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Introduction

The Cape fox, Vulpes chama, (Smith, 1833) is one of the 12 true fox species (genus Vulpes) found in the Canidae and the only Vulpes species found in sub-Saharan Africa (Kamler et al., 2016; Loveridge et al., 2019). They are distributed from southwestern Angola and Namibia to Botswana, southwestern Zimbabwe, and South Africa, where they occupy arid to semi-arid grasslands and savannahs (Kamler et al., 2016; Loveridge et al., 2019). Among canid species that occur in this region, which also includes the bat-eared fox, Otocyon megalotis (Desmarest, 1822), black-backed jackal, Lupulella mesomelas (Schreber, 1775), side-striped jackal, Lupulella adusta (Sundevall, 1847), and African painted dog, Lycaon pictus (Temminck, 1820), Cape foxes are the smallest in terms of body size, averaging 2.5-4.5 kg (Lavoie et al., 2019). The Cape fox, shown in Figure 1, is identifiable by its dark silver-gray and light pale fur coat and black-tipped tail, along with a short muzzle and large ears compared to its body size (Lavoie et al., 2019). Their diet typically includes small vertebrate prey, insects, leporids, and carrion from large mammal carcasses (Klare et al., 2014). Cape foxes are socially monogamous and territorial, and they exhibit male-biased dispersal with young females sometimes remaining as helpers (Kamler and Macdonald, 2014). They are not uncommon in their range and are currently listed as ‘Least Concern’ on the IUCN Red List of Threatened Species with a stable population (Hoffmann, 2014). These mesocarnivores do not have any immediate threats to their population although they face mortality through animal control and the pelt trade, with the latter being insignificant to their population trend (Lavoie et al., 2019). Their density can change due to the presence of black-backed jackals, but the two species do not compete for food resources (Kamler et al., 2012; Kamler et al., 2013). The Cape fox has been able to expand its range, despite these threats, due to changing agricultural practices in recent years (Kamler et al., 2016).




Figure 1 | Photograph of a Cape fox, Vulpes chama (A) taken in Kgalagadi Transfrontier Park, South Africa, by Mark Anderson© and (B) taken in Benfontein Nature Reserve, South Africa, by Alex Sliwa©. (A) Showcases the Cape fox’s large ears compared to its head and short muzzle while (B) shows the identifiable smaller slender body, black tipped tail, and silver-gray back with a pale body.



While the genetics and genomics of more well-known fox species such as the red fox, Vulpes vulpes (Linnaeus, 1758), have been investigated in depth (e.g., Sacks et al., 2018; Quinn et al., 2022), much is still unknown about the genetics of the Cape fox. For example, the karyotype and thus chromosome number of this species has not yet been characterized. Past studies have shown that V. chama is morphologically similar to the Bengal fox, Vulpes bengalensis, (Shaw, 1800), but Cape foxes have larger ears and wider skulls (Ellerman and Morrison-Scott, 1966; Stains, 1975) and one of the first molecular phylogenetic analyses suggested they diverged early within the Vulpes group (Geffen et al., 1992). Complete mitochondrial genomes (hereafter, mitogenomes) are commonly used to analyze phylogeographical relationships within species or phylogenetic relationships among species (DeSalle and Hadrys, 2017). These applications are facilitated by the small size, near absence of recombination, and high substitution rate of mitogenomes that result in a high phylogenetic information content whose evolution is relatively straightforward to interpret (Brown et al., 1979; Moritz et al., 1987). To date, complete mitogenomes have been sequenced or assembled in only eight species in the genus Vulpes: red fox, V. vulpes (Arnason et al., 2006), Arctic fox, V. lagopus (Yan et al., 2016), fennec fox, V. zerda (Yang et al., 2016), corsac fox, V. corsac (Zhao et al., 2016a), Bengal fox, V. bengalensis (Gaur et al., 2019), Pale fox, V. pallida (Rocha et al., 2023), Rüppell’s fox, V. rueppellii (Rocha et al., 2023), and Tibetan fox, V. ferrilata (Zhao et al., 2016c). Therefore, to better understand its evolutionary relationship with other species in the Canidae, we aimed to sequence the first complete mitogenome for the Cape fox.

We employed genome skimming to sequence and assemble the complete mitogenome of the Cape fox. In this approach, relatively shallow sequencing (low sequencing depth) of the overall genome using high-throughput sequencing methods yields deep sequencing of the high-copy portions of a genome, such as ribosomal DNA, mitogenomes, and, in the case of plants, chloroplast genomes (Straub et al., 2012; Dodsworth, 2015). Genome skimming provides a relatively efficient and inexpensive method to generate mitogenomes from either fresh or low-quality tissues such as those obtained from road-killed or preserved specimens (e.g., Trevisan et al., 2019; Gray et al., 2022). Furthermore, genome skimming is being increasingly used to generate mitogenome and other high-copy number datasets for a variety of investigations, such as phylogenetic relationships (e.g., Ren et al., 2017; Taite et al., 2023), parasite detection (Papaiakovou et al., 2023), and taxonomic identification (Bohmann et al., 2020).





Materials and methods

A tissue sample was collected from the ear of a dead female Cape fox on 22 of May 2006 in the Benfontein Nature Reserve, Northern Cape Province, South Africa (28°51’S 24°48’E). This animal had been radio collared as part of an ecological study (Kamler et al., 2013) and was subsequently killed by a black-backed jackal. The sample was preserved in 100% ethanol and maintained in the personal collection of J.F. Kamler, until it was transferred to the collection of K-P. Koepfli (https://smconservation.gmu.edu/people/klaus-koepfli/, Klaus-Peter. Koepfli, kkoepfli@gmu.edu) at the Smithsonian-Mason School of Conservation, George Mason University, under the catalog ID VCH_ID_15.

DNA extraction, library preparation, and sequencing was conducted at Psomagen Inc. (Rockville, Maryland, USA). A Mag-Bind Blood and Tissue Kit (Omega Bio-Tek Inc., Norcross, GA) was used for genomic DNA extraction from a ~10 mg piece of tissue, and concentration and quality were assessed with Picogreen and Victor X2 fluorometry (Life Technologies, Carlsbad, CA), an Agilent 4200 Tapestation (Agilent Technologies, Santa Clara, CA), and 1% gel electrophoresis. A Covaris S220 Ultrasonicator (Covaris, Woburn, MA) was used to generate fragments of 350 base pairs (bp), which were then incorporated into a genomic library prepared using the TruSeq DNA PCR-free library kit (Illumina, San Diego, CA). The library was quality checked and quantified using an Agilent 4200 Tapestation and a Lightcycler qPCR assay (Roche Life Science, St. Louis, MO) and then paired-end sequenced (2 x 150 bp) to a depth of 10x on an Illumina NovaSeq 6000 instrument. This resulted in 87,056,472 reads (42.2% GC and 57.8% AT), with 91.81% having a >30 quality score.

Raw reads were evaluated for quality using FastQC (Andrews, 2010), and then imported into Geneious Prime version 2023.1.2 (http://www.geneious.com). BBDuk version 38.84 (Bushnell, 2014) was used to trim low-quality reads (<Q20) and reads <30 bp, resulting in 79,989,082 reads. The processed reads were initially mapped to the reference genome of the red fox, Vulpes vulpes (NCBI accession number AM181037) using the Geneious mapper (settings: medium sensitivity and 10 iterations of fine-tuning), resulting in a consensus sequence of 16,807 bp with a mean coverage of 296.3x. However, we observed 22 ambiguous bases in this sequence, most of which were located within the control region. We then utilized GetOrganelle version 1.7.7.0 to de novo assemble the Cape fox mitogenome using the full read set, employing the red fox (AM181037) and fennec fox, Vulpes zerda (KJ603240) as seeds and the -F animal_mt parameter, while the remaining parameters were set to their default values (Jin et al., 2020). From this we obtained a 16,772 bp sequence with no ambiguous bases and with a mean coverage of 275.7x as estimated with Mosdepth (Pedersen and Quinlan, 2018). This sequence was imported into MITOS2 (Donath et al., 2019) for annotation.

We performed phylogenetic analyses to assess the relationship of the Cape fox relative to other species within the Canidae based on mitogenome sequences, which represent a single non-recombining locus and that is maternally inherited (Harrison, 1989). First, MAFFT version 7.490 (Katoh and Standley, 2013) (settings: AUTO algorithm, 200PAM/k=2 scoring matrix, 1.53 gap open penalty, and an offset value of 0.123) was used to align the mitogenome of the Cape fox (GenBank accession number ON756054) with those from 23 other canid species and two species of Ursus (bears), which were used as outgroups. Mitogenome sequences were downloaded from the National Center for Biotechnology Information’s GenBank database for the following species: Vulpes zerda KJ603240 (Yang et al., 2016), V. vulpes AM181037 (Arnason et al., 2006), V. corsac KJ140137 (Zhao et al., 2016a), V. ferrilata KT033906 (Zhao et al., 2016c), V. lagopus KP200876 (Yan et al., 2016), raccoon dog, Nyctereutes procyonoides koreensis KF709435 (Kim et al., 2015), Otocyon megalotis MW257223 (Hassanin et al., 2021), gray fox, Urocyon cinereoargenteus KP129096 (Hofman et al., 2015), island fox, U. littoralis catalinae KP129018 (Hofman et al., 2015), bush dog, Speothos venaticus MW257226 (Hassanin et al., 2021), maned wolf, Chrysocyon brachyurus KJ508409 (Zhao et al., 2016b), Lycaon pictus KT598692 (Hwang et al., 2015), Lupulella mesomelas KT448280 (Koepfli et al., 2015), African wolf, Canis lupaster KT378606 (Urios et al., 2015), gray wolf, C. lupus chanco EU442884 (Chen et al., 2010), golden jackal, C. aureus cruesemanni ON986207 (Sosale et al., 2023), Ethiopian wolf, C. simensis MT793779 (Jie, 2022b), red wolf, C. rufus MT793780 (Jie, 2022a), coyote, C. latrans DQ480509 (Björnerfeldt et al., 2006), dhole, Cuon alpinus GU063864 (Zhang and Chen, 2011), American black bear, Ursus americanus JX196366 (Miller et al., 2012), and brown bear, U. arctos isabellinus MW257206 (Hassanin et al., 2021). For three species, we downloaded whole genome short reads or mitogenome sequence from the European Nucleotide Archive: Vulpes pallida SRR24041004 (Rocha et al., 2023), V. rueppellii SRR24040945 (Rocha et al., 2023), and V. bengalensis MG200266 (Gaur et al., 2019). Before MAFFT alignment, the mitogenomes of V. pallida and V. rueppellii were assembled with the Geneious mapper, using the same settings as for the Cape fox, and then annotated using MITOS2 (Donath et al., 2019). We obtained an initial alignment of 17,317 bps. The part of the alignment corresponding to the control region was trimmed due to alignment uncertainty, resulting in a final alignment of 15,568 bps. A maximum-likelihood tree was estimated from the alignment using RAxML version 8.2.11 (Stamatakis, 2014) (settings: nucleotide model = GTRGAMMA, algorithm = rapid hill-climbing, with starting trees = 20). Only four nucleotide substitution models are available for phylogenetic analysis using RAxML: GTR+GAMMA, GTR+GAMMA+I, GTR+CAT, and GTR+CAT+I, with the I parameter accounting for the proportion of invariant sites. The GTR+GAMMA model was selected because our alignment only included 26 sequences (Stamatakis, 2016) and the alpha parameter for the gamma distribution itself accounts for sites with low rates of substitution, which thereby precludes the need to use the GTR+GAMMA+I model (Yang, 2006). 1000 replicates of rapid bootstrapping were used to estimate node support. Alignment, phylogenetic analyses, and visualization of the Cape fox mitogenome map and phylogenetic tree were conducted using program plugins available in the Geneious Prime version 2023.1.2 software package (http://www.geneious.com).





Data description

The resulting complete mitogenome for the Cape fox consists of 16,772 bp (ON756054) which has 37 genes that includes 2 rRNAs, 22 tRNAs, and 13 protein-coding regions (Figure 2A). An origin of replication and a control region were also identified. This sequence had a nucleotide composition of: A = 31.0% (5,196 bp), C = 27.6% (4,632 bp), G = 14.9% (2,505 bp), and T = 26.5% (4,439 bp). The overall GC-content was 42.6% (7,137 bp) of the nucleotides.




Figure 2 | (A) Annotated mitogenome of the Cape Fox, Vulpes chama. Annotated features include protein-coding genes (yellow bars), rRNA genes (red bars), tRNA genes (magenta bars), origin of replication (blue bar), and the control region (orange bar). Arrowed bars indicate direction of transcription on either the plus strand (arrows oriented to the right) or minus strand (arrows oriented to the left). The black outer ring shows the relative nucleotide position of each gene in the mitogenome. Image of the annotated mitogenome was created in Geneious Prime 2023.1.2 (http://www.geneious.com). (B) Maximum-likelihood phylogenetic tree reconstructed from a 15,568 bp alignment of mitogenomes, with the control regions trimmed, showing the relationship of Vulpes chama to other species within the Canidae. The tree was rooted using two species of bears (Ursidae). All nodes in the tree were supported by 100% bootstrap support except for those shown with <100% support. The clade joining Otocyon megalotis and the two species of Urocyon received <50% bootstrap support. Branch colors represent the tribes within Canidae. GenBank accession numbers, or European Nucleotide Archive accession numbers for Vulpes bengalensis, V. pallida, and V. rueppellii, are included next to the species name in parentheses.



This assembled sequence of 16,772 bp is comparable to the mitogenomes of the eight other Vulpes species that have been sequenced thus far (16,656-16,813 bp). The Cape fox mitogenome, including the control region, differs by 11.81%-13.13% from the other species in the genus Vulpes. The Cape fox also has a slightly larger control region, 1,311 bp, than most of the other Vulpes species (1,196-1,354 bp). The only species with a larger control region are V. pallida (1,335 bp), V. rueppellii (1,351 bp), and V. vulpes (1,354 bp). The maximum likelihood tree (Figure 2B) shows V. chama as the earliest diverging species in the monophyletic group of Vulpes species. The relationships among the Vulpes species were resolved with 100% bootstrap support, except for the placement of V. zerda with 68.7% bootstrap support. The phylogenetic tree also supports the division of Canidae into two major tribes, the Vulpini, with a bootstrap support of 66.4% and which includes the fox-like canids, and the Canini, with 100% support and which includes the South American canids (here represented only by Chrysocyon and Speothos), and the wolf-like canids in genera Lupulella, Lycaon, Cuon, and Canis. This fundamental split within Canidae was also found by Hassanin et al. (2021) based on Bayesian analyses of mitogenomes, by Bardeleben et al. (2005) based on a Bayesian analysis of six nuclear and two mitochondrial DNA segments, and by Zrzavý and Řičánková (2004) based on a combined dataset of three mitochondrial gene segments and 188 morphological, development, behavioral, and cytogenetic characters. The Vulpini-Canini division was also reconstructed for the most part in Lindblad-Toh et al. (2005) using nuclear DNA sequences, and in Perini et al. (2010) using a dataset of combined nuclear and mitochondrial sequences, with the exception of Urocyon, which was placed as the earliest branching lineage with the family.

With the sequenced mitogenome of the Cape fox, the mitogenomes of 9 of the 12 species of Vulpes and 24 of the 35 species of Canidae have been sequenced and characterized to date. The topology estimated using maximum likelihood is consistent with that inferred from parsimony analysis of shared mitochondrial restriction fragments and a 402 bp segment of the cytochrome b gene in a study that included eight species of Vulpes, with the Cape fox as the earliest branching lineage, followed by a lineage containing Blanford’s fox (V. cana) and fennec fox as sister species, and then a clade that included Arctic, swift (V. velox), Corsac, red, and Rüppell’s foxes (Geffen et al., 1992). However, maximum likelihood analysis of the 402 bp cytochrome b gene segment switched the positions of the Blanford’s fox + fennec fox and Cape fox lineages, with the former as the earlier branching lineage (Geffen et al., 1992). The relationship among species of Vulpes inferred from the mitogenome sequences also differ from the topology reported by Lindblad-Toh et al. (2005) based on parsimony and Bayesian analysis of 14,948 bp of 12 exon and 10 intron loci sampled from the nuclear genome (14,948 bps). In the latter tree, Blanford’s fox and fennec fox again comprise a clade that is the earliest branching lineage among the eight Vulpes species included, followed by the Cape fox, and then a clade containing the Arctic, kit (V. macrotis), Corsac, Rüppell’s, and red foxes. More recently, Rocha et al. (2023) investigated the influence of introgression on adaptation to arid environments in several species of foxes found in North Africa, including fennec, red, and Rüppell’s foxes, but their phylogenomic analyses (including analysis of partial and complete mitogenomes) did not include a Cape fox, so no direct comparison can be made with this study. However, among the Vulpes species included in Rocha et al. (2023), the pale fox was the earliest branching lineage in the mitochondrial phylogeny, followed by the fennec fox, and then a clade compromising Arctic, Corsac + Tibetan, Bengal, and Rüppell’s + red foxes. Based on the phylogeny presented here and the topology reported by Lindblad-Toh et al. (2005), there appears to be mito-nuclear discordance in the early branching patterns among Vulpes species, which is not uncommon given the different processes influencing the inheritance of these two genomic compartments (Toews and Brelsford, 2012).

Our results also provide some insights into the biogeographic history of Vulpes species found in Africa. The Cape fox has the most disjunct distribution of all living species of true foxes (not including the red foxes introduced to and currently found in Australia). The mitogenome phylogenetic tree suggests that the Cape fox was the earliest lineage to diverge among the extant species of Vulpes (Figure 2B) followed by the pale fox and fennec fox, respectively. As the Cape fox is found in sub-Saharan Africa far south of the equator (Kamler et al., 2016), and the pale and fennec foxes are both found north of the equator, in the Sahel or Sahara Desert respectively (Leite, 2012), the divergence patterns and current ranges suggest that the ancestors of these lineages colonized Africa independently, with subsequent independent colonization of the continent by Rüppell’s and red foxes. Species within Vulpes have high-dispersal and the earliest fossil evidence for the genus in Africa is recorded from Late Miocene deposits in Chad (7 million years ago, mya), ascribed to V. riffautae (Bonis et al., 2007). This taxon is slightly preceded by fossils of V. kernensis and V. stenognathus from North America, also of Late Miocene age (~8 mya) (Bartolini-Lucenti & Madurell-Malapeira, 2020). The phylogenetic results and fossil evidence therefore raise the possibility that Africa was one of the earliest cradles for the evolution of true foxes, with subsequent diversification occurring in Eurasia and North America. Comprehensive phylogenomic analyses that include data from all extant species are needed to better understand the evolution and biogeography of true foxes.

In conclusion, using a genome skimming approach, we have assembled and annotated the first complete mitogenome of the Cape fox, which was used to elucidate its phylogenetic position within the speciose Canidae. The phylogenetic results are congruent with past studies in that species of Vulpes constitute a monophyletic group and are distinct from other “fox-like” species such as the African bat-eared fox (Otocyon megalotis) and the North American gray fox (Urocyon cinereoargenteus) (Lindblad-Toh et al., 2005). Analysis suggests that the Cape fox is an early diverging lineage within the Vulpes clade, although mitogenomes of other species of true foxes (Vulpes), such as the Blanford’s fox (V. cana), kit fox (V. macrotis), and swift fox (V. velox), need to be sequenced to further verify this hypothesis. Our findings can be used to further the genomic understanding of the Cape fox and other Vulpes species.
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