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Abstract
There is a paucity of molecular DNA barcoding informatics on the South African fauna, particularly on terrestrial small mammals. This
study tested the utility of DNA barcoding in the dark-footed forest shrew (Myosorex cafer) from forested regions of the Eastern Cape and
KwaZulu-Natal provinces of South Africa. Sampled forests included coastal scarp, dune forests and inland Afromontane mistbelt forests.
Sequences of mtDNA cytochrome oxidase subunit I (COI, 623 bp), were generated for a total of 78 specimens representing Myosorex cafer
(n = 72), Myosorex varius (n = 2), Crocidura cyanea (n = 2) and C. mariquensis (n = 2). Due to the fragmented nature of these forests, we
also investigated the cranial morphology of Myosorex cafer, which is strictly confined to forests. Analyses of sequence data produced phylogenetic trees that were consistent with morphological identifications. Genetic data suggest that the movement of these animals between
other forest types and the Amatole mistbelt forests has been restricted, as they are too far west of scarp forests to have been recolonized
by them. This is the first study that supplies COI sequences of a South African Myosorex species, thus increasing the availability of DNA
barcodes of South African small mammals on BOLD.
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Introduction
Although mammals are ranked as the best-studied animal group (Wilson & Reeder, 2005), small mammal
taxonomic identification is limited without the collection of voucher specimens for dental and cranial analysis
(Baker & Bradley, 2006). Morphological convergence
and similarities in pelage may hamper species identifi
cation (Lai et al., 2008; Losos, 2011; Jacobs et al., 2013).
Historically, the taxonomy of African shrews was mostly
based  on  morphological  characters  (Meester, 1986).
However, the identification of small mammals using
morphology may be ambiguous, and molecular work has
demonstrated that morphology is not always reliable in
species identification. For example, the morphologically

conservative genus Sylvisorex was found to be polyphyletic using molecular markers (Quérouil et al., 2001).
More recently Myosorex tenuis (previously classified as
Myosorex cafer) was separated from Myosorex cafer
based on DNA differences (Taylor et al., 2013; Taylor
et al., 2017). To solve the challenges associated with morphological identifications a DNA barcoding system for
animal life has been proposed. This barcoding system is
based on cytochrome c oxidase subunit I (COI) sequences
to classify animals (Hebert et al., 2003a). The main purpose of DNA barcoding is to provide a quick and easy
method of animal identification without the need for taxonomic expertise (Smith et al., 2005; Hajib abaei et al.,
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2006). DNA barcoding has been used as an important tool
in species inventories, based on its precision in differentiating species (Ward et al., 2005; Smith et al., 2005; Clare
et al., 2007). Further, it also helps the researcher to conduct rapid taxonomic assignments and it can detect cryptic
species (Hajibabaei et al., 2007; Borisenko et al., 2008).
Consequently, DNA barcoding has been successful in assigning individuals to species level, particularly among
small mammals (Hebert et al., 2003a, b; Hajibabaei et al.,
2005; Hajibabaei et al., 2006; Ivanova et al., 2006; Hajibabaei et al., 2007; Borisenko et al., 2008; Lu et al., 2012;
Nicolas et al., 2012). DNA barcoding involves tree-based
analysis such as neighbour joining which is a distancebased method for reconstructing phylogenetic tree, as
well as tree-independent approaches such as Automatic
Barcode Gap Discovery (ABGD), Clustering 16S rRNA
for OTU Prediction (CROP), the General Mixed Yule Coalescent (GMYC) and the Bayesian Species Delineation
by BPP (Pons et al., 2006; Hao et al., 2011; Puillandre
et al., 2012; Yang, 2015; DE Salle & Goldstein, 2019).
The process of species delimitation in DNA barcoding can
be considered accurate if more than one method is used to
allow cross-validation (Jörger et al., 2012). In this study
morphology, tree-based and tree independent, ABGD
methods have been used. The ABGD is an automatic
procedure that groups sequences based on their barcoding gap (nucleotide difference between intraspecific and
interspecific difference) and it infers a model-based onesided confidence limit for intraspecific divergence using a
wide range of prior intraspecific divergence (Puillandre
et al., 2012).
There is a need to barcode South African animal species because the country has more than 65500 known animal species (Hamer, 2013), and as of 2013, only 2.3% of
South African species had representation on the Barcoding of Life Database (BOLD; Ratnasingham & Hebert,
2007). Barcodes represented were dominated by fish (approximately 36%), birds (5.4%) and mammals (4.89%);
for other taxonomic groups, the species representation is
lower than 2% (Da Silva and Willows-Munro, 2016).
African shrews represent one of the underrepresented
taxa and no Myosorex species are represented on BOLD.
Myosorex cafer is a forest habitat specialist which has
similar habitat preferences as the closely related M. te
nuis (Thomas & Schwann, 1905) which shares a nearly
identical phenotype consistent with the low sequence divergence (Taylor et al., 2013); the sister taxa to these
species is the savanna dwelling M. varius (Skinner &
Chim
 imba, 2005). The three congeneric species have
close phylogenetic associations and while their morpho
logical differences are minor, they can be discerned by
multivariate analyses of craniodental measurements
(Mees ter, 1958; Kearney, 1993).
South African forests cover a small land surface area
(Low & Rebelo, 1996), and their distribution is severely
fragmented (Geldenhuys, 1989; Lawes, 1990; Eeley et al.,
1999). This fragmentation is attributed to repeated historical climatic fluctuations dating up to 100,000 years ago,
including the Last Glacial Maxima approximately 18,000
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years before the present (Lawes, 1990). More recently,
the forest fragmentation has been exacerbated by human
settlements and human-mediated activities such as overharvesting of medicinal plants, fuelwood, and alien timber plantations (Dold & Cocks, 1998; von Maltitz et al.,
2003). The impact of the climate oscillations is particularly evident in the Eastern Cape where at least three forest groups co-occur namely: i) Mistbelt forests, ii) Scarp
forests, and iii) Coastal forests, these forests extend to the
nearby province of KwaZulu-Natal (von Maltitz et al.,
2003; Mucina et al., 2006). Altogether this forest biome
encompasses the Maputaland-Pondoland-Albany (MPA)
biodiversity hotspot (Mittermeier et al., 2004), which is
one of three biodiversity hotspots in South Africa. Currently, nearly 200 mammal species occur in this biome of
which six are endemic to the region (Perera et al., 2011).
By separating M. tenuis from M. cafer, Taylor et al.,
(2017) made the latter the seventh endemic mammal species to this region.
This study focusses on M. cafer whose distribution
is restricted to the moist and densely vegetated forest biome (Baxter, 2005; Churchill, 2007). The life history
of M. cafer suggests that the species is highly vulnerable to forest fragmentation as the animal is small, has
low dispersal ability and a high metabolic rate (Taylor
et al., 2017). These characteristics have previously been
shown to have a profound impact on shrew distributions,
particularly concerning habitat fragmentation (Fedorov
et al., 2008; Chavel et al., 2017; Bannikova et al., 2010;
Jacquet et al., 2014, 2015; Nicolas et al., 2008; Bani
et al., 2017). These characters could possibly also explain the patchy distribution of M. cafer in South Africa.
Although the species is classified as ‘Least Concern’ by
International Union for Conservation of Nature (IUCN)
Red List assessment (Cassola, 2016), it is categorized
as ‘Vulnerable’ according to regional Red Data Listing
(Willows-Munro et al., 2016). Here we present DNA
barcodes of M. cafer in order to test the utility of COI
DNA barcoding in this species. Given the fragmented nature of the forest biome, we hypothesize that the genetic
structure of M. cafer should be influenced by habitat
fragmentation.

Materials and methods
Specimens
The handling of animals was approved by the ethics
committee of the University of Stellenbosch (protocol
number 1285) using guidelines from the Animal Care
and Use Committee of the American Society of Mammalogists (Sikes and the Animal Care and Use Committee of the American Society of Mammalogists, 2016).
Collection of tissues and specimens were done according to the sampling permits which were granted by the
sampling locality authorities, including the Department
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Fig. 1. The study localities in the Eastern Cape and Kwa-Zulu provinces, South Africa. Colour indicates the forest types and the letters
represent the study locations as shown in Table 1. The relative position of the study area within South Africa is indicated by the rectangle
in the insert.

of Environment, Forestry and Fisheries (DEFF), The Department of Agriculture, Forestry and Fisheries (DAFF),
The Eastern Cape Parks and Tourism Agency (ECPTA),
Ezemvelo Kwa-Zulu Natal Wildlife (EKZNW), South
African National Parks (SANParks) and private landowners.
Samples were collected from three forest groups
namely, mistbelt forest, scarp forest and coastal forest
in the Eastern Cape and southern parts of the KwaZulu-Natal province of South Africa (Fig. 1, Table 1). For
each of these forests, sampling was undertaken in at
least two localities within each forest group. Trapping
was achieved by randomly placed traplines in the forest,
forest edge and the grasslands in the surrounding area,
with traps approximately two meters apart. Animals were
initially identified in the field based on a suite of diagnostic characters that included dorsal and ventral pelage,
hindfoot colour, tail morphology including presence/absence of guard hairs, ear length and colour, and tail to
head-and-body ratio. Standard measurements including
total length, tail length, hindfoot length (with claw) and
ear length, to the nearest 1 mm, were taken in the field.
Tissue samples were collected from released animals,
while voucher specimens were deposited at the Durban
Natural Science Museum, South Africa. Specimens were
prepared as wet specimens with crania extracted for morphological examination and verification of field-based
taxonomic identification. The preliminary field and final
species-level identification of individuals were based on
diagnostic characters and taxonomic keys listed in Skinner & Chimimba (2005).

Molecular analysis
DNA was extracted using the NucleoSpin (R) Tissue Kit
technique (Macherey-Nagel) following the manufacturer’s manual. The COI fragment was isolated using COI
primers L1490 and H2198 (Folmer et al., 1994). PCR reactions consisted of 0.8 μM of each primer, 1 unit of Taq
DNA Polymerase, 1 X Buffer, 0.2 mM of each dNTP, 2.5
mM of MgCl2 and distilled water to make up 25 ul reaction volumes. Cycling was performed using a GeneAmp
PCR system (Applied Biosystems). PCR conditions involved initial denaturing step at 94 °C for 4 min followed
by 35 cycles of 30 s denaturation at 94°C, 30 s annealing
at 42°C to 47 °C, 30 s extension at 72°C, and then a final
extension step at 72°C for 12 min. PCR products were
visualized with one percent agarose gel and sequenced
using big dye chemistry and sequencing was done at
Central Analytical Facilities at Stellenbosch University.
Sequence data analysis and phylogenetics
Sequences generated were edited and assembled manually in bioedit v7.0.9 (Hall, 1999) and aligned using
clustalw (Thompson et al., 2003). Sequences were run
on the Basic Local Alignment Search Tool (BLAST,
Altschul et al., 1990) at the NCBI website (http://www.
ncbi.nlm.nih.gov/blast) to check for highly similar Myos
orex taxa already in GenBank. The sequences were then
deposited on the Barcode of Life Data System (BOLD,
Ratnasingham & Hebert 2007) through the online interface at www.barcodinglife.org.
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DM15227, DM15230
DM15008, DM15009, DM15010, DM15011, DM15021, DM15242, DM15243, DM15244
DM15245, DM15246
Amatole mistbelt
DM15276, DM15277
Transkei mistbelt
LRR180214BSF_MC1, LRR180211BSF_MC1, LRR180212BSF_MC1, LRR180213BSF_
MC1*
Transkei mistbelt 16 (Hap 2, 4, 7, 8, 9) EM78041217, EM128021217, EM89031217, EM04021217, EM124041217, EM40051217,
EM140051217 #
Eastern mistbelt
15 (Hap 1, 7, 15,
LRR180314NSF_MC1, LRR180314NSF_MC2, LRR180314NSF_MC3, LRR180314NSF_
16, 17)
MC4, LRR180314NSF_MC5*
Eastern mistbelt
3 (Hap 7)
LRR181210NXSF_MCA1, LRR181212NXSF_MCA2, LRR181213NXSF_MCA1*
Pondoland scarp
1 (Hap 7)
DM1121,
Pondoland scarp
3 (Hap 2, 15)
DM15167, DM15173
Transkei scarp
1 (Hap 1)
DM15188
Transkei scarp
2 (Hap 1, 14)
DM15211
Eastern Cape dune 4 (Hap 2)
EM240818ECNR_MCA1, EM240818ECNR_MCA2, EM240818ECNR_MCA3, EM240818ECNR_MCA4 #
6 forest types
72(17)
Haplotype diversity, Hd: 0.8505 Nucleotide diversity (per site), Pi: 0.00454
* = not yet processed, # in Stellenbosch University (released animals not indicated)

Voucher numbers

Kologha, – 32.535330, 27.36258
Baziya, – 31.547255, 28.437503

Gomo, – 31.013194, 29.344585

Ngeli, – 30.542827, 29.680979

Nxumeni, – 29.927042, 29.844179
Umtamvuna, – 31.007467, 30.094205
Mbotyi, – 31.418887, 29.723978
Dwesa, – 32.445594, 28.60766
Manubi, – 33.990792, 25.360209
Morgans Bay, – 32.701243, 28.353646

12 sites

C
D

E

F

G
H
I
J
K
L

Total

Amatole mistbelt
Amatole mistbelt

COI (623 bp) N
(haplotype)
2 (Hap 6)
13 (Hap 10, 11, 12,
13)
2 (Hap 10, 12)
10 (Hap 1, 2, 3, 4, 5)
Forest type

Map Locality, geographic coordinates
Labels
A
Fort Fordyce, – 31.68237, 26.482653
B
Isidenge, – 33.69975, 26.359898

Table 1. Summary of sample details including study localities at which samples were collected. Letters match those in the map of Fig. 1.
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The sequences were collapsed into a haplotype dataset using dnasp v5.10 and subsequently
used to generate network tree using TCS networks (Clement et al., 2002) in popart (http://
popart.otago.ac.nz). Haplotype diversity and
population demographic expansions (Tajima’s D)
were analysed using Dnsap v5.10 (Librado et al.,
2009). To test for the significance of population
structure three-way analyses of molecular variance (AMOVA) were undertaken. The genetic
differentiation among populations (as defined by
forest types) was calculated by pairwise FST tests.
AMOVA and FST tests were calculated in arlequin 3.1 (Excoffier et al., 2005) with 1000 permutations of AMOVA. Trees were reconstructed
using Neighbour-joining (NJ), Maximum Parsimony (MP), and Maximum Likelihood (ML)
based on the best substitution model which was
identified using MODELTEST as implemented
in MEGA 7 (Kumar et al., 2016); support for
the nodes was obtained by bootstrap resampling
(1000 iterations).
Barcoding Gap: Our sequences were combined with sequences that were retrieved from
BLAST analysis where sequences showing more
than 80% are considered to be in the same family,
90 – 98% considered to be the same genus, and
99 – 100% correct species. The mean sequence
divergences among specimens were generated
using the Kimura 2-parameter (Kimura, 1980) as
it is commonly used for barcoding analysis. For
estimating the barcoding gap and testing the species hypothesis Automatic Barcoding Gap Discovery (ABGD, Puillandre et al., 2012) was
used. Sequences were uploaded on the online interface of ABGD on https://bioinfo.mnhn.fr/abi/
public/abgd/abgdweb.html and analyses were
carried out using default settings except that
Kimura (K80)TS/TV (2.0) was selected instead
of the default distance method. The pairwise
differences between individual sequences were
calculated and their distributions were grouped
to form the histogram using the ABGD online
interface. The same way the number of preliminary species hypothesis (PSHs) obtained for each
prior intraspecific divergence were recorded.
Cranial morphological analyses
Crania of 30 vouchered specimens were used
in the morphological analyses. Thirteen craniodental variables were recorded from Crocidura
cyanea (n = 6), C. mariquensis (n = 4), Myosorex
cafer (n = 15) and M. varius (n = 5). Nine cranial
measurements were recorded from specimens
using a Mitutoyo digital calipers to the nearest
0.01 mm and included: condylo-incisive length
(CIL) – from the occipital condyles to the anterior margin of the incisors; braincase breadth

VERTEBRATE ZOOLOGY — 70 (4) 2020

(BCB) – maximum width of braincase; braincase height
(BCH) – maximum height as measured from the basic
cranium to the dorsum of the braincase; post-glenoid
width (PGW) – width at the outer margins of the glenoid fossa; greatest maxillary width (GMW) – width is
taken across the outer margins of M2; interorbital width
(IOW) – the greatest interorbital constriction of the cranium; post-palatal length (PL) – from the end of the
hard palate to the anterior margin of the incisors; mandibular length (ML) – from the mandibular condyle to
the anterior-most point of the incisors; and mandibular
coronoid height (CORH) – from the uppermost point
of the coronoid process to the arch of the mandible.
The four dental measurements were: maxillary toothrow (UTR) – taken from the posterior margin of M 3
to the anterior margin of the incisors; maxillary molar
toothrow (M 1M 3) – from the posterior margin of M 3 to
the anterior margin of M 1; maxillary premolar and molar
toothrow (PM 3) – taken from the anterior alveolus of the
premolar to the posterior-most margin of M 3; and mandibular toothrow (LTR) – recorded from the posteriormost margin of M3 to the most anterior point of the incisor. Cranial and dental measurements were recorded by a
single observer to minimize measurement error.
Data were missing for nine variables for six individuals, for which the mean value for the craniometric variable for the particular taxon, was used. Owing to small
sample sizes, no attempts were made to investigate sexual-size dimorphism (SSD) or any potential SSD heterogeneity between taxa. Kearney (1993) and Taylor et al.,
(2013) reported no SSD in southern African Myosorex
species; based on this evidence and our small samples,
we pooled data for males and females of all four species.
Data were log10-transformed, and taxon-specific tests for
normality, skewness, kurtosis and descriptive statistics
(mean ± stdev, minimum value, maximum value) were
executed. Although data sets were parametric, owing
to small sample sizes and unequal sample variance for
certain variables, a Kruskal-Wallis test was performed,
using taxon as the predictor variable. Log10-transformed
data were subjected to a principal component analysis
of the covariance matrix with the extraction of the first
three principal components. All descriptive and statistical analyses were carried in IBM SPSS version 21 (IBM
Corp).

Results
Sequence data and BLAST search results
The COI gene was successfully amplified for all specimens (n = 78), and of the 658 bp comprising the gene,
623 bp were used for further analysis. The nucleotide
content of the gene fragment comprises 33.8% of Thymine, 26.4% Adenine, 24.8% Cytosine and 15% Guanine. Of the 623 bp, only 3.2% is variable (20/623 bp)

and 2.1% sites are parsimony informative. The sequences
revealed 17 haplotypes for COI. As far as we have been
able to ascertain, GenBank does not have COI sequences
of M. cafer.
Phylogenetic reconstructions were undertaken using
our data (n = 78) and 47 sequences that were kept from
the BLAST analysis (Altschul et al., 1990) of our COI
sequences with at least 83% similarity to M. cafer. These
sequences were downloaded from GenBank and represent
the species Crocidura attenuata, C. brunnea, C. flaves
cens, C. cf. tanakae, C. russula, C. olivieri, C. nimbasil
vanus, C. somalica, C. suaveolens and C. wuchihensis
resulting in a total of 116 sequences including the European shrew Sorex araneus used to root the trees (Fig. 2).
Modeltest selected the Kimura-2 parameter with the
gamma substitution model (Kimura, 1980) for the COI
dataset The phylogenetic analyses were conducted using
the haplotypes generated from 72 sequences of M. cafer,
two sequences of M. varius, two sequences of C. mariq
uensis, and two sequences of C. cyanea; the other sequences were downloaded from the GenBank database.
All other Crocidura species used for this analysis formed
a well-supported clade with no samples from this study.
Further, all 17 haplotypes of M. cafer constitute a monophyletic clade that is closely related to M. varius.
Barcoding gap among shrews (Crocidura and
Myosorex)
The barcoding gap analysis for COI was performed
using our data and sequences retrieved with BLAST
analysis at a cutoff of 80%, resulting in n = 155, these
include M. cafer (72), M. varius (2), C. mariquensis (2),
C. cf. tanakae (21), C. wuchihensis (4), C. olivieri (4),
and C. obscurior (50). The cutoff of 80% similarity has
resulted in more sequences than the 83% similarity from
BLAST, however, all species with only one representative sequence in the cutoff were not included for barcoding gap analysis. These analyses revealed that the interspecific divergence for M. cafer and M. varius (0.027) is
the lowest interspecific divergence; however, it is higher
than all intraspecific divergences. The ABGD analyses
retrieved nine groups with a prior maximal distance of
p = 0.100000 (Fig. 4). This data reveals there is a barcoding gap which only occurs for six of the nine groups.
These six groups combined two samples of M. varius
from this study with M. cafer samples while all other
species formed independent groups.
Genetic diversity and networks of
Myosorex cafer
The mean p-distance among and within forest groups
types for M. cafer revealed very low variation in COI sequences per forest group (from 0.000 ± 0.000 to 0.006 ±
0.002; Table 2). Generally, the low genetic variation
where divergences between forest groups and within forest groups range from 0.002 ± 0.001 to 0.044 ± 0.003. The
significant negative values of the Tajima’s D at – 2.63069,
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Table 2. Mean p-distances for Myosorex cafer among and within forest types. All codon positions were included and the total positions in
the final dataset are also shown. Values were obtained in MEGA7 (Tamura et al., 2016). The analyses of molecular variance (AMOVA)
were calculated on arlequin 3.1 (Excoffier et al., 2005), the variation among groups (Va), the variation among populations within groups
(Vb), and the variation within populations are presented with their indices.

Transkei Mistbelt
Transkei Scarp
Amatole mistbelt
Pondoland Scarp
Eastern Cape Dune
Eastern mistbelt
Fixation Indices

Transkei
mistbelt
0.004 ± 0.002
0.005 ± 0.002
0.006 ± 0.002
0.003 ± 0.001
0.003 ± 0.001
0.004 ± 0.001
FSC: 0.27425

Transkei
Scarp

Amatole
mistbelt

Pondoland
Scarp

Eastern Cape
Dune

Eastern
Mistbelt

0.002 ± 0.001
0.005 ± 0.002
0.004 ± 0.002
0.002 ± 0.001
0.006 ± 0.003
FST: 0.58620

0.002 ± 0.001
0.006 ± 0.002
0.003 ± 0.002
0.008 ± 0.003
FCT: 0.42983

0.004 ± 0.002
0.003 ± 0.001
0.003 ± 0.001
Va = 42.98

0.000 ± 0.000
0.005 ± 0.002
Vb = 15.64

0.002 ± 0.001
Vc = 41.38

Fig. 2. A Neighbour-joining (NJ) phylogram illustrating the phylogenetic relationships among haplotypes generated from a total of 116
COI sequences. The sequences include 72 specimens of M. cafer (Hap 1 – 17), two Myosorex varius, two Crocidura mariquensis, two
C. cyanea and a further 38 sequences of Crocidura species that were retrieved from the BLAST search (Altschul et al., 1990), while Sorex
araneus was used as outgroup. Maximum Likelihood (ML), Maximum Parsimony (MP) and NJ analysis were drawn using the Kimura2-Parameter model (Kimura, 1980). Bootstrap resampling support (1000 iterations) are only shown for well supported clades (i.e. > 75%;
NJ/MP/ML). Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).

(P < 0.001) indicate that this population of M. cafer has
undergone recent expansion. The pairwise FST and analyses of molecular variance (AMOVA) were done with
individuals grouped according to their localities, and
672

individuals grouped according to the two phylogroups.
The pairwise FST is 0.58620, and the variation is 42.98%
among groups, 15% within groups, and 41.38% within
populations.
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Hap_9

Hap_5

Hap_16

Hap_3
Hap_1

Hap_17
Hap_4

Hap_2
Hap_13
Hap_14

Hap_8

Hap_17

Hap_10
Hap_6

Hap_15

Hap_11
Hap_12

Fig. 3. Median-joining haplotype network generated from 72 specimens of Myosorex cafer with the COI dataset. The haplotype colours
represent the forest group type from which the individuals where collected from the colours are indicated in the insert (see Table1, Figure 1). The number of mutations separating haplotypes is indicated using hatch marks. The network was drawn on popart.

A
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3496

B

3146
2796
2447
2097
1748
1398
1048
699
349
0.1000

0.0599

0.0359

0.0215

0.0129

0.0077

0.0046

0.0028

0.0017

0.0010

0. 23

0. 22

0. 21

0. 19

0. 18

0. 17

0. 16

0. 15

0. 13

0. 12

0. 11

0. 10

0. 08

0. 07

0. 06

0. 05

0. 04

0. 02

0. 01

0. 00

Dist. value

Prior intraspecific divergence(P)

Fig. 4. Barcode gap analysis of shrews generated by Automatic Barcode Discovery Gap Discovery (Puillandre et al., 2012). The gap was
calculated with the default setting using Kimura (K80) TS/TV distances in the COI gene. (a) Histograms showing the frequency of pairwise
nucleotide differences, and (b) shows a plot diagram with the number of PSHs (preliminary species hypothesis) obtained for each prior
intraspecific divergence (0.01 – 0.1000).

The median-joining networks for COI (Fig. 3) revealed the two phylogroups, with haplotypes from Amatole forest clustering together to the exclusion of haplotypes from all other localities. The haplotypes from the
Amatole forest group are separated by only a single mutation to the rest, with no further grouping. The haplotypes from other localities have unique haplotypes from
one forest group. However, it is also important that there
are haplotypes composed of individuals from more than
one forest group. There is a haplotype with individuals

from Transkei mistbelt and Eastern mistbelt forests; a
haplotype with individuals from Transkei mistbelt, Tran
skei scarp and Eastern mistbelt forests; a haplotype with
individuals from Transkei mistbelt, Pondoland scarp and
Eastern Cape dune forests; a haplotype with individuals
from Transkei mistbelt and Pondoland scarp; and a haplotype with individuals from Transkei mistbelt, Pondoland
scarp and Eastern mistbelt forests. Of all these six shared
haplotypes, the Transkei mistbelt forest appears on five of
them, while the Eastern mistbelt forest appears on four.
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Table 3. Summary of cranial and dental measurements of the four shrew taxa sampled from Eastern Cape and KwaZulu-Natal forested
habitats in this study.

Craniometric
variable
CIL
Mean ± stdev
Range
BMW
Mean ± stdev
Range
BCB
Mean ± stdev
Range
BCH
Mean ± stdev
Range
IOC
Mean ± stdev
Range
MTR
Mean ± stdev
Range
M1M3
Mean ± stdev
Range
PM3
Mean ± stdev
Range
PGW
Mean ± stdev
Range
PPL
Mean ± stdev
Range
LTR
Mean ± stdev
Range
ML
Mean ± stdev
Range
CORH Mean ± stdev
Range

Myosorex cafer
(n = 14)
22.2 ± 0.22
21.61 – 22.63
6.6 ± 0.14
6.34 – 6.88
10.8 ± 0.21
10.47 – 11.12
6.1 ± 0.16
5.73 – 6.28
4.2 ± 0.13
4.09 – 4.46
9.6 ± 0.26
9.13 – 10.13
4.1 ± 0.17
3.66 – 4.32
5.6 ± 0.18
5.31 – 5.91
7.2 ± 0.16
6.96 – 7.53
10.0 ± 0.19
9.69 – 10.26
8.8 ± 0.23
8.36 – 9.21
13.9 ± 0.28
13.42 – 14.36
5.4 ± 0.17
5.21 – 5.81

Myosorex varius
(n = 5)
22.4 ± 0.65
21.43 – 22.88
6.8 ± 0.18
6.49 – 6.98
10.5 ± 0.19
10.20 – 10.65
6.2 ± 0.26
5.93 – 6.42
4.2 ± 0.19
3.92 – 4.43
9.7 ± 0.29
9.33 – 10.05
4.1 ± 0.10
4.00 – 4.27
5.7 ± 0.17
5.48 – 5.93
7.2 ± 0.24
6.98 – 7.48
10.2 ± 0.41
9.74 – 10.70
8.9 ± 0.35
8.41 – 9.29
13.9 ± 0.48
13.28 – 14.55
5.55 ± 0.19
5.37 – 5.73

Craniometric variation
The mean, standard deviation and range of 13 craniometric variables for the four shrew taxa sampled during this
study are presented in Table 3. Based on craniometrics
measurements, Crocidura cyanea is the smallest-sized
taxon. There was a substantial overlap in variable mean
and ranges of the two Myosorex species. Kruskal-Wallis
H test revealed significant variation (p <0.01) in all 13
variables across the four taxa. A Kaiser-Meyer Olkin
(KMO) test score of 0.920 indicated that sampling adequacy was sufficient to permit principal component
analysis (PCA). A PCA revealed considerable separation
along with principal component 1 (PC1) between C. cy
anea, C. mariquensis and the cluster of Myosorex taxa
(Fig. 5). Based on factor loadings associated with PC1
(considered a general size vector as all variables exhibited high loadings), and PC2 shown in Table 4, C. cyanea
was distinguished by its overall smaller cranial geometry
and relatively broader braincase breadth (BCB) and postglenoid width (PGW) in relation to other craniometrics
variables. Crocidura mariquensis was discerned from
C. cyanea by its larger size and proportionately narrow BCB and PGW. There was some overlap between
M. cafer and M. varius, undoubtedly compounded by
an aberrantly large-sized male M. varius recorded from
674

Crocidura cyanea
(n = 6)
19.5 ± 0.57
18.64 – 20.37
5.9 ± 0.11
5.76 – 6.05
8.6 ± 0.13
8.45 – 8.81
4.6 ± 0.17
4.36 – 4.83
4.0 ± 0.07
3.92 – 4.10
8.3 ± 0.27
7.89 – 8.62
3.4 ± 0.16
3.14 – 3.55
4.7 ± 0.21
4.44 – 4.94
6.0 ± 0.13
5.81 – 6.15
8.6 ± 0.24
8.32 – 8.99
7.3 ± 0.47
6.65 – 7.69
11.6 ± 0.27
11.31 – 11.97
4.2 ± 0.10
4.13 – 4.39

Crocidura mariquensis
(n = 4)
21.4 ± 0.93
20.15 – 22.35
6.5 ± 0.22
6.21 – 6.69
9.1 ± 0.42
8.53 – 9.50
5.5 ± 0.17
5.27 – 5.66
4.0 ± 0.17
3.77 – 4.14
9.3 ± 0.20
9.08 – 9.54
3.8 ± 0.11
3.71 – 3.97
5.0 ± 0.13
4.88 – 5.17
6.00 ± 0.18
5.72 – 6.13
9.7 ± 0.23
9.42 – 9.94
8.5 ± 0.17
8.34 – 8.74
13.0 ± 0.42
12.75 – 13.77
5.0 ± 0.28
4.62 – 5.26

Mkambati Nature Reserve, which accounted for the
greater standard deviation values presented in Table 3.
In general, M. varius could be distinguished by a proportionately narrower BCB in comparison to M. cafer (see
Tables 3 and 4).

Discussion
Barcoding efficiency in Myosorex cafer
The fundamental feature in the success of COI DNA barcoding as a tool of species identification is the gap between intraspecific and interspecific variation (Hebert
et al., 2004; Borisenko et al., 2008; Lu et al., 2012). In
the present study, the intraspecific variation ranges from
0.003 ± 0.001 (C. cf. tanakae) to 0.017 ± 0.002 (C. ob
scurior), and for M. cafer the intraspecific variation is
0.005 ± 0.002, which is the range within these species
(Taylor et al., 2013). The interspecific variation ranges
from 0.027 ± 0.006 (between M. cafer and M. sclateri) to
0.245 ± 0.027 (between M. varius and C. wuchihensis).
The lowest interspecific variation (0.027 ± 0.006) is at
least more than three times the intraspecific divergence
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Table 4. Factor loadings for 13 craniometric variables derived from principal component analyses. The first three principal components
accounted for 93.43% of sample variance.

Craniometric variable
CIL
BMW
BCB
BCH
IOC
MTR
M1M3
PM3
PGW
PPL
LTR
ML
CORH

Principal component 1
0.967
0.917
0.932
0.980
0.668
0.955
0.934
0.948
0.884
0.961
0.927
0.974
0.966

Principal component 2
0.142
0.227
– 0.333
0.036
– 0.219
0.223
0.120
– 0.089
– 0.437
0.223
0.233
0.157
0.034

Principal component 3
– 0.021
– 0.055
– 0.045
– 0.126
0.400
0.138
0.275
0.186
0.015
0.026
– 0.027
– 0.017
– 0.155

Fig. 5. A biplot derived from
principal components analysis of
log10-transformed craniometrics
variables, depicting sample variation amongst the 30 shrew individuals along with the first two
principal components

value of M. cafer. This difference between the intraspecific and interspecific variation (commonly known as barcoding gap), is consistent with a variation for Crocidura
species where the interspecific variation was also very
high (from 0.131 ± 0.017 to 0.200 ± 0.023) compared with
intraspecific variation. The barcoding gap is thus the most
important tool for discrimination between species, identification and assignation of new species (Janzen et al.,
2005; Smith et al., 2005; Puillandre et al., 2012).
The method of preliminary species hypothesis (PSH)
in ABGD (Puillandre et al., 2012) has been applied.
This method can be used even when the divergences can
overlap to set the dataset into candidate species (Puillandre et al., 2012). In the present study, the ABGD
revealed consistently that the data contain six candidate

species with the initial partition, and in all instances,
the six groups have combined our samples of M. cafer
and M. varius in one group. With the recursive partition,
there are instances where M. cafer and M. varius are not
in one group as the first four partitions with a prior maximal distance of p = 0.004642, where nine groups are recognized, with C. obscurior subdivided into two groups.
Cranial morphology of Myosorex
Although limited by sample size, cranial morphological
data did allow for partial separation of the four shrew
taxa recorded during this study. Descriptive statistics and
explorative multivariate analysis of craniometrics variables confirmed the difficulty in separating M. cafer and
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M. varius using morphological criteria (see Kearney,
1993). Unlike Taylor et al., (2013), we did not find differences in cranial size between M. cafer and M. varius.
This is all likelihood an artifact of insufficient sampling;
and skewing of data in our M. varius sample owing to
an unusually large-sized male, confirmed by genetic data
and recorded from Mkambati Nature Reserve in the Eastern Cape. Our findings do, however, indicate that braincase breadth (BCB, Table 3) might be a means of discerning M. cafer from M. varius.
The impact of forest fragmentation on
population structure
Our genetic analysis revealed shallow phylogeographic
structure among the populations that were analysed from
the Amatole mistbelt, Transkei mistbelt, Eastern mistbelt, Pondoland scarp, Transkei scarp and Eastern Cape
dune forests. Our data are consistent with the previous
phylogeographic analysis of M. cafer using the partial
control region of mitochondrial DNA, which revealed
an absence of isolation by distance (i.e. poor population
genetic structure) (Willows-Munro, 2008). Although
the current study lacks samples from some of the previous locations analysed by Willows-Munro, (2008), our
study utilized a larger sample size from all forest types in
the Eastern Cape and indicates for the first time that the
Amatole mistbelt population may be diverging from the
more eastern populations (at least based on the network
analysis shown below).
Extinction filtering event on M. cafer
The nucleotide divergences support the fact that individuals from the Amatole mistbelt forest are isolated from
the rest of the population, and that sub-populations from
the Transkei mistbelt forest are more diverse (Fig. 3).
This is based on the Transkei mistbelt having more haplotypes, and also having shared haplotypes with all other
forest group types except the Amatole mistbelt forest.
These data thus do not support the forest refugia theory
which postulates that following the last glacial maxima
(LGM) the scarp forests have acted as refugia for small
mammals that replenished adjacent forests (Lawes et al.,
2007). Our findings are consistent with the findings tested genetically with chameleons in Kwazulu-Natal which
did support the theory of forest refugia in the scarp forests (Da Silva & Tolley, 2017). Our study suggests that
the Amatole mistbelt is more ancient and was separated
from the other forests earlier and was too far west of
scarp forests to have been re-colonized after the LGM.

Conclusions
This study reinforces the utility of COI barcodes in the
identification and discrimination of species. These data
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are consistent with morphology data, although there is
no clear cranial differentiation between the two Myoso
rex species. Still, this could be attributed to low sample
size. There is a clear morphological differentiation between Crocidura and Myosorex species, irrespective of
low sample sizes for Crocidura species. Altogether, the
morphology and COI barcoding can be used in the identification of these shrews, and possibly with larger datasets, there will be clear differentiation of M. cafer and
M. varius. Although Taylor et al., (2013) showed a clear
distinction between M. cafer and M. varius based on confirmatory multivariate analyses, our morphological data
fall within the same range as their data and support the
assertion of Kearney, (1993) that it is difficult to separate
M. cafer and M. varius on cranial morphology.
This data suggest that the movement of M. cafer between forests is not restricted, except in the case of the
Amatole mistbelt forest. The Amatole mistbelt forest is
separated from the rest of the forests, while both other
mistbelt forests (Transkei and Eastern) are dominated by
shared haplotypes, suggesting past dispersion from these
forests to the scarp and coastal forests. Climatic extinction filtering small mammals, as proposed by Lawes at
al., (2007), does not appear to apply to this taxon, although forest fragmentation has played a role in the current distribution of this species. Studies using a fasterevolving DNA marker are required to further elucidate
the genetic consequences of fragmentation in this species.
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