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Introduction

Musteloidea is a superfamily of carnivorous mammals divided into four families
(Wilson and Mittermeier, 2009). The relationship among the families and subfamilies has
been resolved using mitochondrial, nuclear, and morphological characters (Koepfli et al.,
2008; Law et al., 2018; Hassanin et al., 2021) and is mostly congruent. The two families
Ailuridae (red pandas) and Mephitidae (skunks) are the sistergroups to a grouping of
Procyonidae (raccoons, olingos, among others) and Mustelidae (weasels and badgers,
among others) (Koepfli et al., 2008; Sato et al., 2012; Law et al., 2018; Hassanin et al.,
2021).

The mustelids are the largest subfamily with 58 species (Wilson and Mittermeier,
2009), each typically with an elongated body with relatively short legs, thick fur, and
short round ears. They exhibit great variation in body length and weight, the smallest
species being the least weasel (Mustela nivalis, Linneaus 1766) with 13-26 cm in length
and <250 g body weight, the longest being the giant otter (Pteronura brasiliensis, Gmelin
1788) at up to 1.7 m, and the heaviest being the sea otter (Enhydra lutris, Linneaus 1758),
at up to 45 kg.

The zorilla (Ictonyx striatus, Perry 1810), also called striped polecat or African
skunk, is a small African carnivore of the mustelid subfamily Ictonychinae
(Koepfli et al, 2008; Kingdon, 2015). It resembles in appearance, behavior, and
ecology the North American skunks (Mephitidae) and likewise uses a foul-
smelling secretion from its anal gland for self-defense (Apps et al, 1988).
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The honey badger (Mellivora capensis, Storr 1780) is the
only species within the mustelid subfamily Mellivorinae and the
genus Mellivora. The species is listed as “the world’s most fearless
animal” in the Guinness Book of World Records because of its
ferocious defense abilities and can withstand venomous snake
bites because of its thick skin and venom resistance (Drabeck
et al., 2015).

Procyonidae is a family with a distribution in the New
World and consists of 14 species, including raccoons, coatis,
olingos, kinkajous, ring-tailed cats, and cacomistles (Wilson
and Mittermeier, 2009). The most recently newly described
extant carnivoran species in the past 35 years was the procyonid
olinguito (Bassaricyon neblina) (Helgen et al., 2013). So far, four
extant species of the genus Bassaricyon have been described,
including the northern olingo (B. gabbii Allen 1876), which
is the most common of the four species and is a tree-
living, nocturnal herbivore found in Costa Rica, Nicaragua,
and Panama.

Here we wused short-read sequencing to determine
the complete mitochondrial DNA sequence of the zorilla,
honey badger, and the northern olingo and reconstructed
the phylogeny of Musteloidea as a source for future
evolutionary analyses.

Materials and methods

Skin tissue from an adult zorilla found as roadkill in
north-western Namibia (19°59'35.4°S 15°40'26.9"E) in 2013
was conserved in 80% ethanol at ambient temperature and
later frozen at —20°C for long-term storage. Cell cultures
were used as a source for DNA for the honey badger and
the northern olingo. Total genomic DNA of all samples
was extracted using a standard phenol/chloroform protocol
(Sambrook et al., 1989). No ethical approval was needed to carry
out the research.

We prepared a 150 base pair (bp) paired-end Illumina
sequencing library for the zorilla using the Illumina Nextera
DNA Flex Library Prep Kit and sequenced the library in-house
on an Illumina iSeq 100. DNA samples for the honey badger
and the northern olingo were sent to Novogene for library
preparation with the NEBNext ~ DNA Library Prep Kit (150
bp paired-end Illumina) and sequenced on an Illumina HiSeq
X Ten.

The quality of the short reads was assessed using
FastQC v.0.11.8 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/), and because of the overall high quality, no
further trimming was required. The mitochondrial genome
sequences were assembled using the MitoZ pipeline v.2.3 (Meng
et al,, 2019). Honey badger specific primer sequences for
parts of the control region and the ND4 gene were designed
with Primer3Plus v.2.4.2 (Untergasser et al., 2012) to amplify
and cycle sequence regions with gaps in the assembly of the
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mitochondrial genome. Amplification was performed using a
touch-down PCR (for detailed protocol and primer sequences,
see Supplementary Table 1). The BigDye terminator sequencing
kit 3.1 (Applied Biosystems) was used for cycle sequencing.
The sequencing reactions were analyzed on an ABI 3730 DNA
Analyzer and the resulting sequences were manually edited and
aligned to the assembly in Geneious Prime 2019.0.4 (http://
www.geneious.com/). The mitochondrial genome sequences
were re-orientated to start with the tRNA-Phe gene, annotated
using MITOS2 (Donath et al.,, 2019) and manually reviewed
in Geneious.

The mitochondrial genome sequences of the zorilla, honey
badger, and northern olingo were aligned with sequences
from 50 other musteloid species as well as four species
from Pinnipedia using Mafft v.7 (Katoh and Standley,
2013)
Alignments of each of the 13 protein-coding genes (PCGs) were

(Supplementary Table 2, Supplementary Data File 1).
created and manually checked for misalignments. Codon sites
with gaps and stop-codons in the alignments were removed
manually. Regions with Ns occurring in species from the
database were left in the alignment, if it was only occurring
in one species. The Maximum Likelihood (ML) trees were
reconstructed with 1000 UltraFast (UF) bootstrap replicates
and SH-aLRT support and automated codon model selection
in IQ-TREE v.1.6.10 (Minh et al., 2013; Nguyen et al., 2015;
Kalyaanamoorthy et al., 2017) using a concatenated alignment
of the 13 PCGs.

Data description

In-house sequencing on the Illumina iSeq100 resulted in
2,012,538 pre-filtered and trimmed reads for the zorilla. For
the honey badger and the northern olingo, we received a total
of 18,464,715 and 10,537,530 pre-filtered reads, respectively.
The raw sequencing reads are available from GenBank under
BioProject PRJNA664033. The mitochondrial sequences are
available under the GenBank Accession Numbers ON704723-
ON704725.

The complete mitochondrial sequence of the zorilla was
assembled into a circular mitochondrial genome, with mean
read coverage of 152 and a sequence length of 16,545 bp
(GenBank accession number ON704724). The overall nucleotide
composition of the sequence is: A = 32.6% (5,395), T = 27.0%
(4,469), C = 26.5% (4,391), and G = 13.8% (2,290), resulting in
an overall GC-content of 40.4%.

The initial assembly of the mitochondrial sequence for the
honey badger based on the short-read data (1,921-fold coverage)
could not confirm the genome’s circularity because of a C-repeat
region in the control region and a gap in the ND4 gene. However,
we were able to bridge these regions using Sanger sequencing,
resulting in the complete mitochondrial sequence of 16,464 bp
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FIGURE 1

— Ailurus fulgens styani NC_009691
L Ailurus fulgens NC_011124

Maximum likelihood phylogeny of 50 musteloid species based on a concatenated amino acid alignment of 13 mitochondrial protein-coding
genes. The three new mitochondrial genomes are indicated in bold species names. The collapsed nodes are shown in full in

Supplementary Figure 2. Pinnipedia was used as outgroup (pruned from the tree). GenBank accession numbers are shown in
Supplementary Table 2. All nodes without a value were supported by >99% UF bootstrap support. Values at each node represent
SH-aLRT/UFBoot support in %. The scale bar indicates nucleotide substitutions per codon site.

(GenBank accession number ON704725). The length of a C-
repeat region in the control region could not be confidently
determined. The overall GC-content of the sequence is 43.3%
with the base composition: A = 30.4% (5,000), C = 27.0%
(4,451), G = 16.3% (2,682), T = 26.3% (4,329). At position
11,372 in the mitochondrial genome, the sequences suggest
either an A or G, signifying heteroplasmy.

The complete mitochondrial sequence of the northern
olingo (16,517 bp) was assembled to the circular genome from
3,545-fold coverage of short-reads with the base composition:
A = 32.3% (5341), C = 27.2% (4,498), G = 5.4% (2,543),
T = 25,0% (4,134), and a GC-content of 42,6% (GenBank
accession number ON704723). The automated and manually
corrected annotations are consistent for all three mitochondrial
genomes and identified 13 PCGs, 22 transfer RNA (tRNA)
genes, two ribosomal RNA (rRNA) genes, and a control region
arranged in the gene order found in placental mammals.
The sequences of the PCG’s ATP6, ND2, and COX3 end
in the incomplete stop codon “TA; while ND4 ends with
the incomplete stop codon “T.” Most genes are encoded
on the light strand, on which ATP6 and ATP8 and NDA4L
and ND4 overlap 43 bp and seven bp, respectively. The
genes for ND5 and ND6 also overlap (17 bp) but are
encoded on different strands. Besides ND6, eight tRNAs
(tRNA-GIn, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr, tRNA-
Ser (UGA), tRNA-Glu, and tRNA-Pro) are encoded on the
heavy strand.
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Two data sets were used to reconstruct the phylogenetic
position of the three species inside Musteloidea. The nucleotide
dataset is 11,274 bp, and IQ-TREE identified the best model as
GTR + F + I 4+ G4 according to BIC. The amino acid (aa)
data set is 3,758 aa, and IQ-TREE identified the best model
aa mtVer + I + G4 according to BIC. The phylogenetic tree
(Supplementary Figure 1), based on the nucleotide data set,
reconstructed the monophyly of each of the four musteloid
families and placed the three new mitochondrial genomes at
their expected positions inside the phylogeny.

The honey badger, Mellivorinae, is represented by two
individuals with a very shallow divergence. The Mellivorinae
is a single genus subfamily and has been problematic to place
among the mustelid subfamilies. Mellivorinae is placed as the
sister group to the Lutrinae + Mustelina + Ictonychinae +
Helictindae, with a support of 69%/63% (SH-aLRT/UFBoot
support) when using the nucleotide data set for reconstruction.
When using the aa data set, the Mellivorinae is placed as the
second deepest split in Mustelidae, the favored position by
most phylogenetic reconstructions, with a support of 89%/95%
(Figure 1, Supplementary Figure 2). Our analyses show that
using aa sequences has a greater resolution than nucleotide
data and places Mellivorinae as the second deepest split within
the Mustelidae.

The Ictonychinae is represented by two individuals of
Ictynox (zorilla) as well as Poecilogale, Vormela, and Galictis
(Figure 1). The two individuals of zorilla are placed as the sister
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FIGURE 2

Maximum likelihood phylogeny of 50 musteloid species based
on nt (A) and aa (B) datasets. Pinnipedia was used as outgroup
(pruned from tree). Values at each node represent
SH-aLRT/UFBoot support in %. The scale bar indicates
nucleotide substitutions per codon site.

0.03

group to the Poecilogale. The relationship among the four species
is well supported, except for the placement of Galictis. Galictis
is the deepest lineage in Ictonychinae and, when analyzing the
aa data set, it is placed as the sister group of Helictidinae. This
is likely a result of too few aa changes to resolve the position
of Galictis.

The Ictonychinae is placed as the sister species to Lutrinae,
regardless of if aa or nt are analyzed. This is similar to previous
analyses on mitochondrial genomes (Hassanin et al., 2021) but
different from nuclear genes (Koepfli et al., 2008; Law et al,
2018). This may result from ancient mitochondrial capture
during the initial diversification of the Mustelidae or incomplete
lineage sorting, resulting in different phylogenetic signals from
the mitochondrial genome vs. the nuclear genome (Toews
and Brelsford, 2012). The New World olingos consist of four
species, and our results resolve the northern olingo as the sister
group of the olinguito. The phylogeny inside Procyonidae is
robustly reconstructed when using both nucleotides and aa,
and all branches receive above 99.8% support and conforms
to previous analyses (Law et al, 2018; Hassanin et al,
2021).

The overall phylogeny is generally congruent with previous
phylogenetic reconstructions based on different molecular data
sets. In all analyses, the Mustelidae is the sister group to
the Procyonidae. The relationship between the other two
Musteloidae families has not been fully resolved (Figure 2).
When analyzing our nucleotide data set, the red pandas
(Ailuridae) and stink badgers (Mephitidae) are sister groups
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(Figure 2A). When using aa, the root/most basal lineage is
the red pandas (Ailuridae), followed by the stink badgers
(Mephitidae) (Figure 2B), with higher support values than for
the phylogeny based on the nucleotide data set. Previous
analysis of mitochondrial genomes placed the Ailuridae and
Mephitidae as sister groups (Hassanin et al., 2021), which is
consistent with our nucleotide analysis. Phylogenetic analysis
of a 46 nuclear gene data set instead placed the root on
Mephitidae (Law et al, 2018). Our analysis of aa data
places the Ailuridae as the sister group to [Mephitidae,
(Procyonidae, Mustelidae)] (Figure 2B). The nucleotide data
set contains the fast evolving third codon positions, which
likely have reached substitution saturation for the deeper
nodes, and by recoding the data to amino acids the
saturated third codons are effectively removed. The different
phylogenetic results suggest that the deepest relationships of the
Musteloidae are not resolved, and more data will be needed to
understand the processes that shaped the initial diversification
of this superfamily.
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