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séum national d’Histoire naturelle, UMS 2700, 75005 Paris, France
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A B S T R A C T

The hypothesis of Pleistocene forest refugia was tested using comparative phylogeo-

graphy of Scotonycterini, a fruit bat tribe endemic to Africa containing four species:

Scotonycteris zenkeri, Casinycteris argynnis, C. campomaanensis, and C. ophiodon. Patterns

of genetic structure were assessed using 105 Scotonycterini (including material from

three holotypes) collected at 37 localities, and DNA sequences from the mitochondrial

cytochrome b gene (1140 nt) and 12 nuclear introns (9641 nt). Phylogenetic trees and

molecular dating were inferred by Bayesian methods. Multilocus analyses were

performed using supermatrix, SuperTRI, and *BEAST approaches. Mitochondrial analyses

reveal strong phylogeographical structure in Scotonycteris, with four divergent

haplogroups (4.9–8.7%), from Upper Guinea, Cameroon, western Equatorial Africa,

and eastern Democratic Republic of the Congo (DRC). In C. argynnis, we identify two

mtDNA haplogroups corresponding to western and eastern Equatorial Africa (1.4–2.1%).

In C. ophiodon, the mtDNA haplotypes from Cameroon and Ivory Coast differ by only 1.3%.

Nuclear analyses confirm the validity of the recently described C. campomaanensis and

indicate that western and eastern populations of C. argynnis are not fully isolated. All

mtDNA clusters detected in Scotonycteris are found to be monophyletic based on the

nuclear dataset, except in eastern DRC. In the nuclear tree, the clade from western

Equatorial Africa is closely related to individuals from eastern DRC, whereas in the

mitochondrial tree it appears to be the sister-group of the Cameroon clade. MIGRATE-N

analyses support gene flow from western Equatorial Africa to eastern DRC. Molecular

dating indicates that Pleistocene forest refugia have played an important role in

shaping the evolution of Scotonycterini, with two phases of allopatric speciation at

approximately 2.7 and 1.6 Mya, resulting from isolation in three main forest areas
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1. Introduction

The Quaternary, which includes the Pleistocene and
Holocene epochs, started at the onset of the Northern
Hemisphere glaciations, approximately 2.58 Mya, and
continues to the present-day. It was characterized by a
succession of about 50 glacial/interglacial cycles, which are
attributed to variation in solar radiation [1]. The decrease
of temperature and precipitation during glacial periods
had major impacts on the fauna and flora of high and
middle latitudes, but also in low latitudes, where widely
distributed Pliocene rainforests, which today contain high
levels of biotic endemism and richness [2,3], were partly
replaced by more open vegetation [4]. A critical question is
what was the influence of Pleistocene glaciations on
rainforest biodiversity?

The late Jürgen Haffer proposed in 1969 [5] the
hypothesis of Pleistocene forest refugia to explain specia-
tion in Amazonian forest birds. He postulated that ‘‘during

several dry climatic periods of the Pleistocene, [. . .] the

Amazonian forest was divided into a number of smaller

forests, which were isolated from each other by tracts of open,

non-forest vegetation’’ and ‘‘served as ‘refuge areas’ for

numerous populations of forest animals, which deviated from

one another during these periods of geographic isolation’’.
This hypothesis has been questioned by palynological data
that do not support forest fragmentation of Amazonia
during the Last Glacial Maximum (LGM) [6–8]. Despite
these criticisms, the hypothesis still continues to attract
the attention of many biographers and has been applied to
a wide range of plant and animal groups in tropical regions
around the world [9–15].

On the African continent, tropical rainforests are
currently divided into two blocks: the Upper Guinea
Forest in West Africa and the Congo Basin Forest in Central
Africa [16–18]. These two blocks are separated in West
Africa by the Dahomey Gap, a savannah corridor that
extends from central Ghana, through Togo and Benin
[19]. During the Pliocene epoch, the climate in Africa was
warmer and wetter than today and tropical rainforests
covered the Dahomey Gap and extended to higher
latitudes [17,20]. In contrast to the Amazonian situation,
in Africa there is solid palynological evidence for Pleisto-
cene fragmentation of tropical rainforests [21–24]. In
addition, distributional patterns of animals and plants
have suggested the existence of several centers of
endemism, generally interpreted as forest refugia
[16,18,22,25]. However, the number of refugia as well as
their location and size remain a matter of debate among

Comparative phylogeographic analyses based on mole-
cular data for forest-dwelling organisms provide a good
opportunity to test hypotheses of African Pleistocene
refuges and to infer aspects of their periodicity and
location. Several molecular studies addressing these issues
have been published on different biotic groups, including
birds [26–29], primates [10,30,31], rodents [32], and plants
[12,33–35]. These analyses have produced contrasting
results, but in many cases they are not based on
assemblages of closely related rainforest dependent taxa
(species or subspecies) with geographically overlapping
distributions and with broad sampling across different
African tropical forests. These criteria are important to test
fine-level aspects of African Pleistocene refuge models
with molecular data.

Here, we examine the phylogeography of the tribe
Scotonycterini, a group of fruit bats (Chiroptera, Pter-
opodidae) containing four species restricted to tropical
rainforests of Africa and characterized by white fur
patches on the nose and behind the eyes [36,37]. The
tribe was first described by Bergmans [38], who
recognized only three species: Scotonycteris zenkeri

(Zenker’s fruit bat), Casinycteris argynnis (short-palated
fruit bat), and C. ophiodon (Pohle’s fruit bat). Casinycteris

ophiodon was originally placed in the genus Scotonycteris,
but a recent study based on morphological and mito-
chondrial data have indicated that it is best included in
the genus Casinycteris [37]. Recently, an additional
species, C. campomaanensis (Campo-Ma’an fruit bat),
was described from southwestern Cameroon [37].

The geographical distribution of S. zenkeri makes it
an ideal candidate to test aspects of the Pleistocene
rainforest refugia hypothesis. Indeed, its distribution
overlaps with the two large blocks of African tropical
rainforests – the Upper Guinea Forest in West Africa and
the Congo Basin Forest in Central Africa (Fig. 1) [39]. The
other species within this tribe are less widespread:
C. ophiodon is also found in both west and Central Africa
(Fig. 1) [40], but only known from 16 localities [41],
which exclude areas around the Nigeria Delta and central
and eastern parts of the Congo Basin; C. argynnis is
endemic to the Congo Basin, from southeastern Camer-
oon and eastern Gabon in the west, across southwestern
Central African Republic (CAR), the Republic of the Congo
(RC) and all provinces of DRC, except Bas-Congo, to
the Mitumba Mountains in eastern DRC (Fig. 1) [42]; and
C. campomaanensis known from a single specimen
obtained in southwestern Cameroon (Fig. 1) [37]. All
four species of Scotonycterini are found in Cameroon

corresponding to Upper Guinea, Cameroon, and Equatorial Africa. Two cryptic species and

two subspecies are described herein in the genus Scotonycteris. Female philopatry and male

biased dispersal are supported for the smallest taxa, i.e., the three species of Scotonycteris

and C. argynnis. The Congo, Ntem, and Sanaga rivers are identified as biogeographic

barriers to the dispersal of Scotonycteris during interglacial periods. A greater capacity for

long-distance dispersal is inferred for the largest species, C. ophiodon.

� 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
(Fig. 1).
specialists [16,22].
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Herein, the phylogeographical patterns of Scotonycter-
were assessed using 105 individuals collected at

different localities, including tissue samples from three
otypes, and DNA sequences from the mitochondrial
ochrome b gene (1140 nt) and 12 nuclear introns
41 nt). These data were used to address the five
owing questions:

ow many species are there within the tribe Scotonyc-
rini?

 the monophyly of the genus Casinycteris supported by
oth mitochondrial and nuclear data?

 there a common phylogeographic pattern shared by
e two species distributed in both West Africa and

entral Africa (S. zenkeri and C. ophiodon)?
imilarly, is there a common phylogeographic pattern in
quatorial Africa for the two species distributed in both
estern and eastern regions of the Congo Basin forest
. zenkeri and C. argynnis)?
hat was the impact of putative rainforest refugia on
e structure of genetic diversity?

aterials and methods

 Taxonomic sampling

Most of the Scotonycterini samples analyzed in this
dy were collected by the authors using Ecotone mist-
s (Poland) during field trips to Cameroon (AH), CAR (AH,
and NN), Ivory Coast (BK and NN), DRC (AH and GCG),
on (SMG and XP), and RC (XP). Fruit bat species were

ntified using the key of Bergmans [38]. In addition,
eral samples were obtained from specimens housed in
 following museums: Musée national d’Histoire natur-

 (MNHN; Paris, France), Naturalis Biodiversity Center
C; Leiden, Netherlands), Senckenberg Museum Frank-
 (SMF; Frankfurt, Germany), The Field Museum (FMNH;
cago, USA), and Zoologisches Museum Berlin (ZMB;

Berlin, Germany). The holotypes of three species were
included in this study: C. campomaanensis (MNHN 2011-
637), C. ophiodon (ZMB 50001), and S. zenkeri (ZMB 66533).

Five forest regions were sampled for this study (see
Fig. 2): Upper Guinea (Liberia and Ivory Coast), Cameroon,
western Equatorial Africa (EG, Gabon, and RC), the
southwest part of CAR, and the eastern part of DRC. Names
and geographical coordinates of all sampled localities are
provided in Appendix A. The number of individuals
sequenced per species is one for C. campomaanensis, two
for C. ophiodon, 46 for C. argynnis, and 56 for S. zenkeri (see
Fig. 2 for details).

2.2. DNA extraction, amplification, and sequencing

Total DNA was extracted from muscle or patagium
samples using QIAGEN DNeasy Tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. The
complete mitochondrial cytochrome b (Cytb) gene was
amplified and sequenced using the oligonucleotide pri-
mers detailed in Hassanin [37]. In addition, 12 nuclear
introns from 11 different genes were also amplified and
sequenced using published primers. They included FGB

intron 8 [43] and 11 introns recently developed for
studying Laurasiatherian mammals [44]: CCAR1 intron 6,
DHX29 intron 20, DIS3 intron 19, EXOSC9 intron 4, HDAC1

intron 6, HDAC2 intron 4, PABPN1 introns 2 and 6, RIOK3

intron 6, TUFM intron 9, and ZFYVE27 intron 6.
DNA was also extracted from museum specimens, some

of them being preserved in alcohol more than 100 years
(ZMB 50004, ZMB 54390, and ZMB 66533). For these old
samples, DNA degradation was anticipated and explains
limitations in amplifying long PCR fragments (> 300–400
nt). Therefore, seven sets of primers were used to amplify
and sequence overlapping fragments of the Cytb gene, as
previously done for the holotype of C. ophiodon (see details
in Hassanin [37]).

The polymerase chain reactions and DNA sequencing
were carried out as detailed by Hassanin [37]. Sequences

1. (Color online.) Geographic distribution of the four species of the tribe Scotonycterini. The geographic ranges of Scotonycteris zenkeri, Casinycteris

nnis, and C. ophiodon were modified from the maps provided by the IUCN [39,40,42]. The newly described species C. campomaanensis is known from a

le locality [37]. Note that the distribution of S. zenkeri fits perfectly that of African rainforests, with two blocks separated by the Dahomey Gap, Upper

ea in West Africa and the Congo Basin in Central Africa [16–18].
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re edited and assembled using Sequencher 5.1 (Gene
es Corporation). Heterozygous sites in the nuclear

 (double peaks) were coded using the IUPAC code.
uences generated for this study were deposited in the
BL/DDBJ/GenBank databases under accession numbers
05915-KP306513.

 Mitochondrial analyses of Cytb sequences

The Cytb dataset represents a total alignment of
0 nucleotides and 151 taxa. The 105 Cytb sequences
cotonycterini were compared to those available in the
leotide databases for species of the family Pteropodi-

 (42 additional sequences). The four outgroup species
d to root the pteropodid tree, i.e., Artibeus jamaicensis,
posideros armiger, Megaderma lyra, and Rhinolophus

us, were chosen on the basis of previous molecular
dies [37,45,46].
DNA sequences were aligned on Se-Al v2.0a11
]. The best-fitting model of sequence evolution was
cted under jModelTest 2.1.4 [48] using the Akaike
rmation criterion. Bayesian analyses were then
ducted using the selected GTR + I + G model on

Bayes v3.2.1 [49]. The posterior probabilities (PP) were
ulated using four independent Markov chains run for

000,000 Metropolis-coupled MCMC generations, with
 sampling every 1000 generations, and a burn-in of
. Pairwise distances were calculated with PAUP

sion 4b10 [50] using Kimura’s two-parameter (K2P)
del to allow comparisons with previous molecular
dies [37,51].

 Multigene analyses

Analyzing only mitochondrial data to determine a
cies phylogeny can be highly misleading because of
ious evolutionary processes, such as mitochondrial
ogression, female philopatry, lineage sorting and
ction [43,52,53]. To avoid erroneous conclusions, the
logeny and phylogeography of Scotonycterini were

refore also investigated by analyzing 12 nuclear introns
resenting 11 autosomal genes) for 48 taxa. Four

ropodid outgroup species were used to root the
s: Cynopterus sphinx, Eidolon helvum, Epomops fran-

ti, and Rousettus aegyptiacus. For each gene, DNA
uences were aligned with MUSCLE [54]. All introns

were analyzed separately, excepting the introns 2 and 6 of
PABPN1, which were used in combination.

The best-fitting models of sequence evolution were
selected under jModelTest 2 [48] for each marker and the
two concatenations (nuDNA and supermatrix). Using
the Akaike information criterion, the best-fitting models
were HKY for CCAR1 and DIS3, HKY + G for EXOSC9, HDAC1,
TUFM, and ZFYVE27, HKY + I for HDAC2, GTR for DHX29 and
RIOK3, GTR + G for FGB, PABPN1, and the nuDNA con-
catenation, and GTR + I + G for Cytb, and the supermatrix.
Gaps were treated as missing data, but indels (insertions/
deletions) with unambiguous position in the DNA align-
ment were coded as additional binary characters by using
1 and 0 symbols for insertion and deletion, respectively.

Bayesian inferences were performed on each of the
12 independent markers, on the nuDNA dataset (11 loci;
9641 nt + 128 indels = 9769 characters) and on the super-
matrix (10,781 nt + 128 indels = 10,909 characters), with
the options detailed in the section ‘‘Mitochondrial analyses
of Cytb sequences’’. For SuperTRI analyses (see below), we
set the minimum partition frequency (mcmcp Minpartfreq
parameter) to 0.01. For the two concatenated datasets
(nuDNA and supermatrix), we applied a partitioned
approach using the models selected by jmodeltest for
each of the markers.

The SuperTRI method [55] was conducted to test for
repeated phylogenetic signals in the 12 independent
markers. The lists of bipartitions obtained from the
Bayesian analyses of the 12 independent markers (11 auto-
somal genes and mitochondrial Cytb gene; Appendix E)
were transformed into a weighted binary matrix for
supertree construction using SuperTRI v57 [55] (Python
script available at http://www.normalesup.org/�bli/
Programs/programs.html). Each binary character corre-
sponded to a node, which was weighted according to its
frequency of occurrence in one of the 12 lists of
bipartitions. This way, the SuperTRI method accounts for
both principal and secondary signals, as all phylogenetic
hypotheses found during the Bayesian analyses are
represented in the weighted binary matrix used for
supertree construction. The reliability of the nodes was
assessed using three measures: supertree bootstrap
percentages (SBP) were obtained from PAUP* after
1000 BP replicates of the matrix of 5321 binary characters
generated by SuperTRI v57, and the mean posterior
probabilities (MPP) and reproducibility indices (Rep) were

2. Comparative phylogeography within the tribe Scotonycterini based on complete Cytb gene sequences. The Bayesian tree was reconstructed using

utgroup taxa, which are not indicated on the figure (see Appendix B for outgroup), and the 49 haplotypes identified in the 105 Cytb sequences of

onycterini. The values at the branches represent posterior probabilities (see § Materials and methods for details). The non-homoplastic substitutions

cted in the Cytb alignment of 151 taxa are also indicated at the nodes. At terminal branches, all sample codes indicated in bold are associated with

eum specimens (AMNH: American Museum of Natural History [GenBank: JN398197]; FMNH: Field Museum of Natural History; MNHN: Muséum

onal d’Histoire naturelle; NBC: Naturalis Biodiversity Center; SMF: Senckenberg Museum Frankfurt; ZMB: Zoologisches Museum Berlin). The holotypes

cotonycteris zenkeri, Casinycteris campomaanensis, and C. ophiodon are highlighted in red. Circle graphs were used for haplotypes shared by several

viduals: CA1–CA5 for C. argynnis, SZ1–SZ12 for S. zenkeri (see list in Appendix C). The circle size is proportional to the number of sequences

ues > 2 are indicated inside the circle). Black circles are used when all individuals were collected in the same geographic locality. Black, white and grey

s are proportional to the number of haplotypes sequenced in each geographic locality (named according to the initial[s] of the country and a number

esponding to the position on the map below the tree). Geographic localities sampled for this study are indicated on the map. The image was extracted

 Google Earth (US Dept of State Geographer; �2014 Google; Image Landsat; Data SIO, NOAA, U.S. Navy, NGA, GEBCO). Five forest regions were

lighted using different colors: (i) Upper Guinea in blue, including Liberia [L] and Ivory Coast [IC], (ii) Cameroon [C] in red, (iii) western Equatorial Africa

llow, composed of Equatorial Guinea [EG], Gabon [G], and Republic of the Congo [RC], (iv) Central African Republic [CAR] in orange, and (v) Democratic

ublic of the Congo [DRC] in green. For interpretation of the references to color in this figure caption, the reader is referred to the web version of the
le.

http://www.normalesup.org/~bli/Programs/programs.html
http://www.normalesup.org/~bli/Programs/programs.html
http://www.normalesup.org/~bli/Programs/programs.html
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directly calculated on SuperTRI v57. The SBP, MPP and Rep
values were reported on the Bayesian tree found with the
nuDNA dataset of 9769 characters (Fig. 3). If a node was
recovered with high SBP, MPP, and Rep values (SBP > 50;
MPP > 0.5; Rep > 0.5), we concluded that the signal was
robust and reliable, i.e., supported by more than half of the
genetic markers. If a node was recovered with low Rep
values (< 0.17), we concluded that the signal was not
reliable, i.e., supported by less than two markers.

A species tree was also reconstructed from our multi-
locus dataset (48 taxa, 12 loci) using *BEAST v.2.0 [56]
(software package available at http://beast.bio.ed.ac.uk).
Three geographic regions corresponding to three putative
species were considered for the genus Scotonycteris based
on the results of nuDNA, supermatrix and SuperTRI
analyses: Upper Guinea, Cameroon, and Equatorial Africa.
For each locus, we applied the model of evolution selected
under jModelTest (see above). The species tree was

estimated using a Yule speciation prior and 5 � 108

generations, with tree sampling every 5000 generations,
and a burn-in of 10%. Adequacy of chain mixing and MCMC
chain convergence were assessed using the ESS values in
Tracer v.1.6. The trees were visualized with DensiTree
v2.1.11.

2.5. Molecular dating analyses

Divergence times for major phylogenetic clades (time
to the most recent common ancestor, TMRCA) were
estimated using the Bayesian approach implemented in
BEAST v.2.0 [56], and a Cytb alignment of 1140 nt and
49 taxa, including the 48 taxa used in the multigene
analyses + the holotype of C. ophiodon. As no calibration
point (fossil record or biogeographic event) is sufficiently
accurate for the Scotonycterini, divergence times were
estimated using a uniform rate of 0.02 nucleotide

Fig. 3. (Color online.) Nuclear phylogeny of the tribe Scotonycterini as inferred from the concatenation of twelve nuclear introns, representing eleven

physically unlinked genes and 9769 characters. For each node, the two values above indicate posterior probabilities calculated either from the

concatenation of the 12 nuclear introns (PPnu at the left of the slash) or from the supermatrix combining nuclear and mitochondrial genes (10,909

characters; PPtot at the right of the slash). The asterisk (*) indicates that the node was supported by maximal values of robustness (PPnu = 1/PPtot = 1). The

nodes labeled with the letter ‘‘B’’ were found to be highly supported (PP = 1) in the *BEAST analysis, for which three species were assigned to the genus

Scotonycteris (Appendix H). The three values below were obtained from the SuperTRI analyses of the 12 physically unlinked markers, i.e., the mitochondrial

Cytb gene, and the eleven autosomal genes (CCAR1, DHX29, DIS3, EXOSC9, FGB, HDAC1, HDAC2, PABPN1, RIOK3, TUFM, and ZFYVE27): from left to right,

Supertree Bootstrap percentage (SBP), Mean posterior probability (MPP), and Reproducibility index (Rep). The symbol ‘‘–’’ indicates that the node was not

found in the analysis, and that no alternative hypothesis was supported by PP > 0.5. The letter ‘‘X’’ indicates that the node was not found in the analysis, and

that an alternative hypothesis was supported by PP > 0.5. The position and nature of all diagnostic indels (i: insertion; d: deletion) shared by at least two
taxa in the DNA alignments of nuclear genes are highlighted in grey.

http://beast.bio.ed.ac.uk/
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stitutions per site per lineage per Mya with a lower
ndary of 0.01 and an upper boundary of 0.025. These

ues were chosen in agreement with divergence rates
viously estimated for different groups of mammals
], including bats [58]. We applied a GTR + I + G model of
lution (based on jModelTest) and a relaxed-clock model
h uncorrelated lognormal distribution for substitution
. Node ages were estimated using a Yule speciation
r and 109 generations, with tree sampling every 10,000
erations, and a burn-in of 10%.

 Estimates of gene flow between geographic populations

cotonycteris

All the 11 diploid nuclear loci described above were
uenced for 22 individuals of Scotonycteris. DNA
uences were phased using SeqPHASE [59] and PHASE
sion 2.1 [60,61]. Each unique indel, regardless of length,
s recoded as a SNP (T for insertion and C for deletion).
n, we used the program MIGRATE-N version 3.6.4 [62]
estimate bidirectional migration rates and effective
ulation sizes between four geographic populations of

tonycteris: Cameroon (14 haplotypes), eastern DRC
 haplotypes), western Equatorial Africa (12 haplotypes),

 Upper Guinea (8 haplotypes). The analyses were
ducted using a static heating scheme with four parallel
ins with temperature values of 1, 1.5, 3, and 106 and a
pping interval of 10. In the full analysis, ten long chains

re run with 10,000 genealogies discarded as burn-in
owed by 107 steps recorded every 100 generations,
ulting in a total of 106 sampled genealogies. We used
onential priors with window distribution for popula-

 sizes (0 < u < 0.1) and migration rates (0 < M < 1000).
vergence was determined by the consistency of
mates across two separate runs performed with
erent starting points (random genealogies and different
ameter priors). We also calculated Bayes factors as
cribed in Beerli & Palczewski [63] for comparing the
babilities of four gene flow models between two
ulations, western Equatorial Africa and eastern DRC.

esults

 Phylogeography of Scotonycterini based on Cytb analyses

The Bayesian tree reconstructed under MrBayes and
ng the alignment of mitochondrial Cytb sequences

(1140 nt and 151 taxa; Fig. 2) shows a high support for the
monophyly of the tribe Scotonycterini (PP = 1), and that of
all taxa previously described within this group, including
the genus Casinycteris (PP = 1), and the species S. zenkeri

(PP = 1), C. argynnis (PP = 0.96), and C. ophiodon (PP = 1).
Within Casinycteris, C. argynnis and C. campomaanensis

were found to be sister-species (PP = 1).
Within S. zenkeri, we found a strong geographic

structure, with four divergent geographic clades
(4.9 < K2P distances < 8.7%, Table 1) supported by
maximal values of PP: Cameroon, Upper Guinea (Liberia
and Ivory Coast), western Equatorial Africa (EG, Gabon,
RC, and CAR), and eastern DRC. Nucleotide K2P distances
(DK2P) between members of the same geographic clade
range from 0 to 3.2% in Cameroon, 0 to 1.1% in Upper
Guinea, 0 to 1.4% in western Equatorial Africa, and
0 to 3.2% in eastern DRC (Table 1). The analyses
supported an association between the two clades found
in western Central Africa, i.e., Cameroon + western
Equatorial Africa (PP = 0.98). Other deep relationships
within S. zenkeri were not stable and robust. Indeed,
the tree reconstructed with MrBayes showed a weak
support for a sister-group relationship between Upper
Guinea and the clade of Cameroon + western Equatorial
Africa (PP = 0.73), whereas the chronogram recon-
structed with BEAST rather favored the grouping
of Upper Guinea with eastern DRC (PP = 0.42;
Appendix G).

The two individuals of C. ophiodon, collected in
Ivory Coast (SMF 91850) and Cameroon (holotype ZMB
50001), were found to share similar Cytb sequences,
with only 1.3% nucleotide divergence. Within C. argynnis,
the Cytb analyses showed the existence of two geo-
graphic groups: the first includes individuals from
western Equatorial Africa, i.e., Gabon, RC, and the
extreme western region of CAR (Dzanga Sangha; locality
21) (PP = 1); and the second contains individuals
collected from Ngotto (southern CAR; locality 22) and
eastern DRC (PP = 1). Nucleotide K2P distances between
members of the same geographic lineage range from 0 to
0.6% in the first group, and from 0 to 0.7% in the second
group. Members of these two groups show nucleotide
divergences between 1.4 and 2.1% (Appendix D). The
smallest nucleotide interspecific K2P distances were found
between C. argynnis and C. campomaanensis (from 4.3%
to 5.3%), and all other distances between species of
Casinycteris were higher than 7.3% (Table 1).

le 1

wise nucleotide K2P distances (in %) calculated from Cytb (1140 nt, values above the diagonal) and nuDNA alignments (9641 nt, values below the

onal).

xaa 1 2 3 4 5 6 7

C. argynnis 2.1/0.08 4.3–5.3 7.3–8.0 13.6–14.8 12.4–13.4 10.7–11.6 12.1–13.2

C. campomaanensis 0.15–0.20 NA/NA 8.3–8.4 14.5–14.9 13.6–14.3 12.0–12.6 13.5–13.9

C. ophiodon 0.78–0.85 0.83 1.3/NA 13.9–15.1 13.4–14.0 11.5–12.7 13.8–14.6

S.z. Cameroon 1.24–1.41 1.36–1.41 1.45–1.50 3.1/0.06 4.9–5.9 6.5–8.3 7.7–8.7

S.z. western EA 1.35–1.58 1.48–1.56 1.56–1.63 0.45–0.59 1.4/0.09 5.3–7.2 6.3–7.9

S.z. eastern DRC 1.30–1.44 1.39–1.44 1.47–1.55 0.38–0.52 0.08–0.22 3.2/0.13 5.7–7.2

S.z. Upper Guinea 1.34–1.47 1.43–1.48 1.51–1.58 0.55–0.64 0.62–0.75 0.56–0.69 1.1/0.03

 Scotonycteris zenkeri; EA: Equatorial Africa; NA: not applicable.

The individuals used for comparisons are those indicated in Fig. 2 for Cytb and Fig. 3 for nuDNA. Maximal intraspecific or intrapopulational variations are
n in the diagonal for both Cytb (left of the slash) and nuDNA (right of the slash).
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3.2. Multigene analyses of Scotonycterini

The relationships within the tribe Scotonycterini were
further studied by sequencing 12 nuclear introns of
48 taxa. The nuclear tree reconstructed from the total
alignment of 9641 nt and 128 indels is presented in
Fig. 3. The nucleotide K2P distances calculated from
nuDNA alignments (9641 nt) are detailed in Table 1. For
all nodes of the nuclear tree supported by PP of at least 0.5,
we also indicated the results of the supermatrix
(Cytb + nuDNA; 10,781 nt + 128 indels) and SuperTRI
analyses, as well as the diagnostic indels found in the
nuclear alignments. The Bayesian trees obtained from the
analyses of the 12 independent markers (11 autosomal
genes and the mitochondrial Cytb gene) are presented in
Appendix E. The list of non-homoplastic substitutions
found in the alignment of the 12 nuclear introns for major
clades of Scotonycterini is presented in Appendix F.

The analyses of nuclear markers confirmed most nodes
supported by mitochondrial Cytb sequences: the mono-
phyly of Scotonycterini, Scotonycteris, Casinycteris, and
C. argynnis, and the sister-group relationship between
C. argynnis and C. campomaanensis. All these nodes were
highly supported by nuDNA (PP = 1), supermatrix (PP = 1),
SuperTRI (SBP = 100; 0.44 < MPP < 1; 0.5 < Rep < 1), and
*BEAST analyses (PP = 1), each of them can be diagnosed by
at least three exclusive indels (see in Fig. 3).

Three geographic clades of S. zenkeri, previously
identified with mtDNA data, were also found to be
monophyletic: Cameroon, Upper Guinea, and western
Equatorial Africa, and further supported by nuDNA
(PP = 1), supermatrix (PP = 1), and SuperTRI (SBP = 100;
0.32 < MPP < 1; 0.42 < Rep < 1) analyses, and each group
can be diagnosed by at least one exclusive indel (see in Fig. 3).

Although highly supported by the supermatrix analysis
(PP = 1), three mtDNA clades were not found monophyletic
in the nuDNA tree or in the separate analyses of the
12 nuclear markers: the clade grouping individuals of
S. zenkeri from eastern DRC (SBP = 76; MPP = 0.10;
Rep = 0.08), the western group of C. argynnis (SBP = 53;
MPP = 0.11; Rep = 0.08), and the eastern group of

C. argynnis (SBP = not found; MPP = 0.09; Rep = 0.08). No
alternative hypotheses were highly supported by the
nuclear data.

Within S. zenkeri, we detected a robust topological
conflict between mtDNA and nuDNA analyses. In the Cytb

tree, the clade of western Equatorial Africa was found to be
the sister-group to the Cameroon clade (PP = 0.98),
whereas it was grouped with individuals from eastern
DRC in the nuclear tree (PP = 1). The node grouping
western Equatorial Africa and eastern DRC was also
retrieved with high support in the supermatrix (PP = 1)
and SuperTRI (SBP = 100; MPP = 0.49; Rep = 0.5) analyses.
Members of this group can be diagnosed by three deletions
found in three independent genes, ‘‘GG’’ at position 485
of DIS3, ‘‘ATATGGATTT’’ at position 209 of HDAC2, and
‘‘GTT’’ at position 38 of RIOK3.

3.3. Time tree of Scotonycterini

Our molecular estimates of divergence times based on
the Cytb sequences (Table 2, Appendix G) suggest that the
two existing genera of Scotonycterini diverged around
5.5 Mya, and have then co-diversified during the Early
Pleistocene, with the identification of two major con-
comitant events: the first one, dated at around 2.7 Mya,
corresponds to the separation of C. ophiodon from the two
other species of Casinycteris, and to the divergence of
western Central African populations of S. zenkeri (Camer-
oon + western Equatorial Africa) from other populations
of S. zenkeri (Upper Guinea and eastern DRC); the second
one, dated at around 1.6 Mya, corresponds to the split
between C. argynnis and C. campomaanensis, and to the
split within S. zenkeri between Cameroon and western
Equatorial Africa.

4. Discussion

4.1. How many species exist within the tribe Scotonycterini?

The tribe Scotonycterini defined by Bergmans [38]
included three species: Scotonycteris zenkeri, S. ophiodon,

Table 2

Molecular estimates of divergence times.

Taxa PPB Mean ages 95% intervals Geologic period

Tribe Scotonycterini 1 5.51 3.14–8.99 L. Miocene/E. Pliocene

Genus Casinycteris 1 2.72 1.46–4.52 L. Pliocene/E. Pleistocene

C. argynnis + C. campomaanensis 1 1.61 0.79–2.73 E. Pleistocene

C. argynnis 1 0.65 0.29–1.13 M. Pleistocene

C. ophiodon 1 0.42 0.15–0.78 M. Pleistocene

C. argynnis eastern clade 1 0.17 0.08–0.42 M. Pleistocene

C. argynnis western clade 1 0.23 0.04–0.35 M. Pleistocene

Genus Scotonycteris 1 2.66 1.50–4.30 E. Pleistocene

Scotonycteris UG + DRCa 0.42 2.30 1.26–3.80 E. Pleistocene

Scotonycteris C + wEA 1 1.63 0.88–2.69 E. Pleistocene

Scotonycteris DRC 1 1.00 0.44–1.74 E. Pleistocene

Scotonycteris Cameroon 1 0.73 0.36–1.24 M. Pleistocene

Scotonycteris wEA 1 0.48 0.20–0.86 M. Pleistocene

Scotonycteris UG 1 0.29 0.10–0.54 M. Pleistocene

C: Cameroon; DRC: Democratic Republic of the Congo; UG: Upper Guinea; wEA: western Equatorial Africa; E.: Early; L.: Late; M.: Middle; PPB: Posterior

probability obtained from BEAST.

a Not supported in the Bayesian tree reconstructed with MrBayes (see Fig. 2).
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 Casinycteris argynnis. In a recent paper, Hassanin [37]
cribed a new species, C. campomaanensis, which was

 sister-group to C. argynnis, and placed S. ophiodon in the
us Casinycteris. Accordingly, Scotonycteris is monospe-

c with S. zenkeri, whereas the genus Casinycteris

tains three species (C. argynnis, C. campomaanensis

 C. ophiodon).
In the present study, several specimens from known
lities were sequenced for each of the four species of

tonycterini; the exception being C. campomaanensis,
ich is known only from the holotype. Our results are in
ng agreement with the classification of Hassanin [37],

all analyses based on mtDNA, nuDNA, supermatrix,
erTRI, and *BEAST approaches resulted in high support
the monophyly of Scotonycteris, Casinycteris, and

argynnis, as well as the sister-group relationship
ween C. argynnis and C. campomaanensis. Each of these
ups can be diagnosed by a minimum of three indels in at
t three independent nuclear introns (Fig. 3).

Our analyses of mitochondrial sequences have also
ealed strong phylogeographic structure within
enkeri, with the existence of four clades corresponding,

 west to east, to: Upper Guinea (Liberia and Ivory
st), Cameroon, western Equatorial Africa (EG, Gabon,

 and southwestern CAR), and eastern DRC (Fig. 2). The
NA distances calculated between these four geo-

phic clades are slightly higher than those found
ween the three species of the genus Casinycteris, i.e.,
-8.7% versus 4.3-8.4% (Table 1). Such results suggest that
enkeri may contain four cryptic species. Three of the
r geographic mtDNA clades of Scotonycteris were
overed monophyletic based on the nuclear marker
lyses, i.e., Upper Guinea, Cameroon, and western
atorial Africa. The nuDNA distances calculated

ween these three clades were between 0.38% and
5% (Table 1), which is in the range of interspecific
iation in the fruit bat genera Casinycteris (C. argynnis/
ampomaanensis = 0.15–0.20%; C. ophiodon/other species
asinycteris = 0.78–0.85%), Megaloglossus (M. woermanni/

azagnyi = 0.32%) and Myonycteris (M. torquata/

angolensis/M. leptodon/M. relicta = 0.21–0.51%) (data not
wn). As both mtDNA and nuDNA data indicate that
se three geographic populations of Scotonycteris have
n reproductively isolated for a considerable period
tween 1.6 and 2.7 Mya according to our molecular
mates; Table 2), we consider that they should be
ted as different species (see systematic descriptions

ow).
The taxonomic status of Scotonycteris specimens
ected in eastern DRC is more problematic owing to a
ng conflict between the mtDNA and nuDNA analyses.

the mtDNA tree, the specimens from eastern DRC
uped together in the same clade, which was found to be
hly divergent from other groups, i.e., Upper Guinea and

eroon + western Equatorial Africa (5.3–8.3%; Table 1).
the nuDNA tree, the specimens from eastern DRC do

 constitute a monophyletic assemblage, because of an
lusive position of the western Equatorial African clade.
se incongruent patterns may be explained by second-

 contact(s) between populations from eastern DRC
 western Equatorial Africa. Our MIGRATE-N estimates

of gene flow between the four geographic populations of
Scotonycteris (Cameroon, eastern DRC, Upper Guinea, and
western Equatorial Africa) showed a significant migration
rate from western Equatorial Africa to eastern DRC
(Nem = 0.501), whereas all other migration rates were
found close to zero (0.009–0.020) (Appendix I). According
to our scenario, females from eastern DRC and western
Equatorial Africa have remained isolated since the end of
the Pliocene (2.7 Mya), whereas males were able to
disperse, at least occasionally during interglacial periods,
resulting in male-mediated nuclear gene flow between
these distant populations, apparently from western
Equatorial Africa to eastern DRC. This hypothesis is
supported by the fact that sex differences in site fidelity,
with female natal philopatry and male dispersal, are
commonly encountered in mammals, especially bats
[52,64,65]. From the taxonomic point of view, we conclude
therefore that populations from western Equatorial Africa
and eastern DRC are not genetically isolated and still
belong to the same species.

4.2. Systematics of Scotonycteris

On the basis of our mtDNA and nuDNA data, which
showed the existence of three genetically isolated geo-
graphic clades, we propose to divide S. zenkeri into three
distinct species. In the new classification, S. zenkeri is
restricted to populations from Cameroon, the region the
type specimen was collected, whereas populations from
Upper Guinea and Equatorial Africa are treated as two
different species. The status of animals from Nigeria and
Bioko Island need to be assessed based on molecular data,
since Bergmans [36] indicated that geographical barriers,
i.e., the Dahomey Gap and Niger Delta for the Nigerian
population, and a distance of 32 km of open sea for the
Bioko Island population, have isolated theses populations
from others assigned to Scotonycteris.

Genus Scotonycteris Matschie, 1894: Sitzungsberichte
der Gesellschaft Naturforschender Freunde zu Berlin,
p. 200.

Type species. Scotonycteris zenkeri Matschie, 1894.
Distribution. African rainforests, from Guinea and

Liberia to eastern DRC.
Description. A small fruit bat with a forearm length

(FA) between 45 and 56.5 mm and body mass between
15.5 and 27 g ([36]; this study). The dorsal pelage is dense,
soft, and woolly. The general coloration is brown to rusty
brown, with hairs being three-colored: dark brown basally,
pale medially, and rusty brown proximally. The ventrum
pelage is shorter and paler than the dorsum, with the
throat, breast, and belly being whitish. Flanks are brown.
The pelage of the head is brown with two kinds of white
markings, including an oblong patch extending from the
frontal (between the eyes) to the rostrum, and a small spot
at the outer corner of the eyes. The lips are bordered with
whitish hairs. There is no white patch at the base of the
ears. The wing membranes are brown and the finger-joints
are not yellowish. The plagiopatagium is attached to the
first toe. There is no visible tail. There is a sexual
dimorphism in body size, females being slightly larger
than males (FA: 5% longer; body mass: 10% heavier). The
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soft palate is composed of two series of transverse ridges:
the first includes four thick, prominent interdental ridges,
the first three undivided, the fourth sometimes medially
divided; the second series contains 6–9 thin, irregular and
serrate postdental ridges.

Molecularly, the genus Scotonycteris can be diagnosed by
three non-homoplastic substitutions in the Cytb alignment
of 151 taxa (positions 116: T!C; 631: A!G, 985: G!A),
24 non-homoplastic substitutions in the nuclear alignments
of 48 taxa (see details in Appendix F), and eight non-
homoplastic indels detected in the introns of six
independent nuclear genes, i.e., CCAR1 (d205: TCTT),
EXOSC9 (d614: S), HDAC1 (d915: AGACCT; d1001: TCTT),
PABPN1 (intron 6, i475: T), TUFM (d175: AAGG), and
ZFYVE27 (i27: GA; i708: A).

Scotonycteris zenkeri Matschie, 1894: Sitzungsberichte
der Gesellschaft Naturforschender Freunde zu Berlin, p.
202.

Holotype. ZMB 66533: adult ,, body in alcohol, skull
extracted. The specimen was collected by G.A. Zenker. A
partial sequence of the mitochondrial Cytb gene (460 nt)
has been deposited in the EMBL/GenBank/DDBJ nucleotide
databases.

Type locality. Cameroon, Centre Region, Yaoundé,
3.878N, 11.528E.

Referred specimens. Ten additional voucher speci-
mens conserved in alcohol were sequenced for this study.
They were collected in three different geographic localities
of Cameroon: village of Nkoélon-Mvini (South Region,
2.408N, 10.048E) for MNHN 2011-681 (,) and MNHN 2011-
682 (<); Korup National Park (Southwest Region, 5.018N,
8.868E) for << MNHN 2011-674, 2011-678, 2011-679,
2011-680 and for ,, MNHN 2011-675, 2011-676, 2011-
677; and Bez (South Region, 3.108N, 10.508E) for ZMB
54390.

Etymology. The specific epithet is in honor of Georg
August Zenker, who collected the holotype. The English
common name is ‘‘Zenker’s fruit bat’’. The French common
name is ‘‘Scotonyctère de Zenker’’.

Distribution. Scotonycteris zenkeri is known from
Cameroon. Additional molecular data are needed to assess
the taxonomic status of populations from Nigeria.

Description. Morphologically, S. zenkeri is not distin-
guishable from the other two species of Scotonycteris,
although its body size tends to be smaller, with a mean FA
of 49.4 mm in females (n = 11) and 47.7 mm in males
(n = 5). Genetic distances between S. zenkeri and other
members of the genus were between 4.9 and 8.7% with
Cytb sequences (n = 56; 1140 nt) and between 0.38 and
0.64% with the nuclear dataset (n = 23; 9641 nt). Mole-
cularly, S. zenkeri can be diagnosed by one deletion in
DHX29 (d484: T) and 10 non-homoplastic substitutions
detected in five independent nuclear genes, including
CCAR1 (pos. 542: C!T), DHX29 (pos. 336: T!C, 684: T!C,
687: C!T), DIS3 (pos. 259: C!T, 659: G!A, 762: G!A),
EXOSC9 (pos. 368: G!A, 739: T!C), RIOK3 (pos. 181:
A!G).

Scotonycteris occidentalis Hayman, 1947 Annals and

Scotonycteris zenkeri occidentalis Hayman, 1947. Origin-
ally described as a subspecies of S. zenkeri Matschie, 1894,
hereby raised to the level of species.

Holotype. BMNH 1946.898: adult ,, skin and skull. The
specimen was collected by G.S. Cansdale.

Type locality. Ghana, Eastern Region, Oda, 5.928N,
0.938W.

Referred specimens. Four voucher specimens con-
served in the MNHN were sequenced for this study,
collected at two different localities: Liberia, Fape (7.238N,
9.288W) for << MNHN 2012-545, 2012-546 and , MNHN
2012-547; and Ivory Coast, Azagny National Park (5.248N,
4.808W) for , MNHN 2014-565. Several additional
sequenced specimens conserved in the University Félix-
Houphouët-Boigny (Abidjan) were destroyed during the
Ivorian political crisis (2010–2011).

Etymology. The specific epithet refers to its geographic
distribution in West Africa, where the holotype was
collected and described by Hayman in 1947 [66]. We
suggest ‘‘Hayman’s tear-drop fruit bat’’ as the English
common name and ‘‘Scotonyctère de Hayman’’ as the
French common name.

Distribution. Scotonycteris occidentalis is endemic to
West Africa, where it is known from Ghana, Ivory Coast,
Liberia, and Guinea [36,41]. Additional molecular data are
needed to assess the taxonomic status of populations from
Nigeria, although they are isolated by the Dahomey Gap.

Description. Morphologically, S. occidentalis cannot be
distinguished from the other two species of Scotonycteris,
although it has a tendency of being larger. The mean FA is
52.1 mm in females (n = 4) and 50.9 mm in males (n = 6).
Our molecular analyses support the elevation of this
named subspecies to a full species, S. occidentalis. Genetic
distances between S. occidentalis and other species of
Scotonycteris are 5.7–8.7% based on Cytb (n = 56; 1140 nt)
and 0.55–0.75% with the nuclear dataset (n = 23; 9641 nt).
Molecularly, S. occidentalis can be diagnosed by six indels
in the introns of four independent nuclear genes, including
DHX29 (i472: TAAG), EXOSC9 (d384: A), PABPN1 (intron
2 i49: G, intron 6 d32: TC, d346: AG, d409: CTC), and
ZFYVE27 (d122: G), and 22 non-homoplasic substitutions
detected in nine independent nuclear genes, including
CCAR1 (pos. 217: A!G, 423: C!T, 698: T!C, 790: G!A),
DHX29 (pos. 320: G!A), EXOSC9 (pos. 474: G!T, 530:
C!T), FGB (pos. 73: G!A, 90: A!G), HDAC1 (pos. 194:
G!A, 555: G!A, 1053: A!C), HDAC2 (pos. 160: C!T),
PABPN1 (intron 2 pos. 340: T!A; intron 6 488: A!T, 816:
T!G), RIOK3 (pos. 26: T!C, 464: G!A), ZFYVE27 (pos. 167:
T!G, 239: T!G, 476: C!T, 649: C!T).

Scotonycteris bergmansi sp. nov.

Holotype. MNHN 2011-713 (field number: R08-119), ,
in alcohol. The specimen was collected on 16 November
2008 by Alexandre Hassanin, Emmanuel Nakouné, Nicolas
Nesi, and Carine Ngoagouni. The sequences from the
mitochondrial Cytb gene and 12 nuclear introns have been
deposited in the EMBL/GenBank/DDBJ nucleotide data-
bases.

Etymology. The specific epithet honors Dr. Wim
Bergmans, a Dutch zoologist, for his outstanding contribu-

tions in the fields of taxonomy and biogeography of African
Magazines of Natural History, series 11, 13, p. 503.
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t bats. We suggest ‘‘Bergmans’s fruit bat’’ as the English
mon name and ‘‘Scotonyctère de Bergmans’’ as the

nch common name.
Type locality. Central African Republic, Mbaéré-
ingué National Park, Case of Kpoka, 3.908N, 17.168E,

 m above sea level.
Referred specimens. Ten voucher specimens con-
ved in three different museums, were also sequenced

this study, collected in five different geographic
lities: Gabon, Projet OIBT trail (PK 29) (2.088N,

418E) for specimens FMNH 162156 (<) and 162157
; Gabon, Aire d’exploitation rationnelle de faune des
nts Doudou (2.238S, 10.398E) for ,, FMNH 167759,
760 and << FMNH 167761, 167762; Equatorial Guinea,
lentangan (1.858N, 10.88E) for ZMB 50004; DRC, Epulu
28N, 28.588E) for FMNH 149402 (,) and 149404 (<);

 DRC, Irangi (1.838S, 28.508E) for specimen NBC 24197
.
Distribution. Scotonycteris bergmansi sp. nov. occurs in
atorial Africa, where it is known from the rainforests of
on, EG, RC, southern CAR, and eastern DRC.

Description. Scotonycteris bergmansi sp. nov. closely
embles S. zenkeri and S. occidentalis in external, cranial,

 dental characters. Our molecular analyses support the
ignation of S. bergmansi as a distinct species. Genetic
ances between S. bergmansi and other Scotonycteris

. are 4.9–8.3% based on Cytb sequences (n = 56; 1140 nt)
 0.38–0.75% with the nuclear dataset (n = 23; 9641 nt).
ergmansi can be diagnosed by three deletions detected
hree independent genes, i.e., DIS3 (d485: GG), HDAC2

09: ATATGGATTT), and RIOK3 (d38: GTT), and by
non-homoplasic substitutions detected in six indepen-
t nuclear genes, DHX29 (pos.561: G!A), DIS3 (pos. 488:
A, 570: A!C), EXOSC9 (pos. 925: C!T), HDAC1 (pos.
: T!C, 968: T!C, 1015: C!T, 1016: C!T), HDAC2 (pos.
: A!T), PABPN1 (intron 2 pos. 494: T!C; intron 6 pos.
: G!A, 469: A!C, 796: T!C).

Based on mitochondrial Cytb sequences, it is possible to
inguish two different subspecies.

Scotonycteris bergmansi bergmansi ssp. nov.
Holotype. MNHN 2011-713 (field number: R08-119).
Type locality. Central African Republic, Mbaéré-
ingué National Park, Case of Kpoka, 3.908N, 17.168E,

 m above sea level.
Distribution. Scotonycteris bergmansi bergmansi ssp.
. is found in the rainforests of western Equatorial Africa
he following countries: CAR (South), RC, Gabon, and
atorial Guinea EG.

Description. Scotonycteris bergmansi bergmansi ssp.
. is characterized by mitochondrial sequences of the

b gene, which are highly divergent form those of the
er subspecies (5.3–7.2%). Morphologically, it is slightly
aller than the other subspecies, with a FA of around
6 mm in females (n = 5) and 47.3 mm in males (n = 3).
lecularly, the subspecies S. b. bergmansi can be
gnosed by the insertion of a nucleotide A in pos.

 of TUFM, and by five non-homoplasic substitutions
ected in two independent nuclear genes, i.e., EXOSC9

s. 276: G!A), and TUFM (pos. 33: T!A, 78: T!G, 186:
T, 334: C!A). Primus et al. [67] reported a male
yotype from Gabon with 2n = 32.

Scotonycteris bergmansi congoensis spp. nov.
Holotype. MNHN 2014-564 (field number: K13-48), ,

in alcohol, deposited in the collections of the MNHN.
Type locality. Democratic Republic of the Congo,

Sukisa, 2.318N, 24.988E, 470 m above sea level.
Distribution. Scotonycteris bergmansi congoensis ssp.

nov. is found in the rainforests of eastern DRC.
Description. Scotonycteris bergmansi congoensis ssp.

nov. is characterized by mitochondrial sequences of the
Cytb gene, which are highly divergent form those of the
other subspecies (5.3–7.2%). Morphologically, it is slightly
larger than the other subspecies, with a mean FA of around
50.8 mm in females (n = 5) and 48.7 mm in males (n = 6).

4.3. Ecological speciation at the Miocene/Pliocene boundary

Morphologically, the common ancestor of Scotonycter-
ini was certainly characterized by white fur patches on the
nose and behind the eyes, as these features are observed
in all living species. These pelage markings are generally
observed in taxa that roost in dense vegetation, where
they function as disruptive coloration to make them less
conspicuous to predators [68]. All these points suggest
therefore that the origin and evolution of the tribe
Scotonycterini have been associated with tropical rain-
forests of Africa.

The first phase of diversification of Scotonycterini, i.e.
the separation between the genera Scotonycteris and
Casinycteris, took place around 5.5 Mya. After a brief event
of aridity during the Late Miocene, between 6.5 and 6 Mya,
more humid climatic conditions prevailed in Africa, and
rainforests expanded during the Early Pliocene (5.3–3.6
Mya), covering much larger areas than today (Fig. 4)
[20,69]. On the basis of our phylogenetic reconstructions, it
can be inferred that the common ancestor of Scotonycteris

was a small sized fruit bat, probably similar to the three
living species (FA = 46–56 mm in S. zenkeri, S. bergmansi

and S. occidentalis; data from present study and Bergmans
[36]), whereas the common ancestor of Casinycteris was a
medium sized fruit bat (FA = 50–64 mm in C. argynnis,
73 mm in C. campomaanensis, and 75–88 mm in
C. ophiodon; data from present study, Bergmans [36] and
Hassanin [37]). An initial selective shift towards different
body sizes may have permitted the exploitation of new
ecological niches, i.e., such as different-sized fruits or fruit
trees. We propose therefore that the basal generic division
within the tribe Scotonycterini was driven by the
expansion of rainforests after 6 Mya, which have offered
more favorable opportunities for forest-adapted animals,
such as fruit bats, to spread over the continent and
to diversify in different ecological niches. A similar
scenario involving speciation driven by ecological factors
may also account for the divergence between Myonycteris

and Megaloglossus, approximately at the same time, at
around 5.7 Mya [51]. In that case, the main factor forcing
speciation was not variation in body size, but the
development of a new dietary strategy in the ancestor of
Megaloglossus. Indeed, the two species of Megaloglossus

(M. woermanni and M. azagnyi), both obligate nectivores,
are today the only African bats possessing a long tongue
adapted for lapping nectar from flowers [70].



A. Hassanin et al. / C. R. Biologies 338 (2015) 197–211208
4.4. The role of Pleistocene forest refugia in shaping the

biodiversity of Scotonycterini

The onset of glaciation in the Northern Hemisphere
took place at the Pliocene/Pleistocene boundary, at around
2.6 Mya, and from that period until today, the Earth’s
climate has been characterized by a succession of about
50 glacial–interglacial cycles [1]. During glacial periods,
the decrease of temperature and precipitation had major
impacts on the fauna and flora of high and middle
latitudes, but also in low latitudes, where widely
distributed rainforests of the Pliocene were partly replaced
by more open vegetation [4]. In Africa, deMenocal [71]
identified three progressive shifts in climate variability and
increasing aridity, which are coincident with the onset and
intensification of high-latitude glacial cycles: the first
occurred between 2.8 and 2.5 Mya, the second between
1.8 and 1.6 Mya, and the third at around 1.0 Mya. Analyses
of African mammal fossils have indicated an increase of
arid-adapted taxa at 2.9–2.4 Mya and after 1.8 Mya
[72]. Nesi et al. [51] have found that these two phases of
aridity, at 2.8–2.5 Mya and 1.8–1.6 Mya, have resulted in
speciation by isolation within the tribe Myonycterini. Our
present study showed that the two phases of Scotonycter-
ini diversification occurred in parallel in the genera
Scotonycteris and Casinycteris, at around 2.7 Mya and
1.6 Mya, respectively (Table 2), suggesting that forest-
adapted bats were strongly influenced by these two phases
of aridity. During these episodes of drastic climate change,
the fragmentation of rainforests was probably more severe
than during other Pleistocene glacial periods. In Fig. 4, an
evolutionary scenario is presented illustrating how Pleis-
tocene aridity events may have triggered allopatric
speciation within the genera Scotonycteris and Casinycteris

in three main zones identified as forest refugia, i.e., Upper
Guinea, Cameroon and Equatorial Africa.

At 2.7 Mya, in what is today tropical Africa, there was an
abrupt decline in tree cover, with the extension of savanna
and reduction of closed canopy forest. The greatest effect
was in West Africa, where the rainforests retreated to
occupy an area similar to that of today [69]. This event is
proposed to have separated bat populations from west and
central Africa, with S. occidentalis and possibly C. ophiodon

in Upper Guinea, and the ancestor of other species in
Central Africa. This period also fits with the diversification
of the genus Myonycteris into four allopatric species:
M. leptodon in Upper Guinea, M. brachycephala on Prı́ncipe
and São Tomé islands, M. torquata in Central African forests
(from Cameroon, and possibly Nigeria, to DRC and
Uganda), and M. relicta in the forests of eastern Africa
[51]. This scenario implies that the ancestors of Scotonyc-

teris, Casinycteris, and Myonycteris were widely distributed
during the Pliocene epoch associated with the existence of
continuous rainforests across tropical Africa, and that
speciation events took place through vicariance around
2.7 Mya associated with forest fragmentation. This sce-
nario requires, firstly, that these fruit bat genera have
always been rainforest dependent, secondly, that they
were not able to fly over long distances outside of
rainforests, and thirdly, that the Dahomey Gap was an
efficient savannah barrier for forest-adapted animals since

the early Pleistocene. These assumptions appear reason-
able for small fruit bats of the genera Scotonycteris and
Myonycteris, but they seem to be questionable in the
case of the larger and presumed stronger flyer
C. ophiodon. Indeed, our phylogeographic analyses have
shown that C. ophiodon is the only species of Scotonycterini
sparsely distributed in both West and Central Africa, and
recorded from only 16 localities in Liberia, Ivory Coast,
Ghana, Cameroon, and possibly in Republic of the Congo
[36,41]. Our molecular data suggest recent gene flow
between West Africa and Central Africa, as the animal from
Ivory Coast (SMF 91850) and the holotype from Cameroon
(ZMB 50001) showed high levels of similarity in the
mitochondrial Cytb gene (98.7%, 1140 nt) and in nuclear
fragments of three selected autosomal introns, i.e. CCAR1

(100%, 162 nt), DHX29 (100%, 159 nt) and TUFM (99.4%,
154 nt) (data not shown). These results may be explained
by a higher dispersal capacity for C. ophiodon, probably due
to its larger body size and wingspan [36]. In agreement
with our scenario involving vicariant speciation in Upper
Guinea and Central Africa at around 2.7 Mya, the diver-
gence of C. ophiodon from the two other species of
Casinycteris may be explained by two non-exclusive
hypotheses: a smaller body size in the Early Pleistocene
ancestor, or a broader extent of the Dahomey gap during
the Early Pleistocene.

The second phase of allopatric speciation, dated at
around 1.6 Mya, also occurred simultaneously in the
genera Scotonycteris and Casinycteris. The period between
1.8 and 1.6 Mya corresponds to an intensification of
climate variability and aridity, generating more varied and
open habitats in both West and East Africa [72,73]. At that
time, we hypothesized that the rainforests of West and
Central Africa retreated to occupy only four main refugial
zones corresponding to the coastal forests of Upper Guinea,
Cameroon, and western Equatorial Africa, and to the
equatorial forests of central and eastern DRC (Fig. 4). In
both genera of Scotonycterini, this episode of aridity may
have separated populations of Central Africa, with
C. campomaanensis and S. zenkeri in Cameroon and possibly
in eastern Nigeria, and C. argynnis and S. bergmansi in
Equatorial Africa. The period may also coincide with the
onset or intensification of the ‘‘charnière climatique’’, a
climatic hinge located in southern Cameroon/northern
EG and Gabon that today separates boreal and austral
climates [74] and that appears to be an important
phytogeographic barrier [75].

4.5. Rivers as biogeographic barriers during interglacial

periods

In the context of current climate change patterns
associated with global warming, understanding the
evolution of biodiversity during interglacial periods of
the Pleistocene is critical to better protect environment for
present and future generations. Although our phylogeo-
graphic analyses have provided strong support for the
diversification of forest-adapted bat species initiated by
rainforest fragmentation during two major arid (glacial)
periods, rivers have probably also acted as biogeographic
barriers, stopping or limiting the dispersal of forest bat
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ulations during interglacial periods. Three phylogeo-
phic results on the genus Scotonycteris support this
othesis.

First, the Ntem River, also known as the Campo River, in
thern Cameroon and northern Gabon seems to have
arated bat populations of S. zenkeri to the north (red in
. 4) from that of S. bergmansi distributed to the south
llow in Fig. 4).
Second, the fact that female dispersal of Scotonycteris

y be limited by large rivers, at least during interglacial
iods, is also corroborated by the existence of two
ergent mtDNA haplogroups detected in Cameroon for
enkeri (Fig. 2): one contains only animals from the
up National Park (KNP), at the border with Nigeria

 = 1; localities 9 and 10), and another includes speci-
ns collected south of the Sanaga River (localities 11–13),

ell as one KNP specimen (PP = 1).
Third, the role of rivers is better characterized in eastern
, where two divergent mtDNA haplogroups (2.4–3.2%

of divergence in the Cytb gene) were detected in
populations of S. bergmansi found on opposite sides of
the Congo River (Fig. 2 and Appendix J): the first
haplogroup contains specimens collected on the left
bank of the Congo River (localities 25, 26, 28 and 29;
� 0.5%); the second includes specimens collected on the
right bank of the Congo River (localities 24, 32, 33,
34 and 35; � 1.4%). Since several localities of the two
haplogroups are separated by less than 30 km (e.g., Yoko
[locality 29]–Arboretum of Kisangani [locality 32]), this
result shows that the Congo River constitutes a strong
biogeographic barrier, at least for philopatric females of
S. bergmansi. Flying over this large river is probably too
risky for females of this small bat species. The phylogeo-
graphic pattern is also compatible with the existence of
two forest refugia in eastern DRC, as proposed by Maley
[22] (highlighted in green in Fig. 4): one surrounding the
Congo River and some of its tributaries, and another in the
mountain forests of eastern DRC, close to the Great Lakes

4. Biogeographic scenario illustrating how Pleistocene aridity events may have shaped the biodiversity of Scotonycteris. During the early Pliocene

h, rainforests were distributed in most inter-tropical regions of Africa because of favorable climatic conditions corresponding to high levels

umidity. During this period, the common ancestor of Scotonycteris was probably distributed across African rainforests (grey zone). During periods of

stocene glaciations, rainforests may have persisted only in a few refugia. The distribution of Scotonycteris was fragmented into at least four main refugia

esponding to Upper Guinea (blue), Cameroon (red), Gabon (orange), and eastern DRC (green). The number and placement of these refugia were

rpreted from Maley [22]. During Pleistocene interglacials and the Holocene, rainforests expanded to recover an area of Africa probably similar to

ern times. Populations isolated during glacial periods may have dispersed and occurred in sympatry, but may have been reproductively isolated. For

rpretation of the references to color in this figure caption, the reader is referred to the web version of the article.



A. Hassanin et al. / C. R. Biologies 338 (2015) 197–211210
Albert, Edward, Kivu, and Tanganyika. Such fine scale
geographic structure was not found for C. argynnis (Fig. 2
and Appendix J), indicating that the Congo River is not
impassable for this species, which is presumably related to
its larger body size.
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Barthlott, Global patterns of plant diversity and floristic knowledge, J.
Biogeogr. 32 (2005) 1107–1116.

[3] G. Mace, H. Masundire, J. Baillie, Coordinating lead authors, Biodiversi-
ty, in: R. Hassan, R. Scholes, N. Ash (Eds.), Ecosystems and human well-
being: current state and trends, 1, Island Press, Washington D.C, 2005,
pp. 77–122.

[4] M.B. Bush, J.R. Flenley, W.D. Gosling, Tropical rainforest responses to
climatic change, 2nd ed., Springer-Verlag, Berlin & Heidelberg, 2011
[454 p.].

[5] J. Haffer, Speciation in Amazonian forest birds, Science 165 (1969)
131–137.

[6] P.A. Colinvaux, P.E. De Oliviera, M.B. Bush, Amazonian and Neotropical
plant communities on glacial time-scales: the failure of the aridity and
refuge hypotheses, Quatern. Sci. Revary. 19 (2000) 141–169.

[7] M.B. Bush, P.E. Oliveira, The rise and fall of the refugial hypothesis of
Amazonian speciation: a paleoecological perspective, Biota Neotrop. 6
(no 1) (2006) http://www.biotaneotropica.org.br/v6n1/pt/.

[8] K.D. Bennett, S.A. Bhagwat, K.J. Willis, Neotropical refugia, Holocene 22
(2012) 1207–1214.

[9] A. Hugall, C. Moritz, A. Moussalli, J. Stanisic, Reconciling paleodistribu-
tion models and comparative phylogeography in the wet tropics rain-
forest land snail Gnarosophia bellendenkerensis (Brazier 1875), Proc.
Natl. Acad. Sci. USA 99 (2002) 6112–6117.

[10] N.M. Anthony, M. Johnson-Bawe, K. Jeffery, S.L. Clifford, K.A. Abernethy,
C.E. Tutin, S.A. Lahm, L.J. White, J.F. Utley, E.J. Wickings, M.W. Bruford,
The role of Pleistocene refugia and rivers in shaping gorilla genetic
diversity in Central Africa, Proc. Natl. Acad. Sci. USA 104 (2007) 20432–
20436.

[11] R.C. Bell, J.L. Parra, M. Tonione, C.J. Hoskin, J.B. Mackenzie, S.E. Williams,
C. Moritz, Patterns of persistence and isolation indicate resilience to
climate change in montane rainforest lizards, Mol. Ecol. 19 (2010)
2531–2544.

[12] K. Daı̈nou, J.P. Bizoux, J.L. Doucet, G. Mahy, O.J. Hardy, M. Heuertz,
Forest refugia revisited: nSSRs and cpDNA sequences support historical
isolation in a widespread African tree with high colonization capacity,
Milicia excelsa (Moraceae), Mol. Ecol. 19 (2010) 4462–4477.

[13] C.M. Wurster, M.I. Bird, I.D. Bull, F. Creed, C. Bryant, J.A. Dungait, V. Paz,
Forest contraction in north equatorial Southeast Asia during the Last
Glacial Period, Proc. Natl. Acad. Sci. USA 107 (2010) 15508–15511.

[14] K. Morgan, S.M. O’Loughlin, B. Chen, Y.M. Linton, D. Thongwat, P.
Somboon, M.Y. Fong, R. Butlin, R. Verity, A. Prakash, P.T. Htun, T. Hlaing,
S. Nambanya, D. Socheat, T.H. Dinh, C. Walton, Comparative phylogeo-
graphy reveals a shared impact of Pleistocene environmental change in
shaping genetic diversity within nine Anopheles mosquito species across
the Indo-Burma biodiversity hotspot, Mol. Ecol. 20 (2011) 4533–4549.

[15] A. Fouquet, B.P. Noonan, M.T. Rodrigues, N. Pech, A. Gilles, N.J. Gemmell,
Multiple quaternary refugia in the eastern Guiana shield revealed by
comparative phylogeography of 12 frog species, Syst. Biol. 61 (2012)
461–489.

[16] D.C.D. Happold, Mammals of the Guinea-Congo rainforests, in: I.J.
Alexander, M.D. Swaine, R. Watling (Eds.),Essays on the ecology
of the Guinea-Congo rainforest, Proc. R. Soc. Edinbu. 104 (1996)
243–284.

[17] V. Plana, Mechanisms and tempo of evolution in the African Guineo-
Congolian rainforest, Philos. Trans. R Soc. B Biol. Sci. 359 (2004)
1585–1594.

[18] J. Kingdon, D. Happold, M. Hoffmann, T. Butynski, M. Happold, J. Kalina,
Mammals of Africa. Volume I: introductory chapters and Afrotheria,
Bloomsbury Publishing, London, 2013 [352 p.].

[19] U. Salzmann, P. Hoelzmann, The Dahomey gap: an abrupt climatically
induced rain forest fragmentation in West Africa during the Late
Holocene, Holocene 15 (2005) 190–199.

[20] U. Salzmann, M. Williams, A.M. Haywood, A.L.A. Johnson, S. Kender, J.
Zalasiewicz, Climate and environment of a Pliocene warm world,
Palaeogeogr. Palaeoclimatol. Palaeoecol. 309 (2011) 1–8.

[21] J. Maley, Fragmentation de la forêt dense humide africaine et extension
des biotopes montagnards au Quatemaire récent : nouvelles données
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géographiques, Palaeoecol. Afr. 18 (1987) 307–334.

[22] J. Maley, The African rain-forest – main characteristics of changes in
vegetation and climate from the Upper Cretaceous to the Quaternary,
Proc. R. Soc. Edinb. 104B (1996) 31–73.

[23] M.M. Colyn, A. Gautier-Hion, W. Verheyen, A re-appraisal of palaeoen-
vironmental history in Central Africa: evidence for a major fluvial
refuge in the Zaire Basin, J. Biogeogr. 18 (1991) 403–407.

[24] D. Anhuf, M.-P. Ledru, H. Behling, F.W. Da Cruz Jr., R.C. Cordeiro, T. Van
der Hammen, I. Karmann, J.A. Marengo, P.E. De Oliveira, L. Pessenda, A.
Siffedine, A.L. Albuquerque, P.L. Da Silva Dias, Paleo-environmental
change in Amazonian and African rainforest during the LGM, Palaeo-
geogr. Palaeoclimatol. Palaeoecol. 239 (2006) 510–527.
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 J. Fjeldså, R.C.K. Bowie, New perspectives on the origin and diversifica-
tion of Africa’s forest avifauna, Afr. J. Ecol. 46 (2008) 235–247.

 B.D. Marks, Are lowland rainforests really evolutionary museums?
Phylogeography of the green hylia (Hylia prasina) in the Afrotropics,
Mol. Phylogenet. Evol. 55 (2010) 178–184.

 A.J. Tosi, Forest monkeys and Pleistocene refugia: a phylogeographic
window onto the disjunct distribution of the Chlorocebus lhoesti species
group, Zool. J. Linn. Soc. 154 (2008) 408–418.

 Y. Kawamoto, H. Takemoto, S. Higuchi, T. Sakamaki, J.A. Hart, T.B. Hart,
N. Tokuyama, G.E. Reinartz, P. Guislain, J. Dupain, A.K. Cobden, M.N.
Mulavwa, K. Yangozene, S. Darroze, C. Devos, T. Furuichi, Genetic
structure of wild bonobo populations: diversity of mitochondrial
DNA and geographical distribution, PLoS One 8 (2013) e59660.

 V. Nicolas, A.D. Missoup, C. Denys, J.K. Peterhans, P. Katuala, A. Couloux,
M. Colyn, The roles of rivers and Pleistocene refugia in shaping genetic
diversity in Praomys misonnei in tropical Africa, J. Biogeogr. 38 (2011)
191–207.

 C. Born, N. Alvarez, D. McKey, S. Ossari, E.J. Wickings, M. Hossaert-
McKey, M.H. Chevallier, Insights into the biogeographical history of the
Lower Guinea Forest Domain: evidence for the role of refugia in the
intraspecific differentiation of Aucoumea klaineana, Mol. Ecol. 20 (2011)
131–142.
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