 63.2(61.1-64.9) 

m_PAMPAS_F->HOARY_F 51.2(48.2-53.9) 

m_CULPEO_F->DARWINS_F 13.6(12.2-14.9) 

m_PAMPAS_F->CULPEO_F 13.2(11.3-15.1) 

m_CULPEO_F->SA_GRAY_F 11.6(10.4-12.8) 

m_DARWINS_F->SA_GRAY_F 11.0(9.4-12.5) 

m_HOARY_F->SA_GRAY_F 8.7(6.1-11.0) 

m_CULPEO_F->PAMPAS_F 5.6(4.7-6.3) 

m_HOARY_F->CRAB_EATING_F 5.4(4.4-6.5) 

m_SA2->MANED_W 5.2(3.7-6.6) 

m_DARWINS_F->HOARY_F 2.9(1.8-3.9) 

m_CULPEO_F->HOARY_F 2.8(2.1-3.6) 

m_PAMPAS_F->CRAB_EATING_F 2.3(1.5-3.1) 

m_HOARY_F->PAMPAS_F 2.2(0.0-4.1) 

m_CRAB_EATING_F->SHORT_EARED_D 1.7(0.9-2.6) 

m_SECHURAN_F->CULPEO_F 1.7(1.0-2.4) 

m_CULPEO_F->SECHURAN_F 1.1(0.5-1.8) 

m_PAMPAS_F->SECHURAN_F 1.0(0.2-1.8) 

m_CRAB_EATING_F->PAMPAS_F 0.9(0.7-1.1) 

m_SECHURAN_F->PAMPAS_F 0.7(0.4-1.1) 

m_SECHURAN_F->DARWINS_F 0.7(0.3-1.2) 

m_SHORT_EARED_D->CRAB_EATING_F 0.7(0.3-1.1) 

m_HOARY_F->DARWINS_F 0.7(0.0-3.3) 
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m_PAMPAS_F->SHORT_EARED_D 0.7(0.4-1.0) 

m_SECHURAN_F->HOARY_F 0.5(0.2-0.9) 

m_SA2->BUSH_D 0.4(0.0-2.1) 

m_SA3->BUSH_D 0.4(0.0-0.8) 

m_DARWINS_F->CULPEO_F 0.4(0.0-1.3) 

m_CRAB_EATING_F->SECHURAN_F 0.4(0.2-0.6) 

m_SECHURAN_F->SA_GRAY_F 0.3(0.0-0.8) 

m_HOARY_F->SECHURAN_F 0.3(0.0-0.8) 

m_BUSH_D->SA2 0.3(0.1-0.5) 

m_SA2->BD_MW 0.1(0.0-0.6) 

m_SA_GRAY_F->DARWINS_F 0.1(0.0-0.5) 

m_SA_GRAY_F->HOARY_F 0.0(0.0-0.5) 

m_HOARY_F->CULPEO_F 0.0(0.0-0.5) 
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Table 2-S4. Genome-wide heterozygosity and runs of homozygosity (ROH) of South American 

canids. ROH were categorized as short (<1Mb), medium (1-10Mb), and long (>10Mb). 

Genome 

Heterozygosity 

(kb) Shot ROH (MB) 

Medium ROH 

(MB) 

Long 

ROH 

(Mb) 

Hoary fox 2.90 57.23 37.38 0 

Crab-eat fox 1.78 119.98 128.38 0 

Pampas fox 2.47 143.29 144.21 0 

SA gray fox los 

Vilos 2.22 272.99 131.60 11.67 

Culpeo fox 0.90 244.43 95.933 0 

SA gray fox Pan de 

azucar 2.11 375.24 95.48 0 

Maned wolf Capt. 0.47 368.17 36.82 26.30 

Maned wolf 388 0.47 404.38 47.55 11.63 

Maned wolf 383 0.48 405.86 64.19 25.71 

Sechuran fox 0.49 424.55 75.77 0 

Maned wolf 370 0.49 411.28 47.75 0 

Maned wolf 404 0.47 428.43 50.79 0 

Darwin's fox Ch 0.35 793.13 935.60 0 

Bush dog Captive 0.33 515.74 150.12 174.87 

Darwin's fox Na 0.68 759.00 293.99 131.03 

Bush dog 313 0.36 647.203 73.28 0 

Bush dog 315 0.34 652.35 78.75 17.60 

Short-Eared-dog 0.34 721.51 235.20 15.09 

Bush dog 338 0.35 663.25 81.12 0 
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Table 2-S5. Genotype counts in South American canids. Homozygote derived genotypes in 

the damaging category are higher in smaller populations like the bush dog and short-eared 

dog (bolded) due to increased drift. In contrast, damaging mutations are less frequent in large 

populations like the hoary fox. This difference is less evident under the benign category.     

SampleId HomAnc HomDerv Het Total MutType 

short-eared dog 8901.2 3333.24 193.87 Total benign 

Maned_wolf_18 9230.8 3098.34 215.66 17647.4 benign 

Maned_wolf_370 9148.9 3098.24 222.97 17647.4 benign 

Maned_wolf_383 9071.6 3082.87 210.37 17647.4 benign 

Maned_wolf_388 9133.7 3096.03 211.82 17647.4 benign 

Maned_wolf_404 9156 3093.39 211.61 17647.4 benign 

crab-eating fox 8794.3 2986.39 650.55 17647.4 benign 

Darwin's_Chiloe 9165.5 3131.95 158.32 17647.4 benign 

Darwin's_Nahuelbuta 9092.8 3077.24 258.45 17647.4 benign 

Sechuran_fox 9005.8 3164.76 240.68 17647.4 benign 

culpeo_fox 8626.6 2793.37 277.95 17647.4 benign 

SA_gray_fox_Vilos 8931.2 2842.26 701.42 17647.4 benign 

SA_gray_fox_Pazucar 8948.1 2863.45 652.66 17647.4 benign 

pampas_fox 8469.9 2653.03 743.95 17647.4 benign 

hoary_fox 8776.6 2803.76 908.29 17647.4 benign 

bush_dog_16 8915.6 3391.76 174.4 17647.4 benign 

bush_dog_313 8856.3 3407.42 192.4 17647.4 benign 

bush_dog_315 8838.8 3405.95 188.4 17647.4 benign 

bush_dog_338 8833.1 3406.63 187.26 17647.4 benign 

short-eared dog 939.95 198.632 35.421 2838.08 damaging 

Maned_wolf_18 974.32 182.921 34 2838.08 damaging 

Maned_wolf_370 959.42 183.921 35.263 2838.08 damaging 

Maned_wolf_383 948.82 182.368 33.605 2838.08 damaging 

Maned_wolf_388 956.29 183.553 33.263 2838.08 damaging 

Maned_wolf_404 960.13 183.684 34.868 2838.08 damaging 

crab-eating 926.74 163.789 78.368 2838.08 damaging 

Darwin's_Chiloe 975.97 176.158 29.368 2838.08 damaging 

Darwin's_Nahuelbuta 967.95 167.842 40.421 2838.08 damaging 

Sechuran_fox 960.47 178.763 40.579 2838.08 damaging 

culpeo_fox 843.4 136.079 29.5 2838.08 damaging 

SA_gray_fox_Vilos 964.18 149.974 74.29 2838.08 damaging 

SA_gray_fox_Pazucar 963.58 149.579 73.447 2838.08 damaging 

pampas_fox 910.16 135.579 76.263 2838.08 damaging 

hoary_fox 936.18 142.526 102.08 2838.08 damaging 

bush_dog_16 928.95 227.079 29.737 2838.08 damaging 

bush_dog_313 911.55 228.342 34.079 2838.08 damaging 

bush_dog_315 912.82 228 33.79 2838.08 damaging 

bush_dog_338 909.03 227.789 33.079 2838.08 damaging 
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              Table 2-S6. Candidate genes for positive selection in the bush dog, as identified by the 

branch-site test in PAML4 (Yang, 2007). Q values were determinate after a multiple 

hypothesis-testing correction of two foreground branches (bush dog and maned wolf) 

and 17,185 genes. The top 20 genes are shown. The gene associated with limb 

elongation is shown in bold. 

Ensembel_ID GeneSymbol Pvalue Qvalue 

ENSCAFG00000019513 MAPK8IP3 5.71E-07 0.00631248 

ENSCAFG00000003587 TRAF1 5.93E-06 0.02536113 

ENSCAFG00000000814 HLA-DQB2 1.85E-05 0.0632959 

ENSCAFG00000028925 NDUFAF8 3.20E-05 0.09123733 

ENSCAFG00000015765 TFE3 5.41E-05 0.13221267 

ENSCAFG00000019737 KCNT1 8.02E-05 0.17149768 

ENSCAFG00000003181 N/A 0.00010989 0.20887647 

ENSCAFG00000017618 DRP2 0.00024554 0.38185934 

ENSCAFG00000008863 SCAF4 0.00027261 0.38862827 

ENSCAFG00000030681 N/A 0.00036163 0.47587726 

ENSCAFG00000003434 VAX2 0.00053129 0.57534564 

ENSCAFG00000030605 N/A 0.00053629 0.57534564 

ENSCAFG00000000231 B4GALT7 0.00054806 0.57534564 

ENSCAFG00000009270 PEBP4 0.00069065 0.62184305 

ENSCAFG00000031187 FGF12 0.00074199 0.63465944 

ENSCAFG00000005990 C15H12ORF50 0.0007999 0.6516097 

ENSCAFG00000029971 OTUD6B 0.0009485 0.70701452 

ENSCAFG00000031487 N/A 0.00095772 0.70701452 

ENSCAFG00000018673 SMARCA1 0.00102471 0.70701452 

ENSCAFG00000001299 ZC3H3 0.00103322 0.70701452 
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Table 2-S7. Candidate genes for positive selection in the maned wolf, as identified by 

the branch-site test in PAML4 (Yang, 2007). Q values were determinate after a 

multiple hypothesis-testing correction of two foreground branches (bush dog and 

maned wolf) and 17,185 genes. The top 20 genes are shown. 

Ensmebl_ID GeneSymbol Pvalue qvalue 

ENSCAFG00000004101 BICRA 2.07E-08 0.00035604 

ENSCAFG00000010121 CD81 4.43E-05 0.239424 

ENSCAFG00000005853 PPP1R27 6.87E-05 0.239424 

ENSCAFG00000018235 N/A 6.96E-05 0.239424 

ENSCAFG00000019084 NDC1 0.00010119 0.290078 

ENSCAFG00000001554 BOP1 0.00014016 0.33940932 

ENSCAFG00000006785 N/A 0.00017288 0.33940932 

ENSCAFG00000017805 REC114 0.00018369 0.33940932 

ENSCAFG00000016111 FOXK1 0.00019733 0.33940932 

ENSCAFG00000011857 SLAMF9 0.0002204 0.34462389 

ENSCAFG00000001372 SCRIB 0.0004468 0.57128844 

ENSCAFG00000009628 GOLT1A 0.00055128 0.57128844 

ENSCAFG00000030346 N/A 0.0005755 0.57128844 

ENSCAFG00000005759 NPLOC4 0.00061634 0.57128844 

ENSCAFG00000031920 N/A 0.00064069 0.57128844 

ENSCAFG00000024210 N/A 0.00066799 0.57128844 

ENSCAFG00000010729 MRGPRF 0.00067789 0.57128844 

ENSCAFG00000001416 GLDC 0.00071138 0.57128844 

ENSCAFG00000010839 LYPLAL1 0.00071388 0.57128844 

ENSCAFG00000028856 N/A 0.00077641 0.57128844 
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Table 2-S8. Polygenetic signals of selection in maned wolf’s biological pathways. For each pathway and 

the branch of the maned wolf, the ΔlnL4 values of the genes in different sets were calculated (Methods). 

The significance of each score was compared against a null distribution of random gene sets of the same 

size. The most significant pathway in the maned wolf was Butanoate metabolism (bolded), which is 

related to the energy intake from fruit fiber. 

setID setSize setScore setP setQ setName 

19 20 10.0479332 0.000497 0.01060714 Butanoate metabolism 

27 14 4.6603052 0.09393177 0.71557709 regulation of insulin secretion  

73 118 29.3100398 0.0962984 0.71557709 spermatogenesis 

39 39 10.9415378 0.09708172 0.71557709 Bile secretion 

34 19 5.86964581 0.1050979 0.71557709 

Proximal tubule bicarbonate 

reclamation 

42 30 8.25221796 0.14157146 0.76062436 Fat digestion and absorption 

63 16 4.64562399 0.16719443 0.76062436 sensory perception of bitter taste 

6 19 5.28137777 0.18489384 0.76062436 Inositol phosphate metabolism,  

24 22 5.8305167 0.21159295 0.77857962 Galactose metabolism 

14 10 2.70179973 0.27463627 0.8902873 Pentose phosphate pathway 

36 34 8.0539239 0.30118494 0.8902873 Salivary secretion 

17 19 4.46382865 0.34743263 0.8902873 Propanoate metabolism 

18 10 2.33599555 0.36848158 0.8902873 Pyruvate metabolism 

31 30 6.32340062 0.46627669 0.8902873 

Vasopressin-regulated water 

reabsorption 

16 10 2.02903521 0.47887606 0.8902873 Pentose phosphate pathway 

11 19 3.95067003 0.48037598 0.8902873 Citrate cycle (TCA cycle) 

41 50 10.4343825 0.49042548 0.8902873 Protein digestion and absorption 

9 28 5.79945465 0.49242538 0.8902873 

Amino sugar and nucleotide sugar 

metabolism 

23 21 4.26092895 0.50514949 0.8902873 

Valine, leucine and isoleucine 

degradation 

8 51 10.5694061 0.51124888 0.8902873 Phosphatidylinositol signaling system 

37 21 4.09006386 0.55224478 0.90233566 Gastric acid secretion 

44 23 4.21779575 0.61633837 0.90233566 Mineral absorption 

10 10 1.61389951 0.63333667 0.90233566 Fructose and mannose metabolism 

26 53 10.0150271 0.66423358 0.90233566 Vascular smooth muscle contraction 

32 15 2.40000638 0.68293171 0.90233566 

Aldosterone-regulated sodium 

reabsorption 

25 21 3.22233702 0.77252275 0.90233566 Fatty acid metabolism 

3 52 9.03726468 0.77692231 0.90233566 Adipocytokine signaling pathway 

20 42 6.94746229 0.7960204 0.90233566 ErbB signaling pathway 

38 14 1.86028447 0.79612039 0.90233566 Pancreatic secretion 

22 83 14.5817489 0.82381762 0.90233566 mTOR signaling pathway 

1 32 4.89266487 0.82881712 0.90233566 Insulin signaling pathway 

43 15 1.91973312 0.82891711 0.90233566 Vitamin digestion and absorption 
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33 20 2.55019202 0.86351365 0.90233566 

Endocrine and other factor-regulated 

calcium reabsorption 

2 14 1.56728725 0.86671333 0.90233566 Glycolysis / Gluconeogenesis 

35 10 0.90679163 0.87051295 0.90233566 Collecting duct acid secretion 

45 16 1.72343607 0.89881012 0.90629679 Melanogenesis 
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Table 2-S9. Polygenetic signals of selection in the bush dog’s biological pathways. For each pathway and 

the branch of the bush dog, the ΔlnL4 values of the genes in different sets were calculated (Methods). The 

significance of this score was compared against a null distribution of random gene sets of the same size. 

setID setSize setScore setP setQ setName 

70 15 7.7269093 0.004717 0.15789448 sensory perception of bitter taste 

11 20 7.72151245 0.04229965 0.48412229 cholesterol homeostasis 

23 11 4.37578306 0.0862819 0.51508114 glutamine metabolic process 

4 70 19.8530302 0.13384665 0.51508114 lipid transport 

5 24 7.43698281 0.16577086 0.51508114 unsaturated fatty acid metabolic process 

52 20 4.91918154 0.43417829 0.84746342 

positive regulation of lipid biosynthetic 

process 

56 11 2.65399489 0.4579271 0.84746342 sensory perception of taste 

3 41 9.62180346 0.52794721 0.84981589 cellular lipid catabolic process 

6 19 2.96092298 0.84091591 0.99339772 regulation of lipid biosynthetic process 

32 15 2.03512374 0.87091291 0.99339772 

regulation of the fatty acid metabolic 

process 

1 22 2.76604225 0.94650535 0.99339772 regulation of lipid metabolic process 

34 19 1.96879644 0.96350365 0.99339772 

positive regulation of lipid metabolic 

process 

2 30 2.84398229 0.99440056 0.99339772 fatty acid metabolic process 
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Table 2-S10. Polygenetic signals of selection in different canids’ biological pathways. We calculated the 

ΔlnL4 values of the genes for each pathway and the branch of the coyote, gray wolf, dhole, and African 

wild dog (see Methods). The significance of this score was compared against a null distribution of random 

gene sets of the same size. 

Genome setID setSize setScore setP setQ setName 

African wild 

dog 1819 371 131.398984 0.000423 0.31873598 Olfactory transduction 

African wild 

dog 1009 78 31.7263022 0.00783436 0.99706243 

Class I MHC mediated 

antigen processing & 

presentation 

African wild 

dog 31 17 9.60770042 0.01201426 0.99706243 Butanoate metabolism 

African wild 

dog 1393 13 7.92041778 0.01287945 0.99706243 Pyrimidine metabolism 

African wild 

dog 654 16 9.0217327 0.01419718 0.99706243 

Endosomal Sorting 

Complex Required For 

Transport (ESCRT) 

Dhole 32691 375 87.8833681 0.000493 0.9907233 Olfactory transduction 

Dhole 24494 10 6.04757047 0.00109 0.99436894 

negative regulation of 

innate immune response 

Dhole 2774 26 9.6684108 0.0052642 0.99436894 Autophagy - other 

Dhole 19037 15 6.5676932 0.00614999 0.99436894 

aminoglycan catabolic 

process 

Dhole 3443 11 4.896259 0.01316407 0.99436894 

Selenocompound 

metabolism 

Gray wolf 1716 75 12.2017602 0.000751 0.45658585 

ECM-receptor 

interaction 

Gray wolf 1868 41 8.09818742 0.000984 0.45658585 Type II diabetes mellitus 

Gray wolf 666 42 6.90991326 0.00725796 0.89423671 

Golgi Associated 

Vesicle Biogenesis 

Gray wolf 1113 18 3.90839539 0.00925635 0.89423671 DNA strand elongation 

Gray wolf 1758 28 5.07223123 0.01059789 0.89423671 

Mucin type O-glycan 

biosynthesis 
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Table 2-S11. Bush dog scores of private alleles (SinglBySeg) at regions flanking 39,704 transcripts. 

SinglBySeg column represents the proportion of private alleles in bush dogs divided by the average of 

segregation sites among other canids (see methods for details). The top 20 Candidate genes are shown. 

The genes related to bone elongation are shown in red.  

chromo Start End SinglBySeg 

Sites 

Passing EnsemblID Gene 

chr14 7814773 7815773 3.611111 661 ENSCAFG00000001585 FLNC 

chr15 41275699 41276699 2.6 959 ENSCAFG00000007304 IGF1 

chr31 34355444 34356444 2.6 604 ENSCAFG00000029475 B3GALT5 

chr33 18571299 18572299 2.51875 755 ENSCAFG00000010823 ZBTB20 

chr07 28137504 28138504 2.47619 802 ENSCAFG00000015002 PRRX1 

chr03 19850617 19851617 2.363636 965 ENSCAFG00000008302 MEF2C 

chr16 27257586 27258586 2.26087 501 ENSCAFG00000006099 DDHD2 

chr32 24857235 24858235 2.166667 742 ENSCAFG00000010855 TACR3 

chr06 17449879 17450879 2.166667 664 ENSCAFG00000016640 N/A 

chr32 24857235 24858235 2.166667 742 ENSCAFG00000010855 TACR3 

chr11 21219637 21220637 1.925926 565 ENSCAFG00000000930 AFF4 

chr26 30082470 30083470 1.925926 579 ENSCAFG00000014833 DGCR2 

chr15 18315887 18316887 1.902439 956 ENSCAFG00000005511 RPGRIP1 

chr15 18181960 18182960 1.882759 740 ENSCAFG00000005493 ZNF219 

chr11 52518271 52519271 1.833333 546 ENSCAFG00000002281 RECK 

chr18 46299919 46300919 1.813953 989 ENSCAFG00000010090 IGF2 

chr20 50487161 50488161 1.813953 574 ENSCAFG00000017651 DNM2 
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Table 2-S12. Maned wolf scores of private alleles (SinglBySeg) at 1kb windows flanking 39,704 

transcripts. SinglBySeg column represents the proportion of private alleles in the maned wolf divided 

by the mean of segregation sites among other canids (see methods for details). The top 20 candidate 

genes are shown. The genes related to bone elongation are shown in red.  

chromo Start End 

SinglBySe

g 

Sites 

Passin

g EnsemblID Gene 

chr20 8722345 8723345 3.25 998 

ENSCAFG000000054

86 SETD5 

chr12 23936471 23937471 2.666667 750 

ENSCAFG000000024

13 DST 

chr03 64867819 64868819 2.409756 532 

ENSCAFG000000153

45 CC2D2A 

chr14 40348900 40349900 2.166667 616 

ENSCAFG000000029

63 HOXA10 

chr11 3505713 3506713 2 767 

ENSCAFG000000002

31 B4GALT7 

chr02 21120659 21121659 1.890909 579 

ENSCAFG000000046

56 ITGA8 

chr17 39418364 39419364 1.772727 949 

ENSCAFG000000076

58 SFTPB 

chr30 38284938 38285938 1.733333 584 

ENSCAFG000000180

10 SIN3A 

chr12 511945 512945 1.666667 584 

ENSCAFG000000004

43 N/A 

chr23 1562844 1563844 1.659574 597 

ENSCAFG000000043

89 ABHD12 

chr34 33807613 33808613 1.63913 961 

ENSCAFG000000146

21 MECOM 

chr04 71697274 71698274 1.625 761 

ENSCAFG000000186

95 NIPBL 

chr01 116756289 116757289 1.591837 709 

ENSCAFG000000066

97 N/A 

chr10 308502 309502 1.5 986 

ENSCAFG000000000

80 PMEL 

chr26 22725593 22726593 1.493243 654 

ENSCAFG000000122

43 NEFH 

chr32 12313144 12314144 1.474627 950 

ENSCAFG000000098

40 FAM13A 

chr11 21218186 21219186 1.4625 828 

ENSCAFG000000009

30 AFF4 

chr12 2954835 2955835 1.460674 907 

ENSCAFG000000010

22 BAK1 
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Table 2-S13. Candidate genes for positive selection in the bush dog, as identified by the 

branch-site test in PAML4 (Yang, 2007). Q values were determinate after a multiple 

hypothesis-testing correction of one foreground branch (bush dog) and 1,384 genes associates 

to limb development. The top 10 genes are shown. The gene associated with limb elongation 

is shown in bold.  

Ensmebl_ID GeneSymbol Statistic Pvalue qvalue 

ENSCAFG00000000231 B4GALT7 11.944604 0.00054806 0.44392522 

ENSCAFG00000029971 OTUD6B 10.925502 0.0009485 0.44392522 

ENSCAFG00000000678 ZFPM2 10.42446 0.00124357 0.44392522 

ENSCAFG00000019791 SLC6A17 10.131658 0.00145744 0.44392522 

ENSCAFG00000011087 DKK2 9.446112 0.00211597 0.44392522 

ENSCAFG00000031248 FAM111A 9.352802 0.00222645 0.44392522 

ENSCAFG00000018794 DNAJC21 9.336036 0.00224691 0.44392522 

ENSCAFG00000020074 N/A 9.022966 0.00266608 0.46089927 

ENSCAFG00000018557 ADAMTS10 8.540634 0.00347305 0.51097231 

ENSCAFG00000017717 BBS4 8.428098 0.00369467 0.51097231 

ENSCAFG00000008199 FMN1 7.748294 0.00537633 0.61962215 

ENSCAFG00000008199 FMN1 7.748294 0.00537633 0.61962215 

ENSCAFG00000011318 ANOS1 7.017254 0.00807279 0.85882109 

ENSCAFG00000020303 CDH3 4.40933 0.03574288 1 

ENSCAFG00000009983 ZNF423 3.339578 0.06763195 1 

ENSCAFG00000001179 WNT3A 3.293002 0.06957571 1 

ENSCAFG00000015654 PAPSS2 3.07337 0.07958434 1 

ENSCAFG00000012877 WDR73 3.04937 0.08076847 1 

ENSCAFG00000005190 SEPTIN9 2.910724 0.08799237 1 

ENSCAFG00000011801 PHACTR4 2.854708 0.09110678 1 
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Table 2-S14. Set of fossil calibration priors (minimum and maximum node ages) used for the MCMCTree 

analyses, as inferred by PAML (Yang, 2007). The divergence time estimates are shown in Figure 2-1 and 2-

2a. 

Node 

on tree Node 

Node 

minimum 

age(Ma) 

Node 

maximum 

age(Ma) 

  

Evidence 

Taxon 

Search 

Number 

of studies 

Prior 

model 

1 

Canini - 

Vulpini 

split 7.8 16.9 

(Eizirik et 

al., 2010); 

TimeTree.

org 

Canis 

versus 

Urocyon+V

ulpes/Lycao

n versus 

Urocyon+V

ulpes 17 Lognormal 

2 

TMRCA 

crown 

Cerdocyo

nina 4.5 9.6 

TimeTree.

org 

Lycaon 

versus 

Chrysocyon 6 Lognormal 

3 

TMRCA 

crown 

Lycalopex  2.51 5.92 

TimeTree.

org 

Cerdocyon 

(+Atelocyn

us) versus 

Lycalopex 6 Lognormal 

4 

Lycalopex 

culpaeus - 

L. 

sechurae 

split 1.25 2.3 

TimeTree.

org 

Lycalopex 

culpaeus 

versu L. 

sechurae 7 Lognormal 
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Chapter III, Whole-genome analysis reveals the diversification of rails (Aves: Rallidae) in 

Galapagos and confirms the success of multiple goat eradication programs 

 

Abstract 

 

Similar to other insular birds around the world, the Galapagos rail (Laterallus spilonota Gould, 

1841) became flightless following its colonization of the archipelago ~1.2 mya. Despite their 

short evolutionary history and lack of flight capability, rails have colonized seven different 

islands spanning the entire width of the archipelago. To date, it is uncertain how the geological 

history of the Galapagos Islands has shaped the diversification of rails. Galapagos rails were 

once common on islands with sufficiently high altitudes to support a humid habitat. However, 

after humans introduced goats to some islands , this habitat was severely reduced due to 

overgrazing. Habitat loss devastated some rail populations, with less than 50 individuals 

surviving. Due to this recent history of sharp population decline, the genetic diversity of 

Galapagos rails is a pressing conservation concern. Additionally, one enigma is the reappearance 

of rails on the island of Pinta after they were considered extinct. We analyzed a total of 39 whole 

genomes of Galapagos rails to investigate their evolutionary history and the genome-wide effects 

of population bottlenecks. We found that the separation of the landmass joining Santiago and 

Santa Cruz island populations with Isabela island ~400 kya may have led to the isolation of the 

Isabela population. Subsequently, rails migrated from this landmass to colonize the island of 

Pinta, where they have been genetically isolated ever since. Finally, our findings show that the 

eradication of goats was critical to avoiding episodes of severe inbreeding in most populations. 

One implication of our findings is that the remnant Santa Cruz population, where 40% of 

captured individuals had a kinship coefficient of 0.25, or sibling-level, may suggest the potential 

for inbreeding depresssion.  
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Introduction 

 

The Galapagos archipelago is an excellent system for studying patterns of evolution due 

to its well-defined geological history and isolation from mainland South America (Garcia-R and 

Matzke, 2021, Holland and Hadfield, 2004, Poulakakis et al., 2012, Black, 1974, Grant and 

Grant, 2008). Aside from dispersion among islands, the second-most common mode of 

diversification in the Galapagos is vicariance, the subdivision of widespread ancestral 

populations caused by an environmental barrier (Arbogast et al., 2006, Caccone et al., 2002, 

Parent and Crespi, 2006, Poulakakis et al., 2020, Poulakakis et al., 2012, Steinfartz et al., 2009). 

Specifically, ~0.4 million years ago, several islands in the central region of the archipelago were 

connected, constituting a single landmass (Geist et al., 2014, Karnauskas et al., 2017, Schwartz 

et al., 2018). Rising sea levels over time resulted in the isolation of these islands from one 

another and led to the diversification of current lineages of giant tortoises, mockingbirds, 

vermilion flycatchers, and others (Poulakakis et al., 2012, Arbogast et al., 2006, Carmi et al., 

2016).   

 

Among the avifauna that inhabit the archipelago, the Galapagos rail (Laterallus 

spilonota) represents an excellent model species for investigating the role of island 

diversification. The species originated in the Galapagos from a single volant ancestor that arrived 

from mainland South America ~1.2 mya (Chaves et al., 2020). This suggests that the ancestral 

population was able to disperse to the majority of the islands (Geist et al., 2014, Karnauskas et 

al., 2017, Schwartz et al., 2018, Poulakakis et al., 2012). Additionally,  the breakup of the 

previous central landmass of the archipelago might have influenced the pattern of diversification 
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of the Galapagos rail (Geist et al., 2014, Karnauskas et al., 2017, Schwartz et al., 2018). 

Critically, similar to other insular birds around the world, rails became flightless subsequent to 

their arrival (Slikas et al., 2002, Garcia-R and Matzke, 2021, Wright et al., 2016), which may 

have facilitated further genetic differentiation and diversification due to their limited capacity for 

dispersion. 

 

A major concern in isolated oceanic islands is the impact of invasive species on native 

biodiversity. Numerous flightless birds around the world, including rails, have gone extinct due 

to species introductions by humans (Diamond, 1984, Olson and James, 1982, Steadman, 1995, 

Duncan and Blackburn, 2004). The Galapagos rail was once common on islands characterized by 

humid environments and dense ground vegetation at high elevations (Franklin et al., 1979, 

Rosenberg, 1990, Donlan et al., 2007). When goats were first introduced to the Galapagos 

islands in 1959 (Hoeck, 1984), their population rapidly grew to at least 20, 000 individuals by 

1970 (Weber, 1971). Consequently, goats drastically reduced the highland vegetation through 

overgrazing (Hamann, 1979, Campbell et al., 2004). As a consequence, rail populations were 

extirpated from the islands of San Cristobal and Floreana (Rosenberg, 1990, Chaves et al., 2020, 

Gibbs et al., 2003). Populations from Isabela and Santiago were devastated, with less than 25 

individuals estimated to have survived on each island (Donlan et al., 2007, Rosenberg, 1990). On 

Pinta, rails completely disappeared when goats peaked in population size around 1970 (Franklin 

et al., 1979). Only after the implementation of goat eradication programs starting in the 1970s 

did the population size of rails begin to increase (Gibbs et al., 2003, Donlan et al., 2007). The 

Santiago population increased from 23 to 233 individuals within a span of 18 years (Donlan et 

al., 2007). Likewise, rails on Pinta became abundant following goat extirpation (Franklin et al., 
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1979, Donlan et al., 2007). Despite their recovery, rail populations could still be at risk due to the 

erosion of genetic diversity and accumulation of harmful genomic mutations during periods of 

small population size (Lynch et al., 1995, Lynch and Gabriel, 1990, Charlesworth and Willis, 

2009). It has been shown that such deleterious variants could have detrimental effects on the 

fitness of individuals, affecting reproductive success or compromising the immune system in 

wild populations (Dobrynin et al., 2015, Johnson et al., 2010, Wayne et al., 1991, Charlesworth 

and Willis, 2009). Therefore, inbreeding remains a conservation concern, as it could lead to 

population decline, from which the species may never recover (Peterson et al., 2014). 

 

Another major puzzle is the reappearance of rails on the island of Pinta after they were 

considered extinct (Rosenberg, 1990, Franklin et al., 1979, Chaves et al., 2020). It is uncertain 

whether the current population represents a recolonization event from a nearby island, or a relic 

population that survived undetected. Understanding the reappearance of rails on this island is 

critical for conservation management (Chaves et al., 2020). Specifically, such a relic population 

could be experiencing inbreeding due to a sharp and extended population bottleneck. 

Furthermore, surviving populations could possess unique adaptive alleles, which could 

ultimately increase the probability of survival in changing environments (Smith et al., 2014). The 

population could also serve as a source for conservation management, i.e. genetic rescue 

(Johnson et al., 2010, Hogg et al., 2006, Smith et al., 2014). Here, we aimed to investigate: 1) the 

diversification of rails in the Galapagos Islands; 2) the effect of island isolation and goat 

introduction on genic diversity and genetic differentiation among rails; and 3) the origins of the 

reappearance of rails on the island of Pinta. To accomplish these goals, we analyzed 
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phylogenetic relationships, patterns of genome-wide diversity, and deleterious variation by 

sequencing 39 whole genomes of endemic Galapagos rails. 

 

Results 

 

Phylogenetic and biogeographic history  

 To provide an evolutionary framework for the biogeographic history of Galapagos rails, 

we reconstructed a consensus phylogenetic tree of 39 individuals representing all extant island 

populations (Table 3-S1). We first mapped reads from Galapagos rail genomes to the 

Inaccessible Island rail (Atlantisia rogersi) reference genome assembly, a species endemic to the 

Tristan da Cunha archipelago in the southern Atlantic Ocean (Stervander et al., 2019). This 

reference assembly had a mean coverage of 41x, a total length of 1.168 Gbp and a contig and 

scaffold N50/L50 of 36,904 bp/8,087 bp 

(https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1). For all Galapagos rail samples, 

we found that more than 96% of reads successfully mapped to the Inaccessible Island rail (Table 

3-S1). We then extracted 6,540 alignments of 25kb windows from these mapped genomes. We 

used maximum likelihood to construct independent phylogenetic trees from each of these 

windows. To account for phylogenetic discordance among these trees, we generated a consensus 

phylogenetic tree with ASTRAL-III (Zhang et al., 2018; Figure 3-1a). Our species tree showed 

that samples from Isabela and Pinta formed independent monophyletic clades (Figure 3-1a). The 

latter population was sister to a third clade that included samples from Santiago and Santa Cruz. 

These island populations were not reciprocally monophyletic (Figure 3-1a). 

 

To elucidate the biogeographical history of rails in the Galapagos Islands, we used the R 

package BioGeoBEARS (Matzke, 2013). This tool estimates the maximum-likelihood 



  145 

distribution of hypothetical ancestors (internal nodes) by modeling shifts between different 

geographical ranges along the phylogeny. First, we tested three different models: dispersal-

Extinction-Cladogenesis (DEC); dispersal vicariance analysis (DIVALIKE); and the Bayesian 

analysis of biogeography (BAYAREALIKE). Additionally, we tested the same three models plus 

a founder effect parameter on each model named “J”: DEC+J, DIVALIKE +J, and 

BAYAREALIKE+J (Matzke, 2013). Among six different models tested, the BAYAREALIKE 

was the one that best fit our data, showing a corrected AIC 45% higher than the other five 

models (Table 3-S2). This model assumes episodes of geographical dispersion, contraction, and 

range switch of an ancestral population without speciation. According to this model, rails had a 

relatively large geographical range that contracted into smaller isolated areas. Specifically, there 

is a 47% probability that Galapagos rails originally occurred across a geographical range that 

included Isabela, Santa Cruz, and Santiago (see pie charts in Figure 3-1a). This ancestral 

distribution then contracted and populations split into two different areas. One occurred on Santa 

Cruz and Santiago and the other occurred on Isabela (Figure 3-1a and 3-1b). Each of this two 

ancestral ranges were recovered with 100% probability. Following this range split, there was a 

100% probability that an ancestral population dispersed to the geographically isolated island of 

Pinta (Figure 3-1a and 3-1b).  

 

Population structure and admixture  

We investigated the amount of genetic differentiation among Galapagos rail populations 

by calculating the mean pairwise FST between islands using 10,274 SNPs pruned for linkage 

disequilibrium from an original set of 651,558 SNPs. We found that rails from Pinta were the 

most differentiated population relative to other islands, with a pairwise FST ranging from 0.108 
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with Santa Cruz to 0.115 with Isabela. Individuals from Isabela were the second-most 

differentiated population with an FST ranging from 0.035 with Santa Cruz to 0.115 with Santiago. 

Rail populations from Santiago and Santa Cruz islands had the lowest FST value of 0.001 We 

found some degree of association between FST and geographical distance between islands. 

Specifically, values of FST increased with distance between populations (Figure 3-S1). 

To assess the level of population structure among island populations, we used the 10,274 

SNPs to conduct a principal component analysis (PCA). To avoid including related individuals in 

the PCA analysis, we used an identity-by-descent method with PLINK (Purcell et al., 2007) and 

removed one individual from a pair that had a kinship coefficient > 0.2 from Isabela and four 

related individuals from Santa Cruz (kinship scores > 0.2; see methods for details). We found 

that the Pinta population was clearly distinguished from the other three populations (Santiago, 

Santa Cruz, and Isabela) along PC1. This component represented 7.7 % of the variance, 

separating samples between the northern and southern islands (Figure 3-2a and 3-2b). PC2 

separated the Isabela population, located in the west region of the Galapagos, from islands in the 

east (Santiago, Santa Cruz, and Pinta) with 5.1% of the variance explained (Figure 3-2a and 3-

2b). Populations from Santiago and Santa Cruz cluster together on both PCs (Figure 3-2a), 

indicating low levels of population structure between these islands. To better elucidate any 

possible pattern of genetic differentiation between Santiago and Santa Cruz, we excluded from 

the PCA individuals from Pinta, the most divergent population (Figure 3-S2). Nonetheless, 

samples from these islands still overlapped on both PC1 and PC2. Additional PCs showed 

similar results, which confirm a lack of population structure among the Santiago and Santa Cruz 

populations.  
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To further investigate the genetic clustering of Galapagos rails, we used the program 

fastStructure (Raj et al., 2014) using values of k from 1 to 10.  The different k values tested had 

similar marginal likelihoods (Table 3-S3). At k=2, we found individuals from Pinta separating 

from another group composed of individuals from Isabela, Santiago, and Santa Cruz (Figure 3-

2c). These two genetic clusters were observed from k=3 to k=4 (Figure 3-S3a). At k=5 (Figure 3-

2c) and k=6 (Figure 3-S3a), individuals from Isabela formed an additional cluster. Within this 

group, four samples have a relatively high assignment (>20%) to a cluster that includes Santa 

Cruz and Santiago (see k=5 in Figure 3-2c). The other three individuals belong almost 

exclusively to the Isabela cluster with a 98% of assignment to this group (see k=5 in Figure 3-

2c). These results suggest a signal of mixed ancestry among rails sampled on the island of 

Isabela (Figure 3-2c).  

We investigated admixture in Galapagos rails using TreeMix (Pickrell and Pritchard, 

2012), which uses whole genome allele frequencies to discover the best population tree as well 

as to infer gene flow between different populations. Similar to the ASTRAL-III tree in Figure 3-

1a, TreeMix showed that the Santiago and Santa Cruz rail populations are closely related (Figure 

3-2d). In contrast, Pinta and Isabela were recovered as independent populations (Figure 3-2d). 

The former population was the most divergent as evidenced by a relatively long branch in the 

tree. Notably, this branch reached a drift score of 0.05 which was five times greater than the 

score of other populations at ~0.01 (see branch length in Figure 3-2d). Importantly, we found 

evidence of admixture from the Isabela to Santiago population, as suggested by a migration 

weight value of 0.5 (Figure 3-2d). This score is obtained by comparing the standard error of a 

model without gene flow (migration edges = 0) with a model that allows for admixture 
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(migration edges > 0). A positive migration weight suggested that adding gene migration to the 

model reduced the stand error and improve the fit to the data (see Figure 3-S3b for details).   

Genetic diversity 

To understand how demographic history has shaped patterns of genetic variation among 

Galapagos rail populations, we examined heterozygosity in non-overlapping 100 kb windows 

across the genome of every sequenced individual (Figure 3-3a). We observed that genomes from 

different islands had high heterozygosity throughout (Figure 3-3a). Also, we observed only a few 

long stretches which seemed to be depleted of heterozygosity (Figure 3-3a). The level of 

genome-wide heterozygosity was similar among individuals from different islands and ranged 

from 0.08 (heterozygosity/kb) on Pinta to 0.10 (heterozygosity/kb) on Isabela and Santiago 

(Figure 3-3b and Table 3-S4). 

To more precisely examine the regions across the genomes depleted of heterozygosity, 

we quantified the extent of runs of homozygosity (ROH) grouped into three different size 

categories using PLINK (Purcell et al., 2007; Figure 3-3b). Notably, long ROH (>2 Mb) are a 

likely consequence of recent close inbreeding due to sharp population declines, whereas ROH of 

a short (<0.5 Mb) and medium (0.5 - 2 Mb) length could reflect ancient population declines as 

there would be more time for recombination to break up long segments (Ceballos et al., 2018). 

ROH were three times higher in all categories in rails from Pinta relative to other islands (Figure 

3-3b and 3-3c), consistent with their lower level of heterozygosity (~ 0.08 heterozygosity/kb). 

The average total length of short ROH in the genome from Pinta was 52.4 Mb, which represents 

4% of the genome, whereas the average total length of medium ROH was 68 Mb which 

represents 5% of the genome (Figure 3-3b and 3-3c; Table 3-S4). Similarly, the total length of 
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long ROH fragments was ~13 Mb on average (Table 3-S4), which is two times longer than the 

ROH of rails from other islands and represents less than one percent of the genome (Figure 3-3b 

and 3-3c). Individuals with relatively higher heterozygosity (~ 0.10 heterozygosity/kb) included 

samples from Isabela, Santa Cruz, and Santiago (Figure 3-3b). These island populations had 

fewer small ROH (< 0.5 Mb), that on average ranged from 17.7 Mb in Isabela to 22.3 Mb in 

Santiago (Figure 3-3b and 3-3c; Table 3-S4) and represent less than 2% of the genome. In these 

populations, medium ROH (0.5-2 Mb) are also infrequent and represent only 2% of the genomes 

with values ranging from 16.6 Mb in Isabela genomes to 24.8 Mb in Santiago genomes (Figure 

3-3b and 3-3c; Table 3-S4). Also, a few long ROH (>2 Mb) were observed for these individuals, 

with a total length ranging from 1.5 Mb in genomes from Isabela to 4 Mb in Santa Cruz genomes 

(Figure 3-3b and 3-3c; Table 3-S4). The exception was one individual from Santiago (LS50), 

which had more ROH in the three size categories (Figure 3-3b and Table 3-S4). Overall, our 

results suggest that recent population declines and inbreeding may have been more pronounced 

in rails on Pinta than those of other islands. 

Deleterious variation 

To investigate the effects of demography on deleterious variation in rails, we analyzed 

evidence for the accumulation of deleterious variants as a result of population declines using 

SnpEff (Cingolani et al., 2012). We annotated mutations in protein-coding regions of the genome 

as synonymous (as a proxy of neutrality), missense (nonsynonymous amino acid substitution), or 

loss of function (LOF; e.g., premature stop codon). The latter category is expected to have a 

higher impact on the phenotype since the function of the protein could be affected, so we 

regarded LOF mutations as probable deleterious mutations. We found that each population had 
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similar proportions of homozygous-derived genotypes for each mutation type (synonymous, 

missense mutation, and LOF; Figure 3-4). For instance, the proportion of homozygous derived 

genotypes under the loss of function category was ~0.55 for Isabela, Pinta, Santiago and Santa 

Cruz populations. This suggests that inbreeding in Pinta, as suggested by their relatively long 

stretches of ROH that total ~13 Mb, have not increased their proportion of homozygous-derived 

genotypes with respect to the proportion of such genotypes from other populations (Figure 3-4). 

 

Discussion 

We reported a large-scale population genomic analysis of Galapagos rails from the 

islands of Pinta, Isabela, Santiago, and Santa Cruz. Our reconstruction of historic geographic 

ranges of the different populations included a combination of dispersal and contraction events, 

reflecting the separation of a central landmass ~400 kya (Geist et al., 2014, Karnauskas et al., 

2017, Schwartz et al., 2018). We found that the Isabela population was the first to split from this 

landmass (Figure 3-1a-c). Importantly, the island of Pinta has been historically isolated (Black, 

1974), which suggests that rails migrated from the central landmass to colonize this island (Geist 

et al., 2014, Karnauskas et al., 2017, Schwartz et al., 2018). The Santa Cruz and Santiago 

populations were the last populations to diversify, which is consistent with the absence of 

population structure among these islands (Figure 3-2a and 3-2c). Conversely, the population of 

Pinta was the most divergent (Figure 3-2d), which confirms that this is a relic population that 

survived the introduction and overgrazing of their habitat by goats (Kramer and Black, 1970, 

Franklin et al., 1979, Hamann, 1979, Weber, 1971). This population has more long ROH than the 

other populations (Figure 3-3b and 3-3c), which suggests recent inbreeding. However, this 
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episode of inbreeding has not increased their proportion of deleterious mutations with respect to 

other islands (Figure 3-4), suggesting that Pinta population may not be experiencing inbreeding 

depression, which may explain their rapid recovery (Franklin et al., 1979, Donlan et al., 2007). 

Similarly, the recovery of other island populations following the eradication of goats may be 

related to the absence of severe inbreeding. 

Pattern of island diversification 

Similar to other species found on the Galapagos archipelago, ancestors of Galapagos rails 

likely first colonized San Cristobal, which is the closest island to the South American continent 

(Arbogast et al., 2006, Caccone et al., 2002, Parent and Crespi, 2006, Poulakakis et al., 2020, 

Poulakakis et al., 2012, Chaves et al., 2020). However, the subsequent events of diversification 

of rail populations have been uncertain (Chaves et al., 2020). Their diversification could have 

been influenced by island dispersion or geographic vicariance as found with numerous other 

endemic species in the Galapagos (Arbogast et al., 2006, Caccone et al., 2002, Parent and Crespi, 

2006, Poulakakis et al., 2020, Poulakakis et al., 2012, Steinfartz et al., 2009). Based on analyses 

of whole genome sequences, our results provide new insights into how rails diversified across 

the Galapagos archipelago. According to our biogeographical model, the ancestral geographical 

distribution of rails includes a single area that included the islands of Santiago, Santa Cruz, and 

Isabela. This distribution is consistent with current island proximity and geologic history (Black, 

1974, Geist et al., 2014, Karnauskas et al., 2017, Schwartz et al., 2018), as the three central 

islands were once a single landmass that began to separate ~400 kya (Figure 3-1b and 3-1c) with 

rising sea levels (Schwartz et al., 2018, Poulakakis et al., 2012). The ancestral lineage from this 

united landmass became the present-day populations of Isabela, Santiago, and Santa Cruz, 
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probably through vicariance (Figure 3-1b). Interestingly, this model of lineage diversification has 

been shown for Galapagos tortoises (Chelonoidis niger complex) that diverged during the 

separation of this landmass (Poulakakis et al., 2020, Poulakakis et al., 2012). Tellingly, vermilion 

flycatchers (Pyrocephalus nanus) showed a pattern of genetic clustering remarkably similar to 

the genetic clusters we found among rails (Figure 3-1a). In both vermilion flycatchers and rails, 

there is evidence that populations from Isabela in the west split first, followed by Santa Cruz and 

Santiago populations in the east (Carmi et al., 2016). This splitting pattern suggests that Isabela 

may have been the first island to separate from the central region (Black, 1974, Schwartz et al., 

2018), creating the common diversification pattern observed in numerous lineages including rails 

(Poulakakis et al., 2020, Poulakakis et al., 2012, Carmi et al., 2016). Our biogeographical model 

further suggests a past colonization event from the central landmass to the geographically 

isolated island of Pinta (Schwartz et al., 2018, Poulakakis et al., 2012). Isolated islands are 

expected to be more genetically differentiated (Sendell-Price et al., 2021), which is consistent 

with our TreeMix results which places Pinta as the most divergent population (Figure 3-2d). 

Furthermore, ancient population bottlenecks are expected to be more pronounced in populations 

that went through a founder event (Sendell-Price et al., 2021, Quesada et al., 2019, Ceballos et 

al., 2018). Our results support this prediction as they show an overrepresentation of medium 

ROH in rails from Pinta (Figure 3-3b and 3-3c), which is an indicator of ancient population 

bottlenecks. 

To date, it is uncertain how flightless rails were able to colonize the island of Pinta, 

which is ~80 km from the central archipelago (Black, 1974). The loss of flight after island 

colonization is a common pattern in insular birds around the World (Slikas et al., 2002, Garcia-R 

and Matzke, 2021, Wright et al., 2016). However, the process of flightlessness is not 
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instantaneous and includes the progressive reduction of flight muscles followed by an 

enlargement of hind limbs (Olson, 1973, Wright et al., 2016) and includes changes in a variety of 

genes involved in developmental pathways (Burga et al., 2017). Therefore, it is possible that rails 

were volant for most of their evolutionary history and originally flew from the central 

archipelago to the north island of Pinta (White et al., 1993, Schwartz et al., 2018). Previous 

studies have reported that rails are capable of flying distances up to 30m, which suggests that 

loss of flight in rails may still be an ongoing process (Franklin et al., 1979). In other birds like 

Galapagos cormorants, the reduction of wings have make them completely flightless (Burga et 

al., 2017). Alternatively, the ancestral population or rails may have been flightless and arrived on 

the island by rafting like tortoises or floating on vegetation like insects (Sequeira et al., 2008, 

Caccone et al., 2002, Poulakakis et al., 2012, Quesada et al., 2019). These two non-volant modes 

of dispersion could explain the absence of population structure among the Santiago and Santa 

Cruz individuals (Figure 3-2a and 3-2c) as well the observed admixture between the Isabela and 

Santiago genomes (Figure 3-2d).  

Eradication of goats from Galapagos Islands: Did it work? 

In the Galapagos, rails from San Cristobal and Floreana were decimated by the introduction of 

goats and have not been seen since 1987 (Rosenberg, 1990). In contrast, rail populations from 

Pinta and Santiago recovered after the eradication of goats (Rosenberg, 1990, Donlan et al., 

2007). Despite the recovery of these populations, they could be at risk due to inbreeding 

depression following population bottlenecks (Charlesworth and Willis, 2009). Analogously, gray 

wolves (Canis lupus) on Isle Royale in North America originally increased from three to 15 

individuals, but due to inbreeding depression, wolf population size declined and has been 

struggling to recover ever since (Peterson et al., 2014, Robinson et al., 2019). Despite drastic 
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population declines recorded in the past for the Galapagos rail (Rosenberg, 1990, Donlan et al., 

2007), little is known about their genetic diversity (Chaves et al., 2020) or mutational load.  

We characterized genome-wide diversity in four different Galapagos rail populations and 

observed relatively high levels of heterozygosity across the genome (Figure 3-3a). Although we 

found evidence of long ROH within populations indicative of recent population declines and 

inbreeding (Figure 3-3b), these constituted less than 1% of the entire genome. Importantly, 

species with severe inbreeding show a dominance of long blocks of ROH across their genomes, 

and in some cases, ROH can span entire chromosomes (Kardos et al., 2018, Robinson et al., 

2019). Furthermore, rail populations that experienced sharp population declines due to habitat 

lost (e.g., Pinta) might be expected to have an overrepresentation of deleterious variants as 

observed in some populations of sea otters and wolves (Beichman et al., 2019, Robinson et al., 

2019). However, the proportion of homozygous-derived mutations, including LOF mutations, 

across the different island populations was similar (Figure 3-4).  

We hypothesize that the lack of severe inbreeding in rails on Pinta was due to the 

relatively short decrease in population size due to the presence of goats which reduced rail 

habitat. Goats remained at low elevation regions for approximately eight years (Hamann, 1979, 

Campbell et al., 2004). By the time goats moved to higher elevations and started to reduce 

ground vegetation around 1970, the goat eradication program had already been established on 

Pinta (Franklin et al., 1979). Another factor that could have mitigated population decline in rails 

could be the rapid recovery of their habitat (Hamann, 1979). Although goats completely cleared 

the ground vegetation in the highlands, the vegetation was reestablished in less than one year due 

to vegetative reproduction (Hamann, 1979). These plants can rapidly grow asexually from old 
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stems and rhizomes, as opposed to the plants in the lowlands which recovered relatively slowly 

due to phases of growing, flowering, and fruiting (Hamann, 1979). Both the rapid eradication of 

goats and the reestablishment of highland vegetation on Pinta most likely allowed rails to recover 

without experiencing severe inbreeding (Hamann, 1979, Campbell et al., 2004). 

The goat eradication programs on Santiago and Isabela were established 26 years after 

the program on Pinta. However, the relatively large habitat of these islands coupled with multiple 

rail subpopulations may have mitigated episodes of inbreeding (Rosenberg, 1990, Gibbs et al., 

2003, Donlan et al., 2007). Particularly, Isabela is 15 times larger in area than Pinta (Black, 

1974). There are six different volcanoes across Isabela with enough altitude to support suitable 

habitats for rails. Similar to Galapagos tortoises, rails living on different volcanoes could be 

genetically differentiated (Beheregaray et al., 2004). Therefore, gene flow from other 

populations might have restored the genetic variation to small populations in the south that were 

most affected by goat overgrazing (Rosenberg, 1990, Donlan et al., 2007, Carrion et al., 2011). 

The existence of different genetic units on Isabela is supported by the presence of rails at the 

Wolf volcano located in the north region of Isabela island (Rosenberg, 1990). The elimination of 

approximately 140,000 goats from Isabela may have also mitigated population decline and 

inbreeding in rails on this island (Carrion et al., 2011).  

In the case of Santiago, the elimination of 79,000 goats led to a 16-fold increase in rail 

population size (Carrion et al., 2011, Donlan et al., 2007). The extirpation of goats from Santiago 

could explain the lack of severe inbreeding observed among rails from this island. In contrast to 

Santiago, the eradication of goats in Santa Cruz was minimal, with just 1,700 goats eliminated. 

Previous surveys have reported a long-standing decline of rail populations on this island due to 

the presence of another invasive species, the Cinchona tree (Cinchona pubescens) that has 
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further reduced the rails’ suitable habitat (Gibbs et al., 2003, Rosenberg, 1990). Among the 11 

individuals captured and sequenced from Santa Cruz, 40% had a kinship coefficient of 0.25, a 

score expected for siblings and which could indicate the initiation of a severe episode of 

inbreeding. However, high levels of kinship coefficient may also reflect the nature of sampling 

which could disproportionately sample members of the same pedigree (Chaves et al., 2020). 

 

Evidence of a relic population in the island of Pinta 

Around 1970, the ground vegetation of the highland region of Pinta, which rails previously 

inhabited, was cleared due to overgrazing by goats (Weber, 1971). During two different surveys 

that year, no rails were detected on Pinta (Franklin et al., 1979, Kramer and Black, 1970). In 

1971, a goat eradication program was established, and surprisingly, just one year after this 

program had started, rails reappeared (Franklin et al., 1979). To date, it is uncertain whether rails 

recolonized Pinta from a nearby island or if relic populations from Pinta managed to survive 

(Chaves et al., 2020, Kramer and Black, 1970). Our findings suggest that the post-goat 

eradication population on Pinta is most likely a relic population. Specifically, our results from 

the PCA, Structure, and TreeMix analyses suggest that rails from Pinta are genetically divergent 

and have an evolutionary history largely independent of those on the other islands (Figure 3-1a 

and 3-2d). Our findings also suggest that rails remained unnoticed during previous surveys 

conducted by Kramer and Black (1970). Rails are elusive small birds and even big-sized species 

such as Galapagos tortoises had remained undetected on Pinta (Snow, 1964, Castro, 1969, 

Franklin et al., 1979). Tortoises were thought to be extinct in the 1960s after multiple attempts to 

find them (Snow, 1964, Castro, 1969). Ten years later, however, one specimen named 

“Lonesome George” was found by accident (Vagvolgyi, 1974).  
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Conclusion 

By generating and analyzing whole genome sequence data from 39 individuals, we have 

provided novel insight into the diversification and population history of Galapagos rails. Our 

results indicate that the separation of the Galapagos central landmass 400 kya played a critical 

role in the diversification of endemic species in the Galapagos, including the Galapagos rail 

(Poulakakis et al., 2012, Carmi et al., 2016, Schwartz et al., 2018, Poulakakis et al., 2020). The 

rails from Pinta are a long-term isolated population that survived an almost complete loss of 

habitat due to overgrazing by goats. Conservation efforts should focus on this relic population as 

it could have unique genomic signatures which could enhance the adaptation to the unique island 

environment of Pinta (Smith et al., 2014). Moreover, rails from Pinta are the most genetically 

divergent population. Therefore, the extinction of this small population would represent a 

significant loss of the genetic diversity for the entire species. Finally, we found that the 

extirpation of goats mitigated episodes of severe inbreeding among rail populations. One 

exception could be the population of Santa Cruz, where 45% of individuals analyzed had a 

kinship coefficient of 0.25, which indicates that these individuals are siblings. Goats have not 

been significantly eradicated from this island and the invasion of Cinchona trees may further 

affect rail populations in Santa Cruz. Therefore, we suggest that from a conservation perspective, 

rails from Santa Cruz island could be experiencing a severe episode of inbreeding. Additional 

samples are needed to further evaluate the status of this population, but at the moment, we 

suggest that rails from Santa Cruz could be at an especially high risk of extinction and 

elimination of goats from the island should be a high priority.  

 

Methods 

 

Sequencing Mapping and Genotype calling 
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We extracted genomic DNA from 39 samples of Galapagos rails from four different 

islands (Isabela, Santiago, Santa Cruz, and Pinta) using the Qiagen DNEasy kit (Qiagen, USA). 

Samples were selected based on sufficient quality and quantity of genomic DNA with a DNA 

fluorometer (Qubit 2.0), a NanoDrop spectrophotometer (ThermoFisher, USA), and gel 

electrophoresis. We generated short insert (150 bp) libraries from these extractions using TruSeq 

Nano PCR-Free kit (Illumina, USA) and then conducted whole-genome sequencing on these 

libraries using the Novaseq 6000 sequencer (Illumina, USA) with 150 bp paired-end reads at the 

Vincent J. Coates Genomics Sequencing Laboratory, University of California, Berkeley.  

 

Raw sequencing reads were processed and filtered using a modified pipeline from the 

Genome Analysis Toolkit (GATK) best practice guide (McKenna et al., 2010). We then mapped 

reads with good quality to the Inaccessible Island rail (Atlantisia rogersi) genome assembly 

(GCA_013401215.1; Stervander et al., 2019), using BWA-MEM (Li, 2013). We used GATK 

HaplotypeCaller to conduct joint genotype calling from sites of the Galapagos rail genomes that 

were mapped to the Inaccessible Island rail reference genome. Then, we filtered the called 

genotypes for coverage and quality. We kept only genotypes that had a minimum of 5 reads at a 

given position and a high-quality score (Phred scores >= 20), and no more than the 99th 

percentile of coverage for each sample. Other variant filtering criteria followed GATK best 

practices guide (McKenna et al., 2010) and Robinson et al. (2019). We filtered out CpG islands, 

indels, multi-nucleotide polymorphisms, and sites with more than one alternate allele. The 

command lines used for read mapping, variant calling, and filtering are available at 

https://github.com/dechavezv/2nd.paper.v2 
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Phylogenetic analysis 

We reconstructed a species tree representing the relationships among 39 Galapagos rail 

genomes using ASTRAL-III (Zhang et al., 2018). First, we extracted 6,540 alignments, each 

25kb in length, from the entire set of 35 autosomal chromosomes. Each independent window was 

aligned with PRANK v.150803 using iteration (-F once option) and the topology shown in 

Figure 3-1a as a guide tree. After trimming each of the multiple alignments with Gblocks 

(Castresana, 2000), we calculated the maximum-likelihood gene tree phylogeny of the 6,540 

alignments using RAxML 8.0 (Stamatakis, 2014) under the GTR model. For each alignment, the 

best tree was selected from the RAxML output, while the 100 bootstrap trees were merged into a 

single file per locus. We then created a consensus file with these trees with no more than 10% of 

missing data. The branch lengths that were shorter than 1e-05 substitution per site were 

collapsed. Also, we collapsed clades with support lower than one using the SqCL pipeline 

(phylogeny_prep_astrid_astral.py). We used the best tree and consensus file of bootstrap trees to 

investigate the discordance between gene trees and the species tree using ASTRAL-III v.5.5 

(Zhang et al., 2018). This resulted in maximum likelihood support values that were used to 

choose the best multi-locus tree. We ran 100 bootstrap replicates on this tree and further scored it 

to calculate the quartet support values and posterior probabilities for each node. We used the 

Inaccessible rail as an outgroup to root the tree.  

 

BioGeoBEARS 

We investigated the biogeographic history of Galapagos rails using the R package 

BioGeoBEARS (Matzke, 2013). This tool estimates the maximum-likelihood distribution of 

hypothetical ancestors (internal nodes) by modeling shifts between different geographical ranges 
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along the phylogeny as a function of time. First, we tested three different models: dispersal-

Extinction-Cladogenesis (DEC), dispersal vicariance analysis (DIVALIKE), and Bayesian 

analysis of biogeography (BAYAREALIKE). Additionally, we tested the same three models plus 

a founder effect parameter added to each model named “J”: DEC+J, DIVALIKE +J, and 

BAYAREALIKE+J (Matzke, 2013) . The estimation to determine the best-fitting model was 

conducted by comparing model likelihoods through the Akaike information criterion (AIC) 

scores and AIC weights (Table 3-S2). We used default parameters and set the max_range_size 

=4. The scripts and files used to run these models can be found at 

https://github.com/dechavezv/2nd.paper.v2/blob/main/3-Phylogenomics/BioGeoBEARS/ 

 

Fst, FastStructure and PCA 

We calculated FST for every island-pair population with SNPRelate (Zheng et al., 2012). 

We used the method "W&C84” on .gds files and removed sites that were monomorphic and with 

no more than 20% missing data. The geographic distances were obtained using the geosphere 

package in R (https://CRAN.R-project.org/package=geosphere). Then, we created a plot of Fst 

vs. distance (see Figure 3-S1). 

 

To estimate the level of relatedness among samples, we convert .vcf files to the gds 

inputs required by PLINK using SNPRelate (Zheng et al., 2012). This tool was used on a subset 

of ~10k high-quality SNPs pruned for LD, with a r 2 threshold of 0.2, and a maximum missing 

rate greater than 0.05. Then, we assessed the level of relatedness among rail samples from 

different islands by estimating identical-by-descent (IBD) using PLINK’s method of moments 

approach (snpgdsIBDMoM; Purcell et al., 2007), with a minor allele frequency cutoff of 0.05. 

https://cran.r-project.org/package=geosphere
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When the resulting kinship scores between a pair were greater than 0.2, we randomly removed 

one sample from this pair. As a result, we removed four samples from Santa Cruz and one 

sample from Isabela. 

 

To evaluate the existence of genetic structure among rail populations, we used SNPrelate to 

estimate the principal component analysis on 10,274 SNPs pruned for LD (threshold of 0.2) and 

a minor allele frequency of 0.1. We used windows 500kb in length. Among the different 

principal components (PC) estimated, we plotted PC1 and PC2 with ggplot2 (Wickham, 2016), 

as these components had most of the variation explained by the data. We further conducted a 

Bayesian clustering analysis using fastStructure (Raj et al., 2014). For each model, we tested 10 

different partitions from k=2 to k=10 and selected the partition that had the optimal k value 

based on “chooseK” criteria implemented in fastStructure as well as their marginal likelihoods 

(Table 3-S3).  

 

Treemix 

We used TreeMix (Pickrell and Pritchard, 2012) to further evaluate the relationship 

among island populations and evaluate levels of admixture among Galapagos rails. Specifically, 

we used the whole genome allele frequencies of 39 samples to discover the best population tree. 

This tree was obtained by comparing independent maximum-likelihood scores. TreeMix then 

compared the covariance of the depicted tree to the observed covariance between populations to 

identify possible admixture events (Pickrell and Pritchard, 2012). Population pairs that fail to fit 

the modeled tree could be subject to admixture (Figure 3-3Sb). We tested several models in our 

whole-genome data for the subset of rails without related individuals as identified by SNPrelate 
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(Zheng et al., 2012). First, we tested a model with no migration and blocks of 500 SNPs (-k 500). 

Then, we added eight different migration edges (m=1 to m=10) to the phylogenetic model in 

TreeMix. To determinate the best-fitting model, we used the -global option and -se option to 

calculate the standard errors of the residual covariance. Finally, we considered the residual 

covariance between different population pairs and divided this difference by the standard error 

from all different pair populations.  

 

Genomic Diversity 

We examined the site heterozygosity in non-overlapping 100kb windows across the 

genome of all 39 Galapagos rails. We defined heterozygosity as the number of heterozygous 

genotypes divided by the total number of sites that were called. The total genotypes called within 

each window included: the sum of heterozygous, homozygous derived, and homozygous 

reference genotypes. We kept only windows with no more than 20% of missing data. The script 

used to calculate 100kb windows heterozygosity was modified from Robinson et al. (2019) and 

is available at https://github.com/dechavezv/2nd.paper.v2/tree/main/4-

Demography/Heterozygosity/WindowHet. We then quantified the extent of Runs of 

Homozygosity (ROH) in rails using PLINK (Purcell et al., 2007). The parameters chosen to 

calculate ROH were: SNPs within a window =200, heterozygotes allowed within a window= 3, 

missing sites within a window=50. We binned these segments into three different size categories 

using PLINK (Purcell et al., 2007) (Table 3-S4 and Figure 3-3b). The size categories were: short 

(0.5 MB <), medium ROH (0.5- 2 MB), and long ROH (> 2Mb). 

  

Deleterious variation 

https://github.com/dechavezv/2nd.paper.v2/tree/main/4-Demography/Heterozygosity/WindowHet
https://github.com/dechavezv/2nd.paper.v2/tree/main/4-Demography/Heterozygosity/WindowHet
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We used SnpEff (Cingolani et al., 2012) for the functional annotation of each variant of 

the 39 samples of Galapagos rails. The annotation file corresponded to Inaccessible Island rail 

(Atlantisia rogersi), which is located at 

https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1. SnpEff predicts the effects of 

genetic variants (e.g. stop-gain variants) and assesses their expected impact. The following 

categories were retrieved: loss of function (e.g. stop-gain or frameshift variant); missense 

variant; and synonymous variant. When more than one transcript was available for a single gene, 

we used the longest transcript for further analysis. The script to annotate and identify deleterious 

variants can be found at: https://github.com/dechavezv/2nd.paper.v2/tree/main/4-

Demography/DeltVariation. 
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Figures 

 

Figure 3-1. (a) Ancestral area reconstruction from BioGeoBEARS, derived from the species tree of 39 

Galapagos rails obtained by ASTRAL-III based on 6,540 25kb windows. The best-fitting model was 

BAYAREALIKE (see Methods). Under this model, the geographical range of an ancestral population 

could expand, contract or switch to another area, but it does not allow for speciation (Table 3-S2). 

Numbers on the nodes of the tree indicate bootstrap support (only bootstraps >70 are shown). The 

estimated ancestral geographical ranges are shown by colored boxes on each node, while colored squares 

at terminal branches indicate the current distribution of analyzed samples. The color of the squares 

corresponds to the colors of the islands; the letter “I” indicates Isabela, “P” indicates Pinta, “S” indicates 

Santiago and “C” indicates Santa Cruz. The ancestral region's probabilities are shown in the pie charts 

below each node. The pie chart of the most basal node uses purple to indicate the probability of a range 

that includes “I”, “C” and “S”. (b) Current distribution of the Galapagos rail, showing the island of Pinta 

as the most geographically isolated island among those where rails occurred. (c) The paleogeographic 

map of the Galapagos Islands 400,000 years ago (Schwartz et al., 2018, Poulakakis et al., 2020, 

Poulakakis et al., 2012). 
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Figure 3-2. (a) Principal component analysis (PCA) of Galapagos rail samples based on 10,274 sites 

pruned for linkage disequilibrium. The PCA shows that rails from the islands of Pinta and Isabela form 

distinct clusters. Notably, Pinta is well-differentiated along PC1. This component separated samples 

into northern versus southern islands (see map on the top right). Rails from Isabela form a distinct 

cluster along PC2. This component separated samples into west and east island groups (see map on the 

bottom right). Individuals sampled from the Santiago and Santa Cruz islands overlapped on both PC 

components, indicating low levels of population structure between these islands (Figure 3-S3a). (b) The 

current distribution of Galapagos rails (colored islands). (c) fastSTRUCTURE analysis of the samples 

with k=2 and k=5. Each column is a single individual, and colors indicate different genetic ancestry 

groups. Additional values of k=3 and 4 match the k=2 clustering pattern (Figure 3-S3a), whereas k=5 

and k=6 are identical (Figure 3-S3a). Dotted vertical lines delimit island samples. (d) TreeMix analysis 

showing drift (x-axis) between Galapagos rail populations with Isabela as the root population. In this 

tree, rails from Pinta and Isabela form independent lineages. The latter group is the most differentiated 

population as evidenced by its relatively long branch. One migration event from Isabela to Santiago is 

shown as an orange line and is related to a positive migration weight score, which favors a model with 

admixture (see Figure 3-S3b for details). 
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Figure 3-3. Genome-wide diversity and the distribution of ROH in Galapagos rails. (a) Heterozygosity per 

100 kb window with a 10 kb step size across the genome of Galapagos rails. Only one individual per island 

is shown (See Figure 3-S4 for all individuals). Rails from different islands showed high heterozygosity. 

Some stretches of low heterozygosity can be seen across the genome. For instance, these stretches are 

shown in chromosome 5 of the Pinta and Santa Cruz genomes (b) Histogram with per-site heterozygosity 

across the autosomal genome (left panel) and summed lengths of ROH of three specific length categories 

(right panel). On the right panel from top to bottom: summed lengths of short (< 0.5 Mb); medium (0.5 Mb 

≤ ROH < 2 Mb); and long (>2 Mb) ROH per individual (c) Panels showing the total number of ROH in the 

three length categories. From left to right: short ROH indicate ancient inbreeding as in the Pinta island; 

medium ROH indicate ancient and historic inbreeding, as in the Pinta island; and long ROH indicate recent 

inbreeding, as in some individuals from Pinta. 
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 Figure 3-4. The proportion of the three mutation classes across different 

populations of Galapagos rails. Mutations were identified as either: 

synonymous (a proxy for neutrality), missense, or loss of function 

mutation (LOF). The proportion of homozygote-derived and ancestral 

alleles, as well as heterozygote alleles, are shown. Each population has 

similar proportions of homozygous-derived genotypes for different 

mutation types. 
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Appendix 3-I: Figures  

 

Figure 3-S1. FST between pairs of populations versus the approximate geographic distance between 

them. There was some degree of association between FST and geographical distance. Specifically, 

values of FST increased with distance between populations. Rails from Pinta were the most 

genetically differentiated population relative to other islands (see high FST values), consistent with 

Pinta being the most geographically isolated of the four different islands analyzed (Isabela, Santiago, 

Santa Cruz and Pinta; top right map). 
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Figure 3-S2. Principal component analysis (PCA) of Galapagos rail samples. The Pinta population 

was excluded from the original PCA (Figure 3-2a) to further investigate patterns of population 

structure among samples from Santiago and Santa Cruz. PCA between Santiago and Santa Cruz 

indicated low levels of population structure between these islands. These islands were also not 

separated in the fastSTRUCTURE analysis (Figure 3-2c and 3-S3a). The island of Isabela forms a 

different cluster along PC1. 
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Figure 3-S3 

(a) Genetic structure analyses obtained from fastStructure. Different numbers of groups (k = 3, 4, 6) are 

shown. k=2 and k = 5 are shown in Figure 3-2c. Each column is a single individual, and colors indicate 

different genetic ancestry groups. Additional groups did not improve the fit to the data. Dotted vertical 

lines delimit island samples (b) TreeMix models and residuals with 0 and 1 migration edges (resulting 

TreeMix tree with one migration edge also shown in Figure 3-2d). For plots of migration edges on the 

right, the top right panel suggests that a model with no migration had a positive migration edge standard 

error of 1. Positive residuals indicate population pairs for which covariance is underestimated by the 

model, indicating that the model could potentially be improved by adding a migration edge between 

those populations (Pickrell and Pritchard 2012). When migration was added to the model, the migration 

edge between those populations reduced the standard error of 0, indicating that adding migration to the 

model improved the fit of the data. This event of admixture from the Isabela to the Santiago population 

(Figure 3-2d), is consistent with levels of admixture found at k=5 (Figure 3-2c) and k=6 in the 

fastStructure analysis. Additional migration edges did not improve the fit to the data. 
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Appendix 3-II: Tables 

Table 3-S1. Descriptive statistics of the 39 rail genomes analyzed in this study. Statistics were 

calculated with Qualimap (Okonechnikov, et al. 2016) on BAM files that were mapped to the 

Inaccessible Island rail reference genome (Atlantisia rogersi; see methods for details), downloaded 

from https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1. See methods for further 

details.from https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1. See methods for further 

details. 
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Galapagos rail Laterallus spilonota LS02 This study 77.7 96.64 

Galapagos rail Laterallus spilonota LS03 This study 27,01 96.71 

Galapagos rail Laterallus spilonota LS05 This study 41.96 96.7 

Galapagos rail Laterallus spilonota LS06 This study 77.7 96.44 

Galapagos rail Laterallus spilonota LS08 This study 77.7 96.74 

Galapagos rail Laterallus spilonota LS09 This study 40.4 96.71 

Galapagos rail Laterallus spilonota LS10 This study 73.5 96.53 

Galapagos rail Laterallus spilonota LS12 This study 63.6 96.64 

Galapagos rail Laterallus spilonota LS13 This study 77.7 96.57 

Galapagos rail Laterallus spilonota LS14 This study 77.7 96.74 

Galapagos rail Laterallus spilonota LS15 This study 80.4 96.67 

Galapagos rail Laterallus spilonota LS21 This study 31.01 96.41 

Galapagos rail Laterallus spilonota LS22 This study 11.78 96.44 

Galapagos rail Laterallus spilonota LS25 This study 77.7 96.57 

Galapagos rail Laterallus spilonota LS26 This study 18 96.63 

Galapagos rail Laterallus spilonota LS27 This study 77.7 96.67 

Galapagos rail Laterallus spilonota LS28 This study 63.6 96.53 

Galapagos rail Laterallus spilonota LS29 This study 25.49 96.49 

Galapagos rail Laterallus spilonota LS31 This study 77.7 96.65 

Galapagos rail Laterallus spilonota LS32 This study 63.6 96.74 

Galapagos rail Laterallus spilonota LS33 This study 63.6 93.65 

Galapagos rail Laterallus spilonota LS34 This study 40.15 96.73 

Galapagos rail Laterallus spilonota LS35 This study 31.65 96.86 

Galapagos rail Laterallus spilonota LS36 This study 80.4 96.78 

Galapagos rail Laterallus spilonota LS37 This study 77.7 96.84 

Galapagos rail Laterallus spilonota LS38 This study 80.4 96.69 

Galapagos rail Laterallus spilonota LS39 This study 80.4 96.64 

Galapagos rail Laterallus spilonota LS40 This study 80.4 96.96 

Galapagos rail Laterallus spilonota LS43 This study 27.33 96.64 

Galapagos rail Laterallus spilonota LS44 This study 80.4 96.65 

Galapagos rail Laterallus spilonota LS49 This study 31.65 96.66 

Galapagos rail Laterallus spilonota LS50 This study 77.7 96.69 

Galapagos rail Laterallus spilonota LS51 This study 63.6 96.68 

Galapagos rail Laterallus spilonota LS52 This study 63.6 96.64 

Galapagos rail Laterallus spilonota LS55 This study 80.4 96.67 

Galapagos rail Laterallus spilonota LS56 This study 77.7 96.64 

Galapagos rail Laterallus spilonota LS57 This study 40.15 96.73 

Galapagos rail Laterallus spilonota LS58 This study 63.6 96.74 

Galapagos rail Laterallus spilonota LS59 This study 77.7 96.99 

Galapagos rail Laterallus spilonota LS60 This study 80.4 96.84 

https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_013401215.1
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Table 3-S2. Descriptive statistics of ancestral species distribution models using BioGeoBEARS. The log-

likelihood of the different models for Galapagos rails are shown in the column labeled LnL. Each model 

contained a specific number of parameters. The likelihood of a particular parameter is shown in columns 

d, e, and j. The best model fit was assessed with the corrected Akaike information criterion (AICc). The 

best-fitting model is highlighted in bold text. The parameters are: d = rate of range-expansion dispersal, e 

= rate of range-contraction/local extirpation and j=founder event. Notice that the BAYAREALIKE model 

has a greater “e” rate, which suggests that ancestral distribution was larger. 

model LnL numparams d e j AICc AICc_wt_vBest 

DEC -35.32 2 0.026 0.032 0 74.99 2.70E-05 

DEC+J -25.34 3 

1.00E-

12 1.00E-12 0.026 57.39 0.18 

DIVALIKE -34.04 2 0.033 0.047 0 72.42 9.60E-05 

DIVALIKE+J -23.82 3 

1.00E-

12 1.00E-12 0.026 54.34 0.81 

BAYAREALIKE -65.97 2 0.015 0.42 0 136.3 1.30E-18 

BAYAREALIKE+J -28.16 3 

1.00E-

07 1.00E-07 0.039 63.02 0.011 
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Table 3-S3. Marginal likelihood from 10 different partitions from 

fasStructure. Although k =2 indicates the best likelihood, 

estimates were similar among different partitions. Values of k 

from 2-6 are shown in Figure 3-2c and 3-S3. Additional k values 

did not improve the patterns of genetic clustering of Galapagos 

rails. 

Partition(k) Marginal_Likelihood 

1 -1.154131881 

2 -1.133807341 

3 -1.133812405 

4 -1.13381443 

5 -1.144883074 

6 -1.144889645 

7 -1.133818013 

8 -1.133818261 

9 -1.1338189 

10 -1.1338201 
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Table 3-S4. Genome-wide heterozygosity and Runs of homozygosity (ROH) of Galapagos rails. 

Three different length categories of ROH were used: short (<0.5MB), medium (0.5-2Mb), and long 

(> 2MB). 

Sample Island 

Heterozygosity 

(kb) 

Shot ROH 

(Mb)  

Medium ROH 

(Mb) 

Long ROH 

(Mb) 

LS02 Santa_Cruz 0.10 11.60 10.856856 0 

LS03 Santa_Cruz 0.09 30.70 35.13668 2.671282 

LS05 Santa_Cruz 0.10 14.67 14.701296 2.280974 

LS06 Santa_Cruz 0.10 24.41 29.747538 0 

LS08 Santa_Cruz 0.10 27.74 28.392049 12.374174 

LS09 Santa_Cruz 0.10 12.62 16.071947 6.886542 

LS10 Santa_Cruz 0.10 24.41 37.092603 10.610387 

LS12 Santa_Cruz 0.10 19.13 5.253326 2.205742 

LS13 Santa_Cruz 0.10 22.88 17.179904 4.553277 

LS14 Santa_Cruz 0.10 14.04 4.407426 0 

LS15 Santa_Cruz 0.09 21.48 37.867717 6.680367 

LS21 Isabela 0.10 18.58 16.432328 0 

LS22 Isabela 0.10 14.69 13.210874 0 

LS25 Isabela 0.10 18.32 18.984359 0 

LS26 Isabela 0.10 14.74 13.576868 0 

LS27 Isabela 0.10 22.27 25.487611 4.923703 

LS28 Isabela 0.10 12.88 6.656418 5.452212 

LS29 Isabela 0.10 23.16 17.07272 0 

LS31 Isabela 0.10 17.09 21.749583 2.005268 

LS32 Pinta 0.08 47.01 75.433514 15.998257 

LS33 Pinta 0.08 51.59 68.448622 12.321384 

LS34 Pinta 0.08 52.84 57.851335 26.674368 

LS35 Pinta 0.08 57.38 78.066133 14.129899 

LS36 Pinta 0.08 50.05 68.175366 7.4409 

LS37 Pinta 0.08 50.43 55.199905 4.968104 

LS38 Pinta 0.08 52.11371 68.982898 13.415822 

LS39 Pinta 0.08 53.143151 69.915789 10.106457 

LS40 Pinta 0.08 57.079946 72.798313 7.783014 

LS43 Santiago 0.10 24.365117 33.180196 5.775733 

LS44 Santiago 0.10 23.535988 14.542941 2.590519 

LS49 Santiago 0.10 19.627892 22.87003 0 

LS50 Santiago 0.10 39.338068 82.321832 15.448096 

LS51 Santiago 0.10 18.18985 18.552248 3.678755 

LS52 Santiago 0.10 18.712219 20.127467 2.353979 

LS55 Santiago 0.10 17.852014 8.408748 0 

LS56 Santiago 0.10 11.916609 6.52217 0 

LS57 Santiago 0.10 22.950244 16.794226 6.121631 

LS58 Santiago 0.10 24.330224 20.23683 0 

LS60 Santiago 0.10 24.403796 29.702631 0 
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