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Abstract 

The evolutionary history of sengis (Macroscelidea), an order of Afrotheria, has been 

studied in last decades by molecular phylogenetic approaches. These studies proposed 

an evolutionary scenario for this group of mammals and, surprisingly, revealed the 

presence of two new genera, delimited and described in the last five years. However, 

most research has relied solely upon samples from Southern Afr ica, while the genetic 

information from East Africa and the Zambezian region was only fragmentary. Here, 

we provide the most complete multilocus phylogeny of the subfamily Macroscelidinae, 

using new material mainly from eastern Afr ica, Zambia, and Angola. In agreement with 

previous studies, we confirmed the presence of two major radiations in the group, 

corresponding to recently defined tribes Macroscelidini and Elephantulini. Contrary 

to previous studies, however, we provide clear genetic evidence that the widespread 

East African Rufous Sengi (Elephantulus rufescens) belongs to the recently delimited 

genus Galegeeska. This finding is in agreement with morphological traits and with gen­

eral biogeographical patterns in sub-Saharan Afr ica. Revised divergence dating using 

a multispecies coalescent approach revealed much younger splits in Macroscelidea, 

compared with previous studies, with a majority of recent species appearing in the 

Plio-Pleistocene. The genus Galegeeska thus represents a typical mammalian genus of 

the Somali-Masai bioregion and its current diversity (at least two recognized species, 

G. revoilii and G. rufescens) arose during the Pleistocene climatic oscillations, which is 

in agreement with other studies of small mammals in this region. 

K E Y W O R D S 
elephant shrew, Elephantulus rufescens, Galegeeska, phylogeny, Somali-Masai 

1 | I N T R O D U C T I O N 

Revolutionary discovery of the supercohort Afrotheria, one of the 

four main clades of extant placental mammals, in the last decade of 

the 20th century by molecular phylogenetic approaches, has stim­

ulated intensive research on this ancient group of mammals. Some 

clades have been disproportionately targeted by researchers, for 

example, elephants and sirenians, but relatively intensive research 

has also focused on lesser known smaller taxa, including sengis (order 

Macroscelidea). Together with members of two other afrotherian 

families (Tenrecidae, Chrysochloridae), these three taxa represent 

the most speciose afrotherian groups. Sengis are small insectivo­

rous mammals with a body mass from about 30 to 500 grams. Their 

biology and phenotype are very different from other mammals of 
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comparable body size. A l l sengis are highly cursorial with very long 

slender limbs. They create stable systems of trails in their territories 

and never hide in burrows. They live in stable pairs, and the females 

give births to highly precocial neonates. Many species use foot drum­

ming as a mean of intraspecific communication, and many of them 

fall into torpor. Al l species possess a long mobile snout; therefore, 

they are known also as elephant shrews (Heritage, 2018). 

Al l extant species of sengis are members of a single fam­

ily Macroscelididae, with two clearly monophyletic subfamilies: 

Rhynchocyoninae with five species in a single genus Rhynchocyon 

and Macroscelidinae with 15 species in five genera Macroscelides, 

Petrodromus, Petrosaltator, Galegeeska, and Elephantulus (Heritage, 

2018; Heritage et al. , 2020). Whi le the giant sengis from the genus 

Rhynchocyon are distributed in coastal, montane, and lowland for­

ests of tropical Afr ica , the members of Macroscelidinae live in 

more open habitats from woodlands (Petrodromus) to semi-deserts 

(Macroscelides), with the highest species diversity in Southern African 

region (Heritage, 2018 ; see also distributional data at https://www. 

sengis.org/distribution.php). 

Similar to many other groups of small mammals, the use of mo­

lecular genetic methods over the last 15 years has led to the rec­

ognition and description of (nearly) cryptic species in Rhynchocyon 

(Carlen et al . , 2017), Macroscelides (Dumbacher et al. , 2012 , 2014), 

and Elephantulus (Smit et al . , 2008). Specifically, the number of rec­

ognized species has increased from 15 in 2005 to 20 in 2018 (Burgin 

et al . , 2018). Another important f inding was that the North Afr ican 

sengi (formerly Elephantulus rozeti; Duvernoy, 1833) does not belong 

to Elephantulus, but instead represents a distinct evolutionary lin­

eage elevated to a new genus Petrosaltator, which is more closely 

related to genera Petrodromus and Macroscelides (Douady et al. , 

2003 ; Dumbacher, 2016). In the latter study, Dumbacher (2016) thus 

defined two tribes in the subfamily Macroscelidinae: Macroscelidini 

with genera Macroscelides, Petrodromus, and Petrosaltator; and 

Elephantulini with species-rich genus Elephantulus. Finally, Heritage 

et al. (2020) recently rediscovered the very poorly known Somali 

Sengi (Elephantulus revoilii; Huet, 1881) in Djibouti. Subsequent ge­

netic analysis revealed that this species belongs to another distinct 

evolutionary lineage within Macroscel idini , assigned to the generic 

name Galegeeska (Heritage et al . , 2020). 

Unfortunately, there is still a lack of multilocus phylogenetic 

studies including all (or most) extant species of sengis, and espe­

cially, the genetic data from East Afr ica are largely missing. The most 

complete molecular dataset was produced by Smit et al . (2011), but 

even in this study, several species were only represented by m t D N A 

sequences from museum specimens and their phylogenetic posi­

tion remained unresolved. During our research of small mammals in 

Afr ica over the last ca 15 years, we obtained a new tissue material of 

several species of sengis. In this study, we sequenced fresh samples 

at one mitochondrial and six nuclear markers, combined new data 

with GenBank sequences, and performed multilocus phylogenetic 

analyses. As a result, we present the most complete and resolved 

phylogeny of the subfamily Macroscelidinae, where we confirmed 

monophyly of two recently defined tribes Macroscelidini and 

Elephantulini. Contrary to previous molecular-phylogenetic studies, 

we provide clear genetic evidence that the widespread East Afr ican 

Rufous Sengi (Elephantulus rufescens; Peters, 1878) belongs to the 

recently delimited genus Galegeeska, which is in agreement with 

the morphology of the species and with biogeographical patterns 

known in other mammals of sub-Saharan Afr ica . W e discuss possible 

reasons why previous genetic studies failed to find this relationship, 

and based on the revised divergence dating, we also propose an al­

ternative evolutionary scenario for the diversification of sengis in 

the subfamily Macroscelidinae, which is likely much younger than 

previously thought. 

2 | M A T E R I A L S A N D M E T H O D S 

2.1 | Sampling 

In this study, we analyzed genet ic d ivers i ty of 4 8 recent ly co l­

lected elephant shrews . This material includes one Rhynchocyon 

cirnei (Peters, 1847) f rom Mozamb ique , one P. rozeti f rom 

M o r o c c o , six Petrodromus tetradactylus (Peters, 1846) , and 

4 0 Elephantulus spec imens belonging at least to f ive species 

(Figure 1, Table SI) as ident i f ied by external morpho logy and a 

prel iminary analysis of a mitochondr ia l marker (see below). Mos t 

of the Petrodromus and Elephantulus specimens or ig inated f rom 

eastern A f r i ca (Ethiopia, Kenya , Tanzania, M o z a m b i q u e , Malawi) , 

Zambia , and Ango la , that is, regions s igni f icant ly under-sampled 

in previous studies of genet ic d ivers i ty of e lephant shrews. A l l 

f ie ldwork compl ied w i th legal regulat ions in part icular A f r i can 

countr ies , and sampl ing was in accordance wi th local legislation 

(see more detai ls on wi ldl i fe author i t ies that permit ted the re­

search in Acknowledgements ) . 

Our new material was complemented by genetic data from 

GenBank, collected from 326 elephant shrews from the subfamily 

Macroscelidinae, most of them from South Afr ica and Namibia, but 

we also included recently published sequences of G. revoilii from 

Djibouti (Heritage et al. , 2020) (Table SI). 

2.2 | Genotyping 

D N A was extracted by commercial kits, and all samples were Sanger-

sequenced for the mitochondrial marker cytochrome b (CYTB) and six 

nuclear markers, that is, exon 1 of interphotoreceptor retinoid-binding 

protein gene (/RBP), exon 28 of von Willebrand factor gene (vWF), gene 

for recombination activating protein 1 (RAG1), beta-fibrinogen intron 7 

(FGB), 7-dehydrocholesterol reductase (DHCR), and wnt ligand secre­

tion mediator (WLS). W e specifically genotyped /RBP and vWF, that 

is, two markers that have been used in previous phylogenetic studies 

of elephant shrews, to allow the combination of our new and older 

published datasets. For more details on the molecular markers used 

(i.e., primer sequences, genotyping protocols, amplicon lengths, and 

alignment lengths), see Table S2. Al l new sequences were submitted 

https://www
http://sengis.org/distribution.php


F I G U R E 1 Distribution of species of the subfamily Macroscelidinae and localities of samples newly analyzed in this study, (a) Species from 
the clade 1 (tribe Macroscelidini), as identified in this study. Note that Elephantulus fuscipes is included in this map, but its taxonomic position 
requires further research, (b) Species from the clade 2 (tribe Elephantulini). Different symbol shapes indicate different species, possible 
intraspecific clades are distinguished by different colors. Only the newly analyzed material is shown on the map, except the georeferenced 
and genotyped samples of Petrodromus tetradactylus (circles), Galegeeska revoilii (rhombuses), Elephantulus intufi (squares), and Elephantulus 
brachyrhynchus (circles) taken from the previous studies. The predicted distribution of particular species is taken from IUCN maps (https:// 
www.iucnredlist .org/) 

to GenBank under accession numbers M W 3 4 4 9 6 4 - M W 3 4 5 2 3 7 

(Table SI), and aligned sequences used in particular analyses are 

available as Data SI . 

2.3 | Mitochondrial phylogeny 

In the first step, we reconstructed the mitochondrial phylogeny 

by the Bayesian inference (Bl) and maximum-likelihood (ML) ap­

proaches. The CYTB sequences were edited and aligned in Geneious 

9.0.5 (Biomatters, Ltd.). Based on the preliminary analysis, we se­

lected 108 sequences representing unique haplotypes and cov­

ering the diversity of the subfamily Macroscelidinae; that is, we 

removed redundant, short, and low-quality sequences (Table SI). The 

F indModel web application (http://www.hiv.lanl.gov/content/seque 

nce/findmodel/findmodel.html) was used to identify the most ap­

propriate substitution model for the ingroup alignment. The Akaike 

information criterion (AIC), compared among 12 biologically rel­

evant substitution models, revealed that the model best fitting the 

data was General Time Reversible plus Gamma (GTR + G). We used 

four sequences of other species of Afrotheria for outgroups. Close 

relatives were represented by two species of elephant shrews from 

the subfamily Rhynchocyoninae, specifically Rhynchocyon petersi 

(GenBank accession no. KU756166) and R. udzungwensis (KF742619), 

while as more distant outgroup, we used CYTB sequences of aard-

vark Orycteropus afer (AF107724) and rock hyrax Procavia capensis 

(KM245022). Bl analysis was performed in MrBayes v. 3.2.6 (Ronquist 

& Huelsenbeck, 2003). Three heated and one cold chain were em­

ployed with the runs initiating from random trees. Two independent 

runs were conducted with 10 million generations each; the trees and 

parameters were sampled every 1000 generations. Convergence was 

checked using TRACER 1.7 (Rambaut et al . , 2018). For each run, the 

first 20% of sampled trees were discarded as burn-in. Bayesian pos­

terior probabilities were used to assess branch support of the M C M C 

tree. M L analysis was performed in R A x M L 8.2.8 (Stamatakis, 2014), 

using GTRCAT substitution model as suggested by the authors of the 

program. The robustness of the nodes was evaluated by the default 

bootstrap procedure with 1,000 replications. 

2.4 | Species tree based on nuclear sequences 

The species tree of the subfamily Macroscelidinae was estimated 

by using the multispecies coalescent model as implemented in 

STARBEAST 2 (Ogilvie et al . , 2017). For this purpose, we used 

42 newly collected specimens genotyped at 4 - 6 nuclear loci, 
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supplemented by 4 4 specimens from the GenBank, sequenced at 

RAG1 (2 sequences), /RBP (31 sequences), and vWF (39 sequences) 

markers (Table SI). Based on the results of mitochondrial phylogeny 

and morphological identif ication, the specimens were assigned to 14 

species (Table SI), including the split of E. brachyrhynchus into one 

widespread and one Angolan candidate species (see below). 

W e imported alignments for each marker into BEAUTI 2.4.7 

and set the H K Y substitution model for each partition (i.e., nuclear 

locus). The species tree shape was modeled by a birth-death process 

(Gernhard, 2008) with an uninformative prior for the net diversifica­

tion rate and a weakly informative prior, Beta(2,2), for the fraction 

of extinct species. The constant per-branch population sizes were 

analytically integrated using approach of Hey and Nielsen (2007) as 

implemented in STARBEAST 2.4.6. Because we do not expect differ­

ences in substitution rates among lineages within Macroscelidinae, 

we assumed a strict molecular clock but partition-specific relative 

clock rates. W e ran two independent runs with 50 x 1 0 6 generations 

with sampling every 5 0 0 0 generations. The convergence was exam­

ined in TRACER 1.7 (Rambaut et al . , 2018) with effective sample sizes 

>200 considered as sufficient for good parameter estimation. Based 

on TRACER , the first 10% iterations were discarded as a burn-in. The 

two runs were combined in L O G C O M B I N E R 2.4.7, the maximum 

credibility species tree was produced by T R E E A N N O T A T O R 2.4.6. 

All phylogenetic analyses were run on CIPRES Science Gateway 

(Miller e ta l . , 2010). 

Using similar methodologies , we also performed alternative 

analyses. First, because most of specimens retrieved from GenBank 

and used in the reconstruction of species tree were genotyped at 

only two nuclear markers (vWF, /RBP), we performed multispecies 

coalescent analyses based solely on these two markers. Second, we 

used the reduced (i.e., two loci) dataset and defined 20 candidate 

species (instead of 14) based on the structure revealed by m t D N A 

phylogenetic tree (see Results). Specifically, we split E. rufescens 

into "northern" and "southern" species, E. intufi into "South Afr ican" 

and "Angolan" species, and E. brachyrhynchus into "Angolan" and 

five Southeastern Afr ican species (see Table SI). The xml files used 

for STARBEAST analyses are provided as Data S2. 

Eocene layers (reviewed by Holroyd, 2010). Accordingly, we cali­

brated the root with gamma distribution (shape = 2, scale = 2.4, off­

set = 22), which puts split of Macroscelidinae and Rhynchocyoninae 

to Oligocene (median = 26 Ma). W e used the same model settings 

as specified above, except relaxed uncorrelated lognormal clock was 

specified separately for each marker. The xml file used for this analy­

sis is provided in Data S2. The convergence of two M C M C runs was 

checked, and their outputs were summarized by the same way as de­

scribed above. 

2.6 | Karyotypes 

For the first t ime, we described the karyotype of the Rufous Sengi 

and compared it with other species. Samples of metaphase plate 

have been obtained from bone marrow of four Ethiopian specimens 

of E. rufescens (LAV2930, LAV2937, LAV3415 , and LAV3416) by 

using a classical procedure (Ford & Hamerton, 1956). Giemsa stain­

ing was performed in 4% solution. 

2.7 | External morphology 

Standard measurements of E. rufescens specimens collected during 

f ieldwork were obtained (body mass, length of head + body, tail , ear, 

and hind feet; Table S3). Males were examined for the presence of 

nipples (a synapomorphic character of the genera Petrodromus and 

Petrosaltator; Olbricht & Stanley, 2009). In addit ion, we focused on 

diagnostic traits of G. revoilii and E. rufescens highlighted in Heritage 

et al. (2020) and examined them in our material of E. rufescens. 

Those characteristics are as follows: size of the second upper incisor 

(in G. revoilii, it is of the same size as the first and the third incisor, 

whereas remarkably smaller in E. rufescens), presence of hairs on tail 

(in G. revoili, the tail is relatively hairy with a tuft on the distal tip; 

E. rufescens should have short hairs and lacks tuft), haired inferior 

part of rhinarium (synapomorphy of G. revoilii and E. rufescens), and 

pale eye ring with a dark post-ocular spot. 

2.5 | Divergence dating 

Time-calibrated species tree was inferred in STARBEAST for 14 spe­

cies of Macroscelidinae and two species of Rhynchocyon using vWF 

and /RBP only, the two nuclear markers genotyped in all these spe­

cies (R. cirnei and R. peters! were grouped together as they were in­

distinguishable at these two nuclear markers; Table SI). The tree was 

calibrated on its root using Miorhynchocyon meswae (Butler, 1984), 

the oldest known representative of Rhynchocyoninae from the 

Ol igocene-Miocene boundary, 23.5 Ma (Butler, 1984) or 23-22 Ma 

(Holroyd, 2010). While at least three species of Rhynchocyoninae 

and two of Macroscelidinae are known from the early Miocene (20-

16.8 Ma), only extinct subfamilies are present in early Oligocene and 

2.8 | Penile morphology 

The penis of all sengis is very long, extending from the pelvis up to the 

sternum. The shape of the tip of the glans penis is highly variable, and 

it seems to be specific for each genus (Woodall , 1995), providing ad­

ditional diagnostic criteria for previously proposed traits (e.g., Corbet, 

1971; Corbet & Hanks, 1968) and as phylogenetically valuable char­

acters for sengis (Corbet, 1995; Douady et al., 2003). Al l the sampled 

males of E. rufescens (eight in total) were studied, but only two individu­

als from the northern and one from the southern clade (see Results), 

captured in Ethiopia (Jaldessa area), Kenya (Nassalot National Reserve), 

and Tanzania (Ibuti), were usable for making comparisons of penile 

morphology in detail due to good tissue preservation. The morphology 
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of the penis was also compared with four samples of E. brachyrhynchus 

and two of E. intufi, both species represented by individuals collected 

from Angola. The animal bodies were stored and preserved in 70% eth-

anol until processing in 2019. Dissected penises were later fixed in 10% 

formaldehyde. Penile characteristics were observed under a binocular 

microscope (Nikon S M Z 1500), documented by a digital camera, and 

compared with Woodall (1995). 

2.9 | Identification of diagnostic 
characters of Galegeeska 

As we identified E. rufescens as a closely related species to Galegeeska 

revoilii (see Results), the diagnosis of the recently delimited genus 

Galegeeska requires a revision. Therefore, we compared morphologi­

cal, reproductive, and chromosomal traits (e.g., Corbet & Hanks, 1968; 

Heritage et al., 2020; Perrin & Rathbun, 2013) across Macroscelidinae 

(sensu Heritage et al. , 2020) to find apomorphies of the Galegeeska 

clade, using our most complete and updated phylogeny of the subfam­

ily. Definitions of characters followed the original source (e.g., Corbet 

& Hanks, 1968; Perrin & Rathbun, 2013; Heritage et al., 2020 ; and 

references in Matrix SI). Altogether, 68 compiled morphological, re­

productive, and chromosomal characters (Matrix SI) were optimized 

by N O N A (ver. 2.0) through the W I N C L A D A interface (ver. 1.00.08; 

Nixon, 1999) using the unweighted maximum parsimony approach on 

a simplified phylogenetic tree (we used the topology of the multilocus 

species tree). W e gave no preference to A C C T R A N nor DELTRAN op­

timization when alternative reconstructions were of equal cost (for the 

terminology of optimization, see Agnarsson & Miller, 2008). The taxon 

sampling composed of 11 taxa is adapted from Corbet and Hanks 

(1968) to maximize the comparison. 

3 | R E S U L T S 

3.1 | Mitochondrial phylogeny 

Phylogenetic analysis of CYTES sequences provided only a partially 

resolved m t D N A tree of the subfamily Macroscelidinae (Figure 2a). 

Whi le all but one (E. pilicaudus) species formed strongly supported 

(PP = 1.00, BS = 99 or 100) monophyletic clades, the supports for 

their mutual relationships were variable. The genus Macroscelides is 

monophyletic, with M. flavicaudatus being sister to M. proboscideus 

(PP = 1.00, BS = 100). The genus Elephantulus is composed of three 

well-supported clades: (1) E. myurus, E. edwardi, and E. pilicaudus, with 

two latter species being sisters; (2) (E. rupestris + E. intufi) and their 

sister lineage (E. fuscus + E. brachyrhynchus); and (3) E. rufescens. Whi le 

the sister relationship of clades (1) and (2) is the most probable in 

the Bayesian analysis, albeit with relatively weak support (PP=0.87), 

E. rufescens is the highly supported sister species of G. revoilii 

(PP = 1.00, BS = 100). The phylogenetic position of the latter clade, 

and of genera Petrosaltator and Petrodromus within Macroscelidinae 

is not well resolved by the analysis of m t D N A . O n the other hand, 

m t D N A indicates strong intraspecific phylogeographic structure 

(or even the presence of cryptic species, as suggested by genetic 

distances), for example, in E. rufescens (with northern and southern 

lineages), E. intufi (with an obvious divergence of the Angolan speci­

mens), and E. brachyrhynchus (with clearly distinct Angolan samples 

and up to five parapatric lineages in Southeastern Africa) (Figure 2a; 

for the distribution of lineages, see Figure 1). 

3.2 | Species tree and divergence dating 

Contrary to the mtDNA phylogeny, the nuclear species tree from 

STARBEAST is almost fully resolved (PP for all but one node is >0.98; 

Figure 2b). The only exception is the sister relationship between genera 

Petrosaltator and Petrodromus with only moderate support (PP = 0.81). 

The results were very similar regardless of the number of loci used (two 

or six) and number of candidate "species" (14 or 20) (see Figure SI for 

alternative trees). The subfamily Macroscelidinae is divided into two 

major clades that correspond to recently defined tribes Macroscelidini 

and Elephantulini (sensu Dumbacher, 2016). Most surprisingly, E. rufe­

scens clearly belongs to Macroscelidini, as strongly supported sister 

lineage of G. revoilii. The relationships among species of Elephantulini 

are the same as suggested by mtDNA tree, and this topology is fully 

resolved by nuclear markers (all PP=1.00; Figure 2b). 

The time-calibrated tree of Macroscelidea (Figure 3) has almost the 

same topology as the species tree of Macroscelidinae based on six loci 

(Figure 2b). The only exception is the position of Petrosaltator, which 

is here a sister to the recently erected genus Galegeeska (including 

E. rufescens). This relationship has only moderate support (PP=0.82) on 

the time-calibrated tree, and the discrepancy is likely caused by the re­

duced number of nuclear markers in this analysis (compare with Figure SI, 

where the trees are also based on /RBP and vWF loci only). The sister rela­

tionship between G. revoilii and E. rufescens is only moderately supported 

here (PP=0.89). Otherwise, the tree is well resolved (PPs >0.98). The tree 

shows the most recent common ancestor (MRCA) of Macroscelidinae and 

Rhynchocyoninae to live in Oligocene, 25.7 Ma ago with 95% highest pos­

terior density (HPD) interval 22.1-30.9 Ma . The split between the tribe 

Macroscelidini and the genus Elephantulus (excluding E. rufescens) was 

dated to the middle Miocene, 11.8 (7.4-16.7) Ma , M R C A of Macroscelidini 

lived 8.5 (5.1-12.2) Ma , and M R C A of Elephantulus lived 9.3 (5.7-13.5) Ma. 

All other divergences date back to the end of the Miocene up to the Plio-

Pleistocene, including the origin of Petrodromus at 4.5 (2.0-6.9) Ma and 

Petrosaltator/Galegeeska split at 3.0 (1.1-5.3) Ma. The M R C A of G. revoilii 

and E. rufescens was dated to the Pleistocene, 1.7 (0.5-3.1) Ma. 

3.3 | Karyotype of E. rufescens 

The diploid number of the examined specimens is 26. The karyotype 

consists of 12 pairs of biarmed (metacentrics and submetacentrics) au­

tosomal chromosomes continually decreasing in size; thus, the autoso­

mal fundamental number is 48 . (Figure 4). In one specimen from Borena 

NP (LAV2930) we found one heteromorphic pair (no. 5 at Figure 4a) 
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represented by one submetacentric and one large acrocentric chromo­

some. X chromosome is small metacentric, and Y chromosome is the 

smallest submetacentric (Figure 4). 

3.4 | External morphology of E. rufescens 

The mean body mass of adult specimens of E. rufescens is 62.4 

grams, and the relative tail length is 104 .5% of the head+body length 

(Table S3). Al l animals possess a relatively wide white ring around 

the eye, which is broken by brown post-ocular spot and a rather 

wide stripe extending posteriorly. The inferior part of rhinarium is 

Galegeeska revoilii 

Elephantulus rufescens 

Petrosaltator rozeti 

Petrodromus tetradactylus 

Macroscelides 
flavicaudatus 

Macroscelides 
proboscideus 

Macroscelides micus 

Elephantulus myurus 

Elephantulus edwardii 

Elephantulus rupestris 

Elephantulus intufi 

Elephantulus fuscus 

Elephantulus 
brachyrhynchus (Angola) 

Elephantulus 
brachyrhynchus 

covered with dense short fur. The fur on the feet is mainly uniformly 

white. Examined males do not possess nipples. Apart from animals 

with worn teeth , it was clear that the second incisors are smaller 

compared with the first and the third one. The tail had remarkable 

homogeneous hair cover without a tuft at the distal tip. 

3.5 | Penile morphology 

The collar-like penis was detected in the southern clade of E. rufescens 

(Figure 5d-f), but the disk-like penis in the northern clade of E. rufes­

cens (Figure 5a-c). Specifically, the glans penis of the southern clade 

7 



PP: 

O < 0.50 
O £ 0.50 
O £ 0.80 
O £ 0.90 
• > 0.95 

o 

Oligocene 

Paleogene 

v. o 

Miocene Pliocene 

Neogene 

Galegeeska 
revoilii 

Elephantulus 
rufescens 

Petrosaltator 
rozeti 

Petrodromus 
tetradactylus 

Macroscelides 
flavicaudatus 

Macroscelides 
proboscideus 

Macroscelides 
micus 

Elephantulus 
myurus 

Elephantulus 
edwardii 

Elephantulus 
rupestris 

Elephantulus 
intufi 

Elephantulus 
fuscus 

Elephantulus 
brachyrhynchus (Angola) 

Elephantulus 
brachyrhynchus 

Rhynchocyon 
cirnoi 

Rhynchocyon 
udzungwensis 

Pleistocene 

Quat. 

ffloostoin'tntM'-o 

M a 

F I G U R E 3 Time-calibrated species tree of the extant Macroscel idea. The numbers in white circles are node ages in M a before present, 
and the associated yellowish bars indicate their 95% H P D intervals. Posterior probabilities of the nodes are shown in shades of gray on the 
branches supporting them 

exhibited a high degree of similarity to M. proboscideus (Woodall , 

1995—Plate IV, f), but with much deeper lateral lobes forming the 

collar. The penis of the northern clade almost matched to the sketch 

of the tip of glans penis in E. rufescens presented by Woodal l (1995, 

Figure 2b), and showed also the similarity with E. edwardii (plate V-d , 

in Woodal l , 1995), but the lateral lobes were ventrally much closer 

and the crater with the urethra was more recessed. 

3.6 | Identification of diagnostic 
characters of Galegeeska 

The parsimony analysis (Figure 6) recognized three apomorphies of 

the Galegeeska clade, specifically hairy rhinarium below (trait no. 2, 

non-homoplasious apomorphy), fully developed pectoral gland (no. 

8, non-homoplasious apomorphy), and y-shaped sulci of the dorsal 

openings for the stapedial artery (no. 56, homoplasious apomorphy) 

(for more details on used traits, see Matrix SI). Two more characters 

might be diagnostic for Galegeeska, because they are shared within 

Macroscelidini only by revoilii and rufescens, but the reconstruction 

of ancestral conditions of some clades remains uncertain due to het­

erogeneous character states in related species. Both Galegeeska spe­

cies exhibit a slightly developed double root in C I and an absence of 

bicolored tail (revoilii with a white tail and rufescens with dark brown) 

(Corbet & Hanks, 1968; Perrin & Rathbun, 2013). The results of an 

alternative analysis (with Galegeeska being sister of Petrosaltator as 

suggested by the species tree based on two nuclear loci only) were 

very similar (for details, see Figure S2). 
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F I G U R E 4 Karyotype of Elephantulus rufescens from Ethiopia, (a) Giemsa-stained karyotype based on female specimen LAV2930 . X Y 
pair is shown for a male specimen LAV2937. (b) Metaphase plate obtained from the specimen LAV2930 . Ar row shows large acrocentric (for 
details, see text) 

(d) (f) 

F I G U R E 5 Schematic drawing of the tip of the glans penis in the northern (a-c) and the southern (d-f) clades of Elephantulus rufescens, 
with the particular scales. Dorsal view (a); lateral view (b, d, e); ventral view (f); and mid-ventral view (c) 

4 | D I S C U S S I O N 

The most important result of our study, which represents the 

most complete multilocus phylogenetic analysis of the subfamily 

Macroscelidinae, is unambiguous evidence for the sister relationship 

of the Rufous Sengi (E. rufescens) with the Somali Sengi (G. revoilii). 

Both species share multiple morphological apomorphies and are 

related to the genera Petrodromus and Petrosaltator. We therefore 

propose to include the Rufous Sengi into the recently erected genus 

Galegeeska (Heritage et al. , 2020), and hereafter, we call this species 

Galegeeska rufescens. Below we summarize additional supporting 

facts for this taxonomie change and discuss the revised evolution­

ary scenario for the subfamily Macroscelidinae and the reasons why 

the phylogenetic position of G. rufescens remained obscure for such 

a long time. 
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F I G U R E 6 Overv iew of non-homoplasious (black) and homoplasious (white) apomorphies reconstructed by the maximum parsimony 
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27(2); 28(0); 29(2); 30(?); 31(2); 32(0); 33(0); 34(?); 35(1); 36(0); 37(?); 38(0); 39(?); 40(0); 41(0); 42(1); 43(1); 44(1); 45(1); 46(1); 47(0); 48(1); 
49(?); 50(0); 51(0); 52(1); 53(0); 54(1); 55(1); 56(1); 57(0); 58(?); 59(0); 60(1); 61(0); 62(0); 63(?); 64(1); 65(0); 66(1); 67(0). Ancestral states that 
vary according to different relationships between Petrodromus and Petrosaltator are in bold 

4.1 | Multiple evidence for the Rufous Sengi 
belonging to the genus Galegeeska 

Even if the newly revealed position of the Rufous Sengi might seem 

surprising (because it was not recovered in previous molecular phy-

logenetic studies; see below), there have been previously supported 

indicators of its taxonomic status. First of all, the close relation­

ship between G. revoilii and G. rufescens is reasonable from a bio-

geographical point of view. Contrary to other sengis (with a single 

exception of E. brachyrhynchus, whose distribution in the northern­

most part overlaps with that of G. rufescens), both Galegeeska species 

live in the Somali-Masai biogeographical region (sensu Under et al. , 

2012). The genus Galegeeska can thus be considered a typical ele­

ment of Somali-Masai fauna, similar to the deeply divergent clades 

characteristic for this region, revealed by recent studies in rodents 

(e.g., Aghova et al . , 2017, 2019; Mikula et al . , 2016). 

External morphology of G. rufescens is very similar to G. revoilii. 

The spectacled eye pattern and hairy lower rhinarium are two traits 

uniquely shared by these two species suggesting their sister relation­

ship (see Figure 3 in Heritage et al., 2020). A distinguishable white circle 

around the eyes and a dark spot behind can also be found in the genus 

Petrodromus, and it is traditionally mentioned as their synapomorphy 

(Corbet & Hanks, 1968). Nevertheless, the white ring in Galegeeska is 

remarkably wider, continuing posteriorly together with the dark spot, 

which differs from Petrodromus (see Heritage et al., 2020). The detailed 

inspection of our material confirmed that G. rufescens possess a rhi­

narium that is hairy below, which is thus a character occurring only in 

G. rufescens and G. revoilii (Corbet & Hanks, 1968). Both species never­

theless significantly differ in relative tail lengths to head + body lengths, 

which are 104% in G. rufescens and 117% in G. revoilii and mean body 

mass (62.4 g and 49.9 g, respectively) (Table S3; Heritage et al., 2020). 

Considering male nipples, Olbricht and Stanley (2009) mentioned that 

this character is present only in Petrodromus and Petrosaltator. Heritage 

et al. (2020) mentioned that G. revoilii lacks male nipples, this char­

acter therefore seems to be unique for the genera Petrodromus and 

Petrosaltator and provides additional support for their sister relationship, 

in agreement with our 6-loci species tree (Figure 2b). We did not find 

any hair tuft on the tail in G. rufescens, which is also similar to G. revoilii 

(Heritage et al., 2020). Although less bushy than in G. revoilii from the 

Djibouti population, we found substantial hair cover across the whole 

tail in all specimens of G. rufescens. This does not agree with Figure 3 in 

Heritage et al. (2020). Lack of fur on the tail of the voucher specimen 

inspected by Heritage et al. (2020) can potentially be explained by the 

preparation method or by its old age (it was collected in 1912). 
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Four basic types of glans penis were described in elephant 

shrews: (i) spatulate-like with a distal row of spines (Rhynchocyon), 

(ii) spear-like with two lateral lobes (Petrodromus), (iii) collar-like with 

distal expanded tip (Macroscelides), and (iv) disk-like with two lat­

eral lobes (Elephantulus) (Woodal l , 1995). Surprisingly, the collar-like 

penis was detected in the southern clade of G. rufescens, but the disk­

like penis in its northern clade. It seems that the genus Galegeeska 

could share glans penis features of distant clades (Elephantulus and 

Macroscelides), but it remains unclear whether this is a result of con­

vergent evolution or the presence of polymorphisms in its ancestors. 

A detailed survey of penile morphology of Galegeeska and the whole 

Macroscelidini is required for the proper inspection of this issue, in 

addition to quantifying inter- and intraspecific variability. 

Chromosomal variability within Macroscelidinae is apparently 

low. Thus, in the most comprehensive overview of sengis cytogenet­

ics, Smit et al. (2011) have shown identical diploid number (26) for 

all representatives of the subfamily with three exceptions: 2n = 30 

for £ myurus and 2n = 28 for Petrosaltator rozeti and P. tetradacty-

lus. The karyotype of G. rufescens, presented for the first time in 

our study, revealed high similarity (at least by the routine staining) 

with those of E. intufi and M. proboscideus (McDonough & Sotero-

Caio, 2019; Smit et al. , 2011). Taken into account the large phylo-

genetic distances among these taxa (Figure 2), one can assume a 

karyotype with 2n = 26 as a plesiomorphic character state for the 

Macroscelidinae subfamily. This hypothesis is supported also by our 

parsimony analysis (Figure 6). 

4.2 | Identification of diagnostic 
characters of Galegeeska 

The sister relationship between G. rufescens and G. revoilii was sug­

gested already by Corbet (1995) based on his comprehensive over­

view of morphological and reproductive characters (Corbet & Hanks, 

1968). Our analysis of the same dataset with additional characters 

identified several definitive and some possible apomorphies of the 

Galegeeska clade. They are related to external (hairy rhinarium, pec­

toral gland, tail coloration), dental (roots in C I and cusp in PI), and 

anatomical (stapedial artery) features. The non-homoplasious na­

ture of the fully developed pectoral gland can be modified by fu­

ture analyses, because it is possessed also by E. fuscipes (Corbet & 

Hanks, 1968), whose D N A sequences are not available. Heritage 

et al. (2020) mentioned the fol lowing characters as diagnostic for 

Galegeeska: pale eye ring with a dark post-ocular mark, hair on the 

lower port ion of the rhinarium, a tufted tail, and second upper inci­

sors that are subequal in size to adjacent upper incisors. However, 

because G. rufescens was not recognized as a member of the genus, 

some of these diagnostic features were not genus-specific, but 

species-specific to G. revoilii (Heritage et al. , 2020). Our analysis sup­

ported only the hairy rhinarium and possibly the pale eye ring with 

a dark post-ocular mark with a thick white strip above it (i.e., the 

modified definition of this character) as genus-specific characters of 

Galegeeska. 

T A B L E 1 Overv iew of sequences of the Rufous Sengi used in 
previous phylogenetic studies 

Locus GenBank Origin 
Sengi 
phylogeny3 

12S+16S rRNA U97339 Springer et al., 
1997 

(1), (2), (3) 

CYTB AF107725 Springer et al., 
1999 

(1), (3), (4) 

IRBP U48584 Stanhope 
etal . , 1996 

(1), (2), (3), (4) 

vWF U31612 Porter et al., 
1996 

(1), (2), (3), (4) 

GHR AF392876 Malia et al., 
2002 

(1), (4) 

references : (1) Kuntner et al., 2010; (2) Smit et al., 2011; (3) Heritage 
et al., 2020; (4) Upham et al., 2019. The study of Douady et al., 2003 is 
not included, because they do not provide detailed data ("... sequences 
were extracted from GenBank."). The study of Upham et al., 2019 
used additional 20 DNA sequences from GenBank, a majority of them 
obtained within the phylogenetic studies of the order Mammalia, so 
likely originating from the same (misidentified) voucher specimen as in 
the studies mentioned in this Table. 

4.3 | Why the correct phylogenetic position of the 

Rufous Sengi was not discovered earlier? 

To our knowledge , there are f ive previous studies that included 

the Rufous Sengi in phylogenet ic reconstruct ions and they all 

consistently reported that it belongs to the genus Elephantulus 

as a sister species to E. brachyrhynchus (Douady et al . , 2 0 0 3 ; 

Heritage et a l . , 2 0 2 0 ; Kuntner et al . , 2010 ; Smit et a l . , 2011 ; 

Upham et a l . , 2019). This result is in contrast to our results , and 

one must ask for the reasons for such a discrepancy. A l l of these 

previous studies were based on the l imited number of sequences 

of G. rufescens f rom GenBank (Table 1). These sequences were 

produced in the frame of several inf luential studies deal ing with 

the phylogenet ic relationships of mammalian orders in the 1990s, 

leading (among others) to the discovery of the taxon Afrother ia 

(Malia et al . , 2 0 0 2 ; Porter et a l . , 1996; Springer et a l . , 1997 ,1999 ; 

Stanhope et a l . , 1998). A l though none of the studies descr ibes an 

actual voucher specimen l inked to the associated sequences , the 

most pars imonious explanat ion of the phylogenet ic discrepancy 

is species mis ident i f icat ion. A l l but one (GHR gene; Mal ia et al . , 

2002) of these studies were publ ished by M . J . Stanhope as senior 

author, and it is very likely that all sequences or iginated f rom the 

same specimen of E. brachyrhynchus and not G. rufescens, probably 

f rom Kenya as suggested by our genetic analysis (see Figure 2a— 

analysis of CYTB placed the sequence AF107725 into the clade of 

E. brachyrhynchus together wi th other Kenyan samples). Because 

the distr ibut ion of G. rufescens and E. brachyrhynchus overlaps in 

Kenya and Tanzania (and the aim of the above-ment ioned stud­

ies f rom the 1990s was not to resolve relationships among sen­

gis; the sequence was always used just as a representat ive of 

Macroscel idea) , it is possible that the sequences were uploaded 
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to GenBank erroneously as "Elephantulus" rufescens, even if 

they in fact represent E. brachyrhynchus. O n the other hand, the 

GenBank sequence of the RAG1 gene (AY011877; Murphy et al . , 

2001) seems to originate f rom the correct ly ident i f ied Rufous 

Sengi as it unambiguously c lustered wi th our new sequences 

of this species (but the voucher specimen is also not detai led in 

Murphy et a l . , 2001) . However , this gene has never been used 

in previous phylogenet ic analyses of sengis (Table 1), w i th the 

except ion of Upham et al . (2019), where its e f fect on phyloge­

netic placement was overwr i t ten by 23 addit ional D N A fragments 

downloaded f rom GenBank . Another factor causing the misplace­

ment of the Rufous Sengi in previous phylogenet ic trees is the 

general ly low amount of available genetic data f rom sengis f rom 

eastern Af r i ca as most previous research focused on the southern 

part of the cont inent (see references in Introduction). These facts 

again st rengthen the necessity of a co l lect ion of fresh samples 

f rom understudied areas direct ly in the f ie ld (together wi th as 

much addit ional data as possible), as wel l as the need for l inking 

physical voucher specimens to GenBank sequences , especial ly if 

they should be used for genomic analyses of b iodivers i ty and its 

evolut ion (reviewed by Ferguson, 2 0 2 0 ; see Heritage et a l . , 2020 , 

for a recent example in sengis). 

4.4 | Revised evolutionary scenario for 
Macroscelidinae 

The most detailed evolutionary biogeographical scenario of 

Macroscel idea was recently proposed by Heritage et al . (2020). 

Compared with their study, all estimates of divergence times pre­

sented here are significantly younger. In particular, our dating of the 

split between G. revoilii and G. rufescens (1.7 Ma) is in striking con­

trast to 5.4 M a estimated by Heritage et al . (2020) as the intraspe-

cific divergence time of Djiboutian and Somalian G. revoilii. This is 

even more striking given that both studies put similar calibration 

densities on the M R C A of extant Macroscel idea. The likely reason 

for this difference is methodological . The concatenated analysis of 

Heritage et al. (2020) (and to some extent also Douady et al . , 2003) 

cannot account for coalescences that are deep due to demographic 

stochasticity rather than to species divergence, which is particularly 

important when both mitochondrial and nuclear loci are included. 

Furthermore, conspecific sengis were analyzed together with rep­

resentatives of deeply divergent Afrotherian species and such un­

balanced sampling could also contribute to overestimation of their 

divergence times. Whi le definitely younger than in Heritage et al. 

(2020), our estimates of divergence times are burdened with large 

uncertainty, which precludes associating them precisely with par­

ticular geoclimatic events. Clearly, there is a need for a phylogeny 

based on many more loci (e.g., f lanking regions of ultraconserved el­

ements; McCormack et al. , 2012) and calibrated by more fossil data 

(e.g., via fossilized birth-death model ; Heath et al . , 2014). 

However, our dating, together with the corrected phylogenetic 

position of G. rufescens, invokes a significantly modified evolutionary 

scenario for the subfamily Macroscelidinae. Heritage et al . (2020) 

proposed that the common ancestor of Macroscelidini lived in 

Central Afr ica during the late Oligocene (25.5 Ma), f rom where it 

colonized the entire continent of Afr ica from the Maghreb re­

gion (Petrosaltator), through the Horn of Afr ica (Galegeeska), cen­

tral and eastern Afr ica (Petrodromus) to Africa's southern cape 

[Macroscelides). Our data agree with this biogeographical pattern, 

but the timescale is strikingly different. The most recent common 

ancestor of Macroscelidini was estimated to 8.5 M a (Figure 3), so 

the continental diversification was three times faster than previ­

ously thought. This is not surprising (even if all sengis have low dis­

persal ability as pointed out by Heritage et al. (2020)), taking into 

consideration the cases of colonization of whole sub-Saharan Africa 

by smaller mammals with presumed low dispersal capacity during 

Pleistocene (e.g., Afr ican Pygmy Mouse , Mus minutoides; Bryja et al. , 

2014). The split of South Afr ican Macroscelides and three remaining 

genera of the tribe (their ancestor probably occurred in East Africa) 

in late Miocene is in concordance with other non-forest small mam­

mals, for example, the split of the East Afr ican clade of gerbils of the 

genus Gerbilliscus (Aghova et al . , 2017, 2018) or the split of South 

African spiny mice (Acomys subspinosus/spinosissimus clade) from 

the rest of the genus (Aghova et al. , 2018, 2019; Petruzela et al., 

2018). A l l of these divergences are estimated between 6 and 9 M a , 

when the formation of the Rift Valley and the decline in global tem­

peratures resulted in greater rainfall seasonality, and the African 

Miocene "coast-to-coast" forest started to be fragmented into the 

current Guineo-Congolese forests and coastal and mountain forests 

of East Afr ica (Bobe, 2006 ; Plana, 2004). It is likely that the repeated 

closing of savanna corridors between eastern and southern Africa 

by equatorial forest intensified diversification processes in organ­

isms adapted to open habitats and worked as "a speciation pump" 

for such groups. The climate in the Pliocene and Pleistocene was 

highly variable, and multiple hypervariable periods were identified 

(e.g., Potts, 2013). A reversal of the general cooling and aridification 

trend occurred in the Early Pliocene, which represents the warm­

est period over the last 5 Myr (Feakins & deMenoca l , 2010). The 

differentiation of fauna in three bioregions with predominance of 

open habitats (Somali-Masai, Zambezian and South Afr ican; sensu 

Under e ta l . , 2012) was often dated to the Miocene/Pl iocene bound­

ary (e.g., pouched mice; Mikula et al . , 2016), when the East Afr ican 

forests may have expanded (see review in Couvreur et al . 2020). It 

is also in agreement with our divergence dating of the split between 

the genera Galegeeska (Somali-Masai) and Petrodromus (Zambezian), 

and similarly between Zambezian E.brachyrhynchus/fuscus and 

South Afr ican E. rupestris/intufi clades. These hypotheses still remain 

to be tested by fossil data. Unfortunately, fossil sengis from the late 

Miocene and early Pliocene are scarce—they were found at just two 

Kenyan fossils sites: Lukeino (6.1-5.8 M a , Mein & Pickford, 2006) 

and Kanapoi (4.1 M a , Manthi & Winkler , 2020), but in both cases, 

the remains were too fragmentary to be classified more precisely. 

Subsequently, the aridification trend from the Early Pliocene led 

to the spread of savanna-like habitats and their flora and fauna (Bobe, 

2006). Current overlap of the distributions of sengi species, which 
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originated in different bioregions, is clearly secondary. This is best 

exemplified by the finding of both E. intufi and E. cf. brachyrhynchus in 

Angola, less than 100 km from each other. Even if geographically rel­

atively close, there is a big ecological divide between their sampling 

sites. Whi le Angolan E. cf. brachyrhynchus was captured on the top of 

the Angolan Escarpment, whose small mammal fauna is derived from 

that of Zambezian savanna in the eastern Afr ica , E. intufi was found 

below the Escarpment, in a semidesert habitat on its western side, 

whose fauna has much in common with Southern Africa (Krasová 

et al. , unpubl. data). Similarly, we can hypothesize relatively recent 

(definitely Pleistocene) spread of originally Zambezian E. brachyrhyn­

chus to the north (where it currently overlaps with Somali-Masai 

species G. rufescens), or southward colonization of G. rufescens to 

Tanzania, where it overlaps with Zambezian Petrodromus. 

The recently delimited genus Gaiegeeska is a typical Somali-Masai 

biogeographical element and its intrageneric diversification was most 

likely affected by the same evolutionary mechanisms as in other taxa 

of this region, especially rodents and reptiles. For example, phyloge-

netic and phylogeographic studies of murid rodents from the gen­

era Acomys (Aghová et al., 2019), Arvicanthis (Bryja et al., 2019), or 

Gerbilliscus (Aghová et al. , 2017) suggest that the most important di­

versification factor creating extant species diversity was Pleistocene 

climate oscillations. The estimated Pleistocene split between sister 

taxa G. revoilii and G. rufescens (ca. 1.7 M a ; Figure 3) is well concordant 

with other small mammals, sympatric with Gaiegeeska in the Somali-

Masai region, for example, Arvicanthis somalicus versus A . neumanni 

(Bryja et al., 2019), two clades of Acomys louisae (Frynta et al. , 2020), 

Gerbilliscus robustus versus G. sp. n. "Babile" (Aghová et al. , 2017), or 

Acomys mullah versus A. sp. "A" (Aghová et al., 2019); all of them being 

dated to 1.5-2 M a . These splits in savanna mammals can be a result of 

a vicariance event caused by the African rift lakes or forested moun­

tain ranges (e.g., in Ethiopia or Somaliland) forming important barriers 

to gene flow during humid periods of the Pleistocene (Trauth et al., 

2010; see also discussion in Aghová et al. , 2017). 

Distribution of divergence times also calls into ques­

tion the taxonomie status of three genera in the Petrodromus/ 

Petrosaltator/Gaiegeeska clade, because their mutual divergences are 

younger than those observed within the remaining two genera. One 

extreme solution could be the split of Elephantulus into several genera 

(i.e., E. myurus/edwardi clade should be a different genus). The oppo­

site extreme was proposed by Smit et al. (2011), who suggested sub­

suming of Petrodromus and Macroscelides (i.e., all recognized genera 

of the subfamily Macroscelidinae at that time) in Elephantulus. Based 

on our most comprehensive phylogenetic study, we prefer to keep 

the status quo, but thorough morphological (or possibly ecological 

and behavioral) study should assess whether the currently delimited 

genera Petrodromus/Petrosaltator/Galegeeska are substantially more 

distinctive compared with differentiation within Macroscelides and 

Elephantulus. 

A C K N O W L E D G E M E N T S 

This study was supported by the Czech Science Foundation (projects 

no. 20-07091J and 18-17398S to JB and RS), the Grant Agency of 

the University of South Bohemia (projects nos. 04-048/2019/P and 

018/2017/P to JK), and the Russian Foundation for Basic Research 

(project no. 19-54-26003 to LAL, A A M , and DSK). Samples utilized 

in the study have been lawfully acquired and were collected prior to 

the Nagoya Protocol on Access to Genetic Resources and the Fair 

and Equitable Sharing of Benefits Arising from Their Utilization to 

the Convention on Biological Diversity has been in effect. W e are in­

debted to many local authorities for providing permits to carry out the 

research, especially Angolan Ministry of Environment, and Instituto 

Superior de Ciéncias da Educagáo da Huila (ISCED-Huila) in Angola, 

Ethiopian Wildlife Conservation Authority (EWCA), and the Oromia 

Forest and Wildlife Enterprise (OFWE) in Ethiopia, the Sokoine 

University of Agriculture in Morogoro (Tanzania), the Kenyan Forest 

Service and the Kenyan Wildlife Service (Kenya), Zambia Wildlife 

Authority (ZAWA), and National Directorate for Protected Areas 

(DINAC—Mozambique). We are grateful to A . Darkov (Joint Ethio-

Russian Biological Expedition, Fourth Phase—JERBE IV) and S. Keskes 

(Ethiopian Ministry of Innovation and Technology) for managing the 

JERBE expedition. For help during the fieldwork and providing addi­

tional samples, we acknowledge S. Gryssels, J . Šklíba, S. Šafarčíková, M. 

Lovy, A . Konečný, A . Hánová, L. Cuypers, V. Mazoch, H. Konvičková, J. 

Zima jr., F. Sedláček, F. Vejmělka, J. M b a u , A . S . Katakweba,A. Halajian, 

Y. F. Ivlev, and all local collaborators. We also thank two anonymous 

reviewers for constructive comments on the previous version of the 

manuscript. We declare no conflicts of interests. 

A U T H O R S ' C O N T R I B U T I O N S 

JK, RS, LAL , and JB conceived and designed the study; JK, O M , 

RS, DSK, A A M , LAL , and JB collected the material; JK performed 

genotyping; JB and O M analyzed genetic data; LAL , A A M , and DSK 

produced karyotypes; RS, S H , and JR performed morphological 

analysis; JB wrote the first draft of the manuscript that was comple­

mented by all authors. A l l authors also approved the final version of 

the manuscript. 

ORCID 

Ondřej Mikula https ://orcid.org/0000-0003-4361-0581 

DanilaS. Kostin https://orcid.org/0000-0001-9138-5222 

Leonid A. Lavrenchenko https://orcid.org/0000-0001-9961-8748 

Josef Bryja https://orcid.org/0000-0003-0516-7742 

R E F E R E N C E S 

Aghová, T., Kimura, Y., Bryja, J. , Dobigny, G., Granjon, L., & Kergoat, G. 
J. (2018). Fossils know it best: using a new set of fossil calibrations 
to improve the temporal phylogenetic framework of murid rodents 
(Rodentia: Muridae). Molecular Phylogeneticsand Evolution, 128,98-
111. https://doi.Org/10.1016/j.ympev.2018.07.017 

Aghová, T., Palupčíková, K., Šumbera, R., Frynta, D., Lavrenchenko, L. 
A., Meheretu, Y., Sádlová, J., Votýpka, J., Mbau, J. S., Modrý, D., 
& Bryja, J. (2019). Multiple radiations of spiny mice (Rodentia: 
Acomys) in dry open habitats of Afro-Arabia: Evidence from a 
multi-locus phylogeny. 8MC Evolutionary Biology, 19, 69. https://doi. 
org/10.1186/sl2862-019-1380-9 

Aghová, T., Šumbera, R., Piálek, L., Mikula, O., McDonough, M. M. , 
Lavrenchenko, L. A . , & Bryja, J. (2017). Multilocus phylogeny of 

13 

https://orcid.org/0000-0003-4361-0581
https://orcid.org/0000-0001-9138-5222
https://orcid.org/0000-0001-9961-8748
https://orcid.org/0000-0003-0516-7742
https://doi.Org/10.1016/j.ympev.2018.07.017
https://doi


East African gerbils (Rodentia, Gerbilliscus) illuminates the history of 
the Somali-Masai savanna. Journal of Biogeography, 44,2295-2307. 
https://doi.org/10 . l l ll/jbi .13017 

Agnarsson, I., & Miller, J. A . (2008). Is ACCTRAN better than DELTRAN? 
Cladistic,24, l-7.https://doi.org/10.1111/j.l096-0031.2008.00229.x 

Bobe, R. (2006). The evolution of arid ecosystems in eastern Africa Journal 
of Arid Environments, 66, 564-584. https://doi.org/10.1016/jjarid 
env.2006.01.010 

Bryja, J., Colangelo, P., Lavrenchenko, L. A . , Meheretu, Y., Sumbera, R., 
Bryjovä, A . , & Castiglia, R. (2019). Diversity and evolution of African 
Grass Rats (Muridae: Arvicanthis) - From radiation in East Africa to 
repeated colonization of northwestern and southeastern savannas. 
Journal of Zoological Systematics and Evolutionary Research, 57,970-
988. https://doi .org/10 . l l l l/jzs.12290 

Bryja, J. , Mikula.O. , Sumbera, R., Meheretu, Y , Aghovä.T., Lavrenchenko, 
L. A. , Mazoch, V., Oguge, N., Mbau, J. S., Welegerima, K., Amundala, 
N., Colyn, M. , Leirs, H., & Verheyen, E. (2014). Pan-African phylog-
eny of Mus (subgenus Nannomys) reveals one of the most success­
ful mammal radiations in Africa. BMC Evolutionary Biology, 14,1-20. 
https://doi.org/10.1186/sl2862-014-0256-2 

Burgin, C. J., Colella, J . P., Kahn, P. L, & Upham, N. S. (2018). How many 
species of mammals are there? Journal of Mammalogy, 99, 1-14. 
https://doi.org/10.1093/jmammal/gyxl47 

Butler, P. M . (1984). Macroscelidea, Insectivora and Chiroptera from the 
Miocene of East Africa. Palaeovertebrata, 14,117-198. 

Carlen, E. J., Rathbun, G. B., Olson, L. E., Sabuni, C. A . , Stanley, W. T., 
& Dumbacher, J. P. (2017). Reconstructing the molecular phylog-
eny of giant sengis (Macroscelidea; Macroscelididae; Rhynchocyon). 
Molecular Phylogenetics and Evolution, 113, 150-160. https://doi. 
org/10.1016/j.ympev.2017.05.012 

Corbet, G. B. (1971). Family Macroscelididae. In J. Meester, & H. W. 
Setzer (Eds.), The mammals of Africa: An identification manual (pp. 
1-6). Smithsonian Institution Press. 

Corbet, G. B. (1995). A cladistic look at classification within the subfamily 
Macroscelidinae based upon morphology. Mammal Review, 25,15-
17. https://doi .Org/10 .llll/j.1365-2907.1995.tb00433.x 

Corbet, G. B., & Hanks, J. (1968). A revision of the elephant-shrews, fam­
ily Macroscelididae. Bulletin of the British Museum (Natural History): 
Zoology, 16,47-111. 

Douady, C. J. , Catzeflis, F., Raman, J., Springer, M . S., & Stanhope, M. J. 
(2003). The Sahara as a vicariant agent, and the role of Miocene 
climatic events, in the diversification of the mammalian order 
Macroscelidea (elephant shrews). Proceedings of the National 
Academy of Sciences, 100(14), 8325-8330. https://doi.org/10.1073/ 
pnas.0832467100 

Dumbacher, J. P. (2016). Petrosaltator gen. nov., a new genus re­
placement for the North African sengi Elephantulus rozeti 
(Macroscelidea; Macroscelididae). Zootaxa, 4136, 567-579. https:// 
doi.org/10.11646/zootaxa.4136.3.8 

Dumbacher, J. P., Rathbun, G. B., Osborne, T. O., Griffin, M. , & Eiseb, S. 
J. (2014). A new species of round-eared sengi (genus Macroscelides) 
from Namibia. Journal of Mammalogy, 95, 443-454. https://doi. 
org/10.1644/13-MAMM-A-159 

Dumbacher, J. P., Rathbun, G. B.,Smit, H.A., & Eiseb, S.J. (2012). Phylogeny 
and taxonomy of the round-eared sengis or elephant-shrews, genus 
Macroscelides (Mammalia, Afrotheria, Macroscelidea). PLoS One, 7, 
e32410. https://doi.org/10.1371/journal.pone.0032410 

Feakins, S. J., & Demenocal, P. B. (2010). Global and African regional cli­
mate during the Cenozoic. In L. Werdelin, & W. J. Sanders (Eds.), 
Cenozoic mammals of Africa (pp. 45-55). University of California 
Press. 

Ferguson, A. W. (2020). On the role of (and threat to) natural history 
museums in mammal conservation: an African small mammal per­
spective. Journal of Vertebrate Biology, 69(2), 20028. https://doi. 
org/10.25225/jvb.20028 

Ford, C. E., & Hamerton, J. L. (1956). A colchicine, hypotonic citrate, 
squash sequence for mammalian chromosomes. Stain Technology, 
31, 247-251. https://doi.org/10.3109/10520295609113814 

Frynta, D., Palupci kova, K., Elmi, H. S. A. , Awale, A . I., & Frydlova, P. (2020). 
Molecular characterization of Acomys louisae from Somaliland: A 
deep divergence and contrasting genetic patterns in a rift zone. 
Mammalian Biology, 100, 385-398. https://doi.org/10.1007/s4299 
1-020-00045-7 

Gernhard, T. (2008). The conditioned reconstructed process. Journal 
of Theoretical Biology, 253, 769-778. https://doi.Org/10.1016/j. 
jtbi.2008.04.005 

Heath, T. A . , Huelsenbeck, J. P., & Stadler, T. (2014). The fossilized 
birth-death process for coherent calibration of divergence-time 
estimates. Proceedings of the National Academy of Sciences, 111, 
E2957-E2966. https://doi.org/10.1073/pnas.1319091111 

Heritage, S. (2018). Macroscelidea (Sengis). In D. E. Wilson, & R. A. 
Mittermeier (Eds.), Handbook of the mammals of the world, volume 8, 
insectivores, sloths and colugos (pp. 206-234). Lynx Edicions. 

Heritage, S., Rayaleh, H., Awaleh, D. G., & Rathbun, G. B. (2020). New re­
cords of a lost species and a geographic range expansion for sengis 
in the Horn of Africa. PeerJ, 8, e9652. https://doi.org/10.7717/ 
peerj.9652 

Hey, J. , & Nielsen, R. (2007). Integration within the Felsenstein equation 
for improved Markov chain Monte Carlo methods in population ge­
netics. Proceedings of the National Academy of Sciences, 104, 2785-
2790. https://doi.org/10.1073/pnas.0611164104 

Holroyd, P. A . (2010). Macroscelidea. In L. Werdelin, & W. J. Sanders 
(Eds.), Cenozoic mammals of Africa (pp. 89-98). University of 
California Press. 

Kuntner, M. , May-Collado, L. J., & Agnarsson, I. (2010). Phylogeny 
and conservation priorities of afrotherian mammals 
(Afrotheria, Mammalia). Zoologica Scripta, 40, 1-15. https://doi. 
org/10.1111/j.l463-6409.2010.00452.x 

Linder, H. P.,de Klerk, H. M. , Born, J., Burgess, N. D., Fjeldsa, J . ,& Rahbek, 
C. (2012). The partitioning of Africa: Statistically defined biogeo-
graphical regions in sub-Saharan Africa. Journal of Biogeography, 39, 
1189-1205. https://doi .Org/10 .llll/j.1365-2699.2012.02728.x 

Malia, M . J. Jr, Adkins, R. M. , & Allard, M. W. (2002). Molecular support 
for Afrotheria and the polyphyly of Lipotyphla based on analyses 
of the growth hormone receptor gene. Molecular Phylogenetics 
and Evolution, 24, 91-101. https://doi.org/10.1016/S1055 
-7903(02)00219-1 

Manthi, F. K., & Winkler, A . J. (2020). Rodents and other terrestrial 
small mammals from Kanapoi, north-western Kenya. Journal 
of Human Evolution, 140, 102694. https://doi.Org/10.1016/j. 
jhevol.2019.102694 

McCormack, J. E., Faircloth, B. C , Crawford, N. G., Gowaty, P. A. , 
Brumfield, R. T., & Glenn, T. C. (2012). Ultraconserved elements 
are novel phylogenomic markers that resolve placental mammal 
phylogeny when combined with species-tree analysis. Genome 
Research, 22, 746-754. https://doi.org/10.1101/gr.125864 . lll 

McDonough, M. M. , & Sotero-Caio, C. G. (2019). New karyotypic in­
formation for small mammals from Botswana with implications 
for regional biogeography. In R. D. Bradley, H. H. Genoways, D. 
J. Schmidly, & L. C. Bradley (Eds.). From field to laboratory: A me­
morial volume in honor of Robert J. Baker (pp. 775-804). Special 
Publications, Museum of Texas Tech University 71:xi+l-911. 

Mein, P., & Pickford, M. (2006). Late Miocene micromammals from 
the Lukeino formation (6.1 to 5.8 ma), Kenya. Publications de la 
Societe Linneenne de Lyon, 75, 183-223. https://doi.org/10.3406/ 
linly.2006.13628 

Mikula.O. , Sumbera, R., Aghova.T., Mbau, J. S., Katakweba, A.S . ,Sabuni , 
C. A . , & Bryja, J. (2016). Evolutionary history and species diversity 
of African pouched mice (Rodentia: Nesomyidae: Saccostomus). 
Zoologica Scripta, 45, 595-617. https://doi .org/10 . l l l l/zsc.12179 

14 

https://doi.org/10.llll/jbi.13017
https://doi.org/10.1111/j.l096-0031.2008.00229.x
https://doi.org/10.1016/jjarid
https://doi.org/10.llll/jzs.12290
https://doi.org/10.1186/sl2862-014-0256-2
https://doi.org/10.1093/jmammal/gyxl47
https://doi
https://doi.Org/10.llll/j.1365-2907.1995.tb00433.x
https://doi.org/10.1073/
https://doi
https://doi.org/10.1371/journal.pone.0032410
https://doi
https://doi.org/10.3109/10520295609113814
https://doi.org/10.1007/s4299
https://doi.Org/10.1016/j
https://doi.org/10.1073/pnas.1319091111
https://doi.org/10.7717/
https://doi.org/10.1073/pnas.0611164104
https://doi
https://doi.Org/10.llll/j.1365-2699.2012.02728.x
https://doi.org/10.1016/S1055
https://doi.Org/10.1016/j
https://doi.org/10.1101/gr.125864.lll
https://doi.org/10.3406/
https://doi.org/10.llll/zsc.12179


Miller, M . A. , Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES 
Science Gateway for inference of large phylogenetic trees. In 
Proceedings of the Gateway Computing Environments Workshop 
(GCE), 14 Nov. 2010 (pp. 1-8). New Orleans, LA: https://www.phylo. 
org/sub_sections/portal/sc2010_paper.pdf 

Murphy, W. J. , Eizirik, E., Johnson, W. E., Zhang, Y. P., Ryder, O. A. , 
& O'Brien, S. J. (2001). Molecular phylogenetics and the ori­
gins of placental mammals. Nature, 409, 614-618. https://doi. 
org/10.1038/35054550 

Nixon, K. C. (1999). Winclada (BETA) ver. 0.9.9. Ithaca, NY, published by 
the author. 

Ogilvie, H. A. , Bouckaert, R. R., & Drummond, A . J. (2017). StarBEAST2 
brings faster species tree inference and accurate estimates of sub­
stitution rates. Molecular Biology and Evolution, 34, 2101-2114. 
https://doi.org/10.1093/molbev/msxl26 

Olbricht, G., & Stanley, W. T. (2009). The topographic distribution of the 
penis and mammary glands in sengis (Macroscelidea) and its useful­
ness for taxonomic distinctions. Zoosystematics and Evolution, 85, 
297-303. https://doi.org/10.1002/zoos.200900007 

Perrin, M. , & Rathbun, G. B. (2013). Order Macroscelidea—Sengis 
(Elephant-shrews). In J. Kingdon, D. Happold, M . Hoffmann, T. 
Butynski, M . Happold, & J. Kalina (Eds.), Mammals of Africa, Volume 
I, introductory chapters and Afrotheria (pp. 258-287). Bloomsbury 
Natural History. 

Petruzela, J., Sumbera, R., Aghova, T., Bryjova, A . , Katakweba, A . S., 
Sabuni, C. A . , Chitaukali, W. N., & Bryja, J. (2018). Spiny mice of the 
Zambezian bioregion-phylogeny, biogeography and ecological dif­
ferentiation within the Acomys spinosissimus complex. Mammalian 
Biology, 91, 79-90. https://doi.Org/10.1016/j.mambio.2018.03.012 

Plana, V. (2004). Mechanisms and tempo of evolution in the African 
Guineo-Congolian rainforest. Philosophical Transactions of the Royal 
Society of London. Series B: Biological Sciences, 359, 1585-1594. 
https://doi.org/10.1098/rstb.2004.1535 

Porter, C. A . , Goodman, M. , & Stanhope, M . J . (1996). Evidence on mam­
malian phylogeny from sequences of exon 28 of the von Willebrand 
factor gene. Molecular Phylogenetics and Evolution, 5, 89-101. 
https://doi.org/10.1006/mpev.1996.0008 

Potts, R. (2013). Hominin evolution in settings of strong environmen­
tal variability. Quaternary Science Reviews, 73, 1-13. https://doi. 
org/10.1016/j.quascirev.2013.04.003 

Rambaut.A., Drummond,A. J., Xie, D., Baele,G. ,&Suchard, M . A . (2018). 
Posterior summarization in Bayesian phylogenetics using Tracer 1.7. 
Systematic Biology, 67, 901. https://doi.org/10.1093/sysbio/syy032 

Ronquist, E, & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phyloge­
netic inference under mixed models. Bioinformatics, 19,1572-1574. 
https://doi.org/10.1093/bioinformatics/btgl80 

Smit, H. A. , Jansen van Vuuren, B., O'Brien, P. C. M. , Ferguson-Smith, 
M. , Yang, F., & Robinson, T. J. (2011). Phylogenetic relationships of 
elephant-shrews (Afrotheria, Macroscelididae). Journal of Zoology, 
284,133-143. https://doi .Org/10 .llll/j.1469-7998.2011.00790.x 

Smit, H. A. , Robinson, T. J., Watson, J., & van Vuuren, B. J. (2008). A new 
species of elephant-shrew (Afrotheria: Macroscelidea: Elephantulus) 
from South Africa. Journal of Mammalogy, 89, 1257-1269. https:// 
doi.org/10.1644/07-MAMM-A-254.1 

Springer, M . S., Amrine, H. M. , Burk, A. , & Stanhope, M. J. (1999). 
Additional support for Afrotheria and Paenungulata, the perfor­
mance of mitochondrial versus nuclear genes, and the impact of 
data partitions with heterogeneous base composition. Systematic 
Biology, 48, 65-75. https://doi.org/10.1080/106351599260445 

Springer, M . S., eleven, G. C , Madsen, O , de Jong, W. W., Waddell, V. 
G., Amrine, H. M. , & Stanhope, M . J . (1997). Endemic African mam­
mals shake the phylogenetic tree. Nature, 388, 61-64. https://doi. 
org/10.1038/40386 

Stamatakis, A . (2014). RAxML version 8: a tool for phylogenetic analysis 
and post-analysis of large phylogenies. Bioinformatics, 30, 1312-
1313. https://doi.org/10.1093/bioinformatics/btu033 

Stanhope, M. J. , Smith, M . R., Waddell , V. G., Porter, C. A . , Shivji, M. S., 
& Goodman, M. (1996). Mammalian evolution and the interphoto-
receptor retinoid binding protein (IRBP) gene: convincing evidence 
for several superordinal clades. Journal of Molecular Evolution, 43(2), 
83-92. https://doi.org/10.1007/BF02337352 

Stanhope, M. J., Waddell, V. G., Madsen, O , de Jong, W., Hedges, S. B., 
eleven, G. C , Kao, D., & Springer, M . S. (1998). Molecular evidence 
for multiple origins of Insectivora and for a new order of endemic 
African insectivore mammals. Proceedings of the National Academy of 
Sciences, 95, 9967-9972. https://doi.org/10.1073/pnas.95.17.9967 

Trauth, M. H., Maslin, M . A. , Deino, A. L, Junginger, A. , Lesoloyia, M. , 
Odada, E. O , Olago, D. O , Olaka, L. A. , Strecker, M. R., STiedemann, 
R. (2010). Human evolution in a variable environment: the amplifier 
lakes of Eastern Africa. Quaternary Science Reviews, 29,2981-2988. 
https://doi.Org/10.1016/j.quascirev.2010.07.007 

Upham, N. S., Esselstyn, J. A . , & Jetz, W. (2019). Inferring the mam­
mal tree: Species-level sets of phylogenies for questions in ecol­
ogy, evolution, and conservation. PLoS Biology, 17(12), e3000494. 
https://doi.org/10.1371/journal.pbio.3000494 

Woodall , P. F. (1995). The penis of elephant shrews (Mammalia: 
Macroscelididae). Journal of Zoology, 237, 399-410. https://doi. 
org/10.1111/j'.1469-7998.1995.tb02770.x 

S U P P O R T I N G I N F O R M A T I O N 

Addit ional supporting information may be found online in the 

Supporting Information section. 

Table S I . List of used specimens with details on their D N A se­

quences and localities. 

Table S2 . Details to the genotyping protocol . 

Table S3 . External measurements of specimens of Elephantulus 

rufescens. 

Data S I . Al ignments used in this study in FASTA format. 

Data S2 . Input data files for the STARBEAST2 (xml format prepared 

in BEAUti) analyses of species trees of the subfamily Macroscelidinae 

(2 or 6 loci , 14 or 20 candidate species) and for divergence dating of 

the family Macroscelididae. 

Matr ix S I . Matrix with a list of characters, definitions, and associ­

ated references, for a cladistic analysis. 

Figure S I . Species tree of the subfamily Macroscelidinae inferred 

from two nuclear loci (IRBP and vWF) using a multi-species coales-

centapproach in STARBEAST2 . 

Figure S2 . Alternative cladistic analysis of ancestral traits. 

How to cite this article: Krasová J , Mikula O , Šumbera R, 

et al. The Rufous Sengi is not Elephantulus—M ultilocus 

reconstruction of evolutionary history of sengis from the 

subfamily Macroscelidinae. J Zool Syst Evol Res. 

2021;59 :918-932. h t tps : / /do i .o rg/10 . l l l l / j z s .12460 

15 

https://www.phylo
https://doi
https://doi.org/10.1093/molbev/msxl26
https://doi.org/10.1002/zoos.200900007
https://doi.Org/10.1016/j.mambio.2018.03.012
https://doi.org/10.1098/rstb.2004.1535
https://doi.org/10.1006/mpev.1996.0008
https://doi
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/bioinformatics/btgl80
https://doi.Org/10.llll/j.1469-7998.2011.00790.x
https://doi.org/10.1080/106351599260445
https://doi
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1007/BF02337352
https://doi.org/10.1073/pnas.95.17.9967
https://doi.Org/10.1016/j.quascirev.2010.07.007
https://doi.org/10.1371/journal.pbio.3000494
https://doi
https://doi.org/10.llll/jzs.12460

