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Abstract 

The Rüppell's fox (Vulpes rueppellii) inhabits desert regions across North Africa, the Arabian Peninsula 

and southwestern Asia. Its phylogenetic relationship with other fox species, especially within the 

phylogeographic context of its sister species, V. vulpes, remain unclear. We here report the sequencing 

and de-novo assembly of the first annotated mitogenome of V. rueppellii, analysed with data from 25 

other foxes (tribe Vulpini, subfamily Caninae). We used four bioinformatic approaches to reconstruct 

the V. rueppellii mitogenome, obtaining identical sequences except for the incompletely assembled 

tandem-repeat region within the D-loop. The mitogenome displayed an identical organization, 

number and length of genes as V. vulpes. We found high support for clustering of both known 

subclades of V. rueppellii within the Palearctic clade of V. vulpes, rendering the latter species 30 

paraphyletic, consistent with previous analyses of shorter mtDNA fragments. More work is needed for 

a full understanding of the evolutionary drivers and consequences of hybridization in foxes.  
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Introduction 

The Rüppell's fox (Vulpes rueppellii; Carnivora: Canidae; IUCN category of ‘Least Concern’; Mallon et 

al. 2015) is widespread in desert regions of North Africa and Asia. Its geographical range comprises 

deserts of North Africa from Mauritania to Somalia and of Asia from the Arabian Peninsula to Iran and 40 

Pakistan, with up to six described subspecies (Mallon et al., 2015; Rosevear, 1974; Sillero-Zubiri et al., 

2004; Williams et al., 2002). Typical habitats of V. rueppellii include sand dunes, sand sheets, gravel 

plains (Murdoch et al., 2007), stony habitats with few grass species that receive little rainfall (Lenain, 

2000), and coastal areas with low vegetation cover (Mallon et al., 2015). The species’ range partly 

overlaps with the red fox (V. vulpes), which is considered its sister taxon (Geffen et al., 1992; Leite et 45 

al., 2015; Lindblad-Toh et al., 2005; Rocha et al., 2023).  

Short fragments of various mitochondrial DNA (mtDNA) loci have previously been used to investigate 

the evolutionary history of the two species (Basuony et al. 2023; Leite et al., 2015), revealing putative 

clustering of V. rueppellii within the variation of V. vulpes, rendering the latter species paraphyletic 

and potentially questioning the distinctiveness of the former. Due to the higher phylogenetic 50 

resolution provided by longer nucleotide sequences (Anijalg et al., 2018; du Plessis et al. 2023a,b; Keis 

et al., 2013), complete mitogenomes can provide more robust and detailed insights into phylogenetic 

relationships than short mtDNA fragments (Finstermeier et al., 2013). While the mitogenome has been 

fully sequenced (Arnason et al., 2006) and characterized (Zhong et al., 2010) for V. vulpes, this resource 

is to date relatively limited for V. rueppellii. Recently, Rocha et al (2023) sequenced mitogenomes of 55 

V. rueppellii, but without a detailed characterization or investigation of its phylogenetic relationship 

with the known clades and phylogeographic history of V. vulpes. 

Various bioinformatic approaches have been developed for retrieval of mitogenome sequences from 

whole-genome sequencing data, e.g. mapping of sequencing reads directly against a typically closely 

related reference genome (reviewed in Briscoe et al. 2016), or approaches involving de-novo assembly 60 

of the reads, reducing or removing reliance on a reference genome, e.g. NOVOPlasty (Dierckxsens et 

al. 2017) and MITObim (Hahn et al., 2013). These approaches now allow efficient reconstruction of 

mitogenomes from whole-genome sequencing data.  

The aim of this study was to obtain and characterize the complete mitogenome of V. rueppellii to 1) 

better understand its phylogenetic relationship with its sister species, V. vulpes and other fox species, 65 

and 2) compare the performance of four different mitogenome assembly approaches (two de novo 

and two different reference-based approaches) for obtaining mitogenome sequence data from 

Illumina whole-genome shotgun sequencing data. 
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Materials and Methods 70 

Sampling and data generation 

We extracted DNA from a male V. rueppellii tissue sample (ID M00375 in Basuony et al., 2023) 

collected from Wadi Umm Gheig, Eastern Desert, Egypt (25°36’55.01” N, 34°23'58.99" E), using a 

salting-out protocol modified from Rivero et al. (2006). We assessed the quality and concentration of 

the genomic DNA by electrophoresis in 1% agarose gels and a Qubit fluorometer v.3.0, respectively. 75 

DNA was subsequently sent to Neogen (Ayr, Scotland, UK) for library preparation and whole-genome 

sequencing. DNA was randomly sheared into short fragments, size-selected to ca. 350 base pairs (bp), 

A-tailed, ligated to Illumina adapters (5'-

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT-3' and 5'-

GATCGGAAGAGCACACGTCTGAACTCCAGTCACGGATGACTATCTCGTATGCCGTCTTCTGCTTG-3'), PCR-80 

amplified, and purified. After subsequent quantification and checks for fragment size distribution 

using Qubit, real-time PCR and a bioanalyzer, the library was sequenced on an Illumina Novaseq 

instrument using paired-end reads (2x 151 bp). 

We used FASTQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to assess the 

quality of the reads, and TRIMMOMATIC v0.39 (Bolger et al. 2014) to remove adapters and to trim off 85 

low-quality bases (settings: minimum length 50 bp, sliding window 10:15).  

Mitogenome assembly 

We used four parallel approaches to obtain the V. rueppellii mitogenome. Approach 1: De novo 

assembly with the program NOVOPlasty v4.3.1 (Dierckxsens et al., 2017), using the quality-controlled 

sequencing reads (see above) as an input, and using default parameter settings, except setting insert 90 

size to 350, K-mer size to 33 and leaving Max memory blank (to capture 100% of the input reads). As 

a seed to initiate the assembly, we used the GenBank-curated mtDNA reference genome of the sister 

taxon, V. vulpes (GenBank accession: NC_008434) (Arnason et al., 2006). Approach 2: De novo 

assembly using baiting and iterative mapping approaches implemented in MIRA v4.0.2 (Chevreux et 

al., 1999) and MITObim v1.9.1 (Hahn et al., 2013). Based on default parameter settings, we used MIRA 95 

to build an initial reference by mapping the trimmed reads to the mitochondrial reference genome of 

V. vulpes (Arnason et al., 2006). Next, the MITObim.pl script (https://github.com/chrishah/MITObim) 

was used to iteratively retrieve additional reads from the shotgun sequencing data and to map them 

against the reference obtained from the previous iteration. This was repeated until gaps were closed 

and a stationary number of mapped reads was reached for the mitogenome. The approach returns a 100 

single-padded consensus sequence, with any sequence fragments connected by ‘N’ to indicate that 

the fragments are not connected by reads and therefore not contiguous in the MITObim assembly 

(Machado et al., 2016). Then, the script circules.py (using a k-mer approach; distributed with 

MITObim) was used to for circularize the sequence. Approaches 3 and 4: Reference-based read 

mapping was performed using two different parameter settings (see below), by aligning the trimmed 105 

sequencing reads against the V. vulpes reference genome (assembly version: 

GCF_003160815.1_VulVul2.2; Kukekova et al., 2018) using BWA-MEM v0.7.17 (Li and Durbin, 2009) 

with default parameters. We then used SAMtools v1.10 (Li et al., 2009) to obtain sorted bam files, 

followed by using GATK v4.2.2.0 (https://gatk.broadinstitute.org/hc/en-us) to remove PCR duplicates 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/chrishah/MITObim
https://gatk.broadinstitute.org/hc/en-us
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using MARKDUPLICATESSPARK and to filter out bad read mates, reads with mapping quality zero and 110 

reads which mapped ambiguously (Nater et al., 2017), and again SAMtools to extract the 

mitochondrial reads that mapped to the mtDNA scaffold (NC_008434, Arnason et al. 2006) of the 

reference genome. HAPLOTYPECALLER in GATK was used to call variants, using two different 

parameter settings, using as values for the flag --sample-ploidy: 1 for haploid (ploidy 1; Approach 3), 

and 2 for diploid (ploidy 2; Approach 4), each yielding a separate VCF file. Finally, 115 

FastaAlternateReferenceMaker from GATK was used to convert the two VCF files from Approaches 3 

and 4 to FASTA format.  

Geneious Prime v2022.2.2 (http://www.geneious.com) was used to align and annotate the genes of 

all obtained mitogenome sequences to the mitogenome of V. vulpes (NC_008434, Arnason et al. 2006) 

and for trimming the poorly-aligned and incompletely assembled tandem repeat region within the D-120 

loop (see Results). We verified the annotation and visualisation of the circular mitogenome using the 

web-based programme GeSeq – Annotation of Organellar Genomes (Tillich et al. 2017, hosted at 

Chlorobox 2020, https://chlorobox.mpimp-golm.mpg.de/index.html). 

Phylogenetic analysis 

To determine the phylogenetic relationship of V. rueppellii with V. vulpes and other foxes, we 125 

generated an alignment of various fox (subfamily Vulpini) outgroup sequences, along with a 

comprehensive coverage of all previously described lineages/clades of both focal species. We 

downloaded from GenBank representative haplotypes from Statham et al. (2014), sequences from 

Leite et al. (2015), reconstructed mitogenomes from two V. rueppellii individuals from Morocco, based 

on whole genome sequencing data by Rocha et al. (2023) using NOVOPlasty (Dierckxsens et al., 2017), 130 

available V. vulpes complete mitogenome sequences, along with other available mitogenomes from 

Vulpini, plus raccoon dog (Nyctereutes procyonoides) as an outgroup (table 1). Then, MUSCLE v3.8 

(Edgar, 2004) as implemented in Geneious Prime was used for aligning the sequences and to generate 

a FASTA file. We used W-IQ-TREE (Trifinopoulos et al., 2016) to construct a phylogenetic tree using a 

maximum likelihood approach based on the TIM2 model of sequence evolution, including a discrete 135 

Gamma model with 4 rate categories (TIM2+F+G4), which had been determined as the optimal model 

by Modelfinder (Kalyaanamoorthy et al., 2017) implemented in IQ-TREE. We used 1000 ultrafast 

bootstrap replications (Minh et al., 2013) to determine branch support. Missing data in the short 

sequences was assigned as N, allowing IQ-TREE to use any non-gap characters (GCAT) at that site for 

site likelihood calculation. This ensures full utilization of the available data in the alignment, while also 140 

accurately treating missing data (see http://www.iqtree.org/doc/Frequently-Asked-Questions). 

FIGTREE 1.4.4 (https://github.com/rambaut/figtree/releases) was used to visualize the obtained 

phylogeny. 

  

http://www.geneious.com/
http://www.iqtree.org/doc/Frequently-Asked-Questions
https://github.com/rambaut/figtree/releases
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Results and Discussion 145 

After trimming and quality control steps (see Methods), a total of 216,237,628 read pairs (out of 

218,591,573) remained for the sequenced V. rueppellii individual. For NOVOPlasty, the number of 

assembled mitogenome read pairs was 792,000 (0.36% of total raw read pairs), yielding an average 

mitogenome coverage of 16,225x. For MITObim, the number of assembled read pairs was 353,396 (16 

% of trimmed read pairs; average coverage not determined), and for reference mapping 427,955 150 

(0.20%) mapped, trimmed read pairs gave an average coverage of 7,372x. The resulting total 

mitogenome length for V. rueppellii from the two from reference-mapping approaches was 16,813 

bp, as expected matching the length and genomic organisation (Fig. 1) of the V. vulpes mtDNA 

reference genome (Arnason et al. 2006) that the sequencing reads had been mapped against. 

Obtained de novo assembly lengths were 16,517 bp (NOVOPlasty) and 17,842 bp (MITObim). 155 

After aligning sequences from all four approaches, at the 5’ end there was 219 bp overhang from 

MITObim and a 369 bp from NOVOPlasty. These regions matched the end of the  D-loop, and after 

moving these sequences to the ends of the MITObim and NOVOPlasty assemblies, respectively, the 

four approaches aligned perfectly, except for a region towards the end of the D-loop: a 712 bp portion 

of the D-loop (positions 16,102 to 16,813 in the V. vulpes mtDNA reference genome; Arnason et al. 160 

2006) contained a repetitive region known to contain tandemly repeated variations of a ca. 8-14 bp 

repeat, and showed unreliable alignment characteristics (indels, uneven read coverage and apparent 

heterozygous sites in the read data, despite mtDNA being a haploid genome). We attributed this to 

the failure of short-read based sequencing methods to properly assemble the complete D-loop (du 

Plessis et al., 2023b; Formenti et al., 2021) especially around the tandem repeat region, based on the 165 

151 bp read length used here. Following the trimming of this 712 bp region of the D-loop from the 

four approaches and the 3’ flanking region of the tandem repeat region, we retained positions 1- 

16,101 bp of the alignment for phylogenetic analysis. Across this remaining alignment, the four 

mitogenome sequences obtained from different bioinformatic approaches yielded identical 

sequences. The sequences from the four approaches matched the V. vulpes mitochondrial reference 170 

genome (Arnason et al., 2006) in terms of organisation and length of all coding sections (13 protein-

coding, two rRNA and 22 tRNA genes), and also in the placement of the non-coding region (D-loop) 

within the mitogenome (Fig. 1). 

No previous studies have specifically compared the performance of the four assembly approaches 

used here to extract the whole mitogenome of V. rueppellii. One study by Machado et al. (2016) on 175 

frogs compared de novo (not including NOVOPlasty) and reference-based mapping using different 

software and pipelines than we used here, and found the baiting and iterative mapping approach by 

MIRA/MITObim to be the best approach to extract the mitogenome, even from a low number of reads. 

It is possible that this better performance of MIRA/MITObim could be specific for frog mitogenomes 

(Machado et al. 2016). In our study, the MITObim assembly included numerous tandem repeat 180 

insertions (which were lacking in the reference genome and the NOVOPlasty assembly) within the 

tandem repeat region (positions 16113 and 16522 of the reference genome from Arnason et al. 

(2006)). The number of assembled mitogenome reads and coverage from NOVOPlasty exceeds those 

from both MITObim and reference-mapping approaches. In Dierckxsens et al. (2017), NOVOPlasty 

outperformed MITObim slightly in terms of accuracy and memory usage, although its benefits may be 185 

especially prominent for AT-rich genomic regions. Similarly, Termignoni-Garcia et al (2023) found that 

NOVOPlasty gave more accurate mitogenome assemblies compared to MITObim for Corvidae (Aves), 
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where the latter produced occasional insertions. Our analyses suggest that, at least when sufficient 

coverage is obtained and the tandem repeat region is excluded, the investigated approaches can yield 

identical results. However, we caution that different de novo assembly and reference mapping 190 

approaches could yield different mitogenome sequences (Ip et al., 2022; Termignoni-Garcia et al., 

2023), so a careful evaluation of any methodological should be conducted before joint evolutionary 

analysis of sequences obtained from different approaches. 

Maximum likelihood analysis yielded a phylogenetic tree (Fig. 2) in which two subclades V. rueppellii 

clustered inside the previously identified Palearctic clade (Basuony et al. 2023; Statham et al. 2014) of 195 

V. vulpes with a bootstrap value, BV = 95, rendering the latter paraphyletic. This paraphyly is in 

accordance with previous findings by Basuony et al. (2023) and Leite et al. (2015), who based on 

shorter mtDNA fragments (partial cytochrome b and D-loop sequences) demonstrated clustering of V. 

rueppellii within V. vulpes. This topology was also recovered by Rocha et al. (2023) based on 

mitogenome data. The support for the main clades in our obtained tree was high (ranging from BV>80 200 

to 100), highlighting the usefulness of complete mitogenome in phylogenetic inference. The 

phylogenetic relationships of both V. vulpes and V. rueppellii with other fox species was also in 

accordance with previous genetic studies by Rocha et al. (2023) and Leite et al. (2015) (Fig 2).  

Although tentative due to the low sample size for mitogenome sequences analysed here, there 

appears to be a phylogeographic pattern within V. rueppellii: the two SRR samples and VruRMo1 (all 205 

from south Morocco) represent subclade 1, which occurs from west of the Nile in Egypt across north 

Africa to the Atlantic Ocean (Basuony et al., 2023), while the newly sequenced mitogenome of sample 

375 represents subclade 2, which is found in the Egyptian eastern desert and Arabia (Basuony et al., 

2023). This pattern tentatively suggests some level of longitudinal phylogeographic structuring within 

V. rueppellii.  210 

In contrast to the mitochondrial paraphyly signal, Rocha et al (2023) demonstrated that nuclear DNA 

(nuDNA) shows V. vulpes and V. rueppellii as distinct lineages, where individuals (according to their 

average genomic distances) cluster as reciprocally monophyletic sister species. Such conflict between 

mtDNA and nuDNA (mito-nuclear discordance) is widespread in mammals and other animals (Toews 

and Brelsford., 2012). Introgression and incomplete lineage sorting (ILS) have been proposed as the 215 

main factors leading to mito-nuclear discordance (Scornavacca and Galtier, 2017; Tamashiro et al., 

2019). Rocha et al. (2023) examined these two scenarios for V. vulpes and V. rueppellii and found clear 

evidence of introgression from V. rueppellii into North African populations of V. vulpes, intriguingly 

involving genomic regions which are enriched for genes putatively conveying adaptations to 

persistence in arid environments. Our high support for the mitochondrial paraphyly suggest that also 220 

this portion of the genome has likely passed the species boundary between V. rueppellii and V. vulpes 

due to introgressive hybridization. 

In conclusion, we here report the first annotated mitogenome of V. rueppellii, which is ‘near-complete’ 

due to incomplete characterisation of the tandem repeats in the D-loop. This genome will be useful 

for future phylogenetic and other evolutionary studies of the little-studied V. rueppellii and its 225 

relatives. Our results showed consistency of the de novo and reference-based approaches in 

extracting near-complete mitogenomes, at least when excluding the tandem repeat region. 

Assembling highly repetitive regions such as this will likely require read lengths that span across the 

entire repeat region. We also confirmed the paraphyly of V. vulpes, with clustering of V. rueppellii 

inside the Palearctic clade of the former, adding to previous suggestions (Leite et al. 2015, Basuony et 230 
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al. 2023, Rocha et al. 2023) of introgressive hybridization between the two species. Future combined 

analyses of mitogenomes and nuDNA for additional individuals across the range of the two species 

may shed further light on their evolutionary history, including how such introgression has shaped their 

adaptations and population structuring. 

 235 
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Tables 

Table 1: Sequences included in the phylogenetic analysis. Names of mitochondrial clades and subclades 

follow the terminology of Statham et al. (2014) and Basuony et al. (2023). 

Sample ID/Haplotype/ Accession number/ SRA ID Mitochondrial Reference for sequence 

Clade Subclade 

V. rueppellii 

375 (MITObim), NOVOPlasty,  

and reference-based: ploidy 1&2 

Palearctic  2 This study 

SRR24040959 Palearctic  1 Rocha et al. 2023 

SRR24040997 Palearctic  1 Rocha et al. 2023 

* V.ruRMo1 (KJ597994 and KJ597968) Palearctic  1 Leite et al. 2015 

V. vulpes 

* Oo24 Nearctic I  Statham et al. 2014 

* Fo12 Nearctic II  Statham et al. 2014 

* Ao63 Nearctic III Statham et al. 2014 

* B2o106 Holarctic I Statham et al. 2014 

* Uo211 Holarctic II Statham et al. 2014 

* Go78 Holarctic III Statham et al. 2014 

* Wo156 Holarctic IV Statham et al. 2014 

* W4o175 Holarctic V Statham et al. 2014 

* U35o98 Holarctic VI Statham et al. 2014 

* U32o107 Holarctic VII Statham et al. 2014 

* U12o115 Holarctic VIII Statham et al. 2014 

* U8o118 Holarctic IX Statham et al. 2014 

* Xo244 Africa 1 n/d Statham et al. 2014 

* X2o252 Africa 2 n/d Statham et al. 2014 

* X3o262 Africa 2 n/d Statham et al. 2014 

* V.vuMO4 (KJ598014, KJ597980) Africa 1 n/d Leite et al. 2015 

* V.vuMO1 (KJ597977, KJ598009) Africa 2 n/d Leite et al. 2015 

* Y2o197 Palearctic  I Statham et al. 2014 

* Yo202 Palearctic  II Statham et al. 2014 

* Yo155 Palearctic  III Statham et al. 2014 

* Y9o117 Palearctic  IV Statham et al. 2014 

KP342452 Nearctic n/d Sun et al. 2016b 

GQ374180 Holarctic n/d Zhong et al. 2010 

KF387633 Holarctic n/d Zhang et al. 2015 

JN711443 Holarctic n/d Yu et al. 2012 

AM181037 Holarctic n/d Arnason et al. 2006 

MN122913 Holarctic n/d DNAmark project, unpublished 

KT448287 Holarctic n/d Koepfli et al., 2015 

V. corsac, NC_023958 NA n/d Unpublished 

V. ferrilata, NC_027935 NA n/d Zhao et al., 2016 

V. lagopus, NC_026529 NA n/d Yan et al. 2016 

V. zerda, KJ603240 NA n/d Yang et al. 2016 

V. pallida, SRR24040935 NA n/d Rocha et al. 2023 

V. chama, ON756054.3 NA n/d Unpublished 

Nyctereutes procyonoides, MG256392 NA n/d Sun et al. 2019 

* Fragments of cytochrome b and D-loop (each <400 bp), included in the present phylogenetic analysis to anchor 

analysed mitogenomes to existing Vulpes clade terminology. GenBank accession numbers for Statham et al. 420 

(2014) haplotypes are provided in their supplementary information. n/d: not determined. NA: not applicable. 
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Figures 

 

 425 

 

Figure 1: Annotated mitogenome of V. rueppellii as obtained from GeSeq. OQ274912 is the GenBank 

accession number.  
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 430 

 

Figure 2: Maximum likelihood mitogenome tree obtained from IQ-TREE based on an alignment of 16,163 

bp for 38 sequences (28 V. vulpes, 4 V. rueppellii and 6 other fox species) and Nyctereutes procyonoides as 

an outgroup. Numbers on branches denote ultrafast bootstrap support from 1000 replicates. Sample 

names are followed by S for sequences from Statham et al. (2014) and L for those from Leite et al. (2015), 435 

IDs that are not followed by a letter are GenBank and SRA accession numbers and the newly sequenced V. 

rueppellii is 375 (see table 1). Scale bar shows nucleotide substitutions per site. 
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