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ARTICLE INFO ABSTRACT

Keywords: Gerbillus is one of the most speciose genera among rodents, with ca. 51 recognized species. Previous attempts to

Desert reconstruct the evolutionary history of Gerbillus mainly relied on the mitochondrial cyt-b marker as a source of

Molecular dating phylogenetic information. In this study, we utilize RAD-seq genomic data from 37 specimens representing 11

l;(’lfennsa hel regi species to reconstruct the phylogenetic tree for Gerbillus, applying concatenation and coalescence methods. We

S;e:ir:s- daelfm;fagtlizr:n identified four highly supported clades corresponding to the traditionally recognized subgenera: Dipodillus,
Gerbillus, Hendecapleura and Monodia. Only two uncertain branches were detected in the resulting trees, with one
leading to diversification of the main lineages in the genus, recognized by quartet sampling analysis as uncertain
due to possible introgression. We also examined species boundaries for four pairs of sister taxa, including
potentially new species from Morocco, using SNAPP. The results strongly supported a speciation model in which
all taxa are treated as separate species. The dating analyses confirmed the Plio-Pleistocene diversification of the
genus, with the uncertain branch coinciding with the beginning of aridification of the Sahara at the the Plio-
Pleistocene boundary. This study aligns well with the earlier analyses based on the cyt-b marker, reaffirming
its suitability as an adequate marker for estimating genetic diversity in Gerbillus.

1. Introduction

Deserts and arid regions (aridity index < 0.20; Ward, 2009) cover
nearly 20% of the Earth’s non-sea surface (Zomer et al., 2022). These
areas host approximately one-fourth of the world’s land vertebrate
species, and are characterized by a high level of endemism of organisms
adapted to extreme climatic conditions (Brito et al., 2016). Nonetheless,
deserts and semi-deserts remain among the least scientifically investi-
gated regions in the world (Durant et al., 2014).

The Sahara-Sahel ecoregions of Africa host a disproportionally high
number of endemic species, resulting from radiation events in response
to the onset and development of extreme and fluctuating arid conditions
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(Brito et al., 2014; Pausata et al., 2020). However, when it comes to
understanding the evolutionary and ecological processes that have
facilitated the emergence of these endemic species, the Sahara-Sahel
ecoregions of Africa often present knowledge gaps. Such information
would be essential for developing, among other topics, conservation
strategies adapted to the potentially negative effects of climatic changes
(Brito et al., 2021, 2014).

Here, we study Gerbillus rodents, which have been hypothesized to
evolve and diversify in response to changing aridity conditions in North
Africa, and subsequently colonize deserts and semi-deserts of Asia
(Abiadh et al., 2010; Ndiaye et al., 2016a, 2016b). Gerbillus is one of the
most speciose genera among rodents, with ca. 51 currently recognized
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species, accounting for nearly half of the species diversity in the sub-
family Gerbillinae (Musser and Carleton, 2005; Ndiaye et al., 2016a).
The infra-generic taxonomy of the genus is highly debated. Tradition-
ally, the genus was divided into three subgenera—Gerbillus, Dipodillus,
and Hendecapleura—based on morpho-anatomical features (Lataste,
1882, 1881). However, starting from the beginning of the 21st century,
Gerbillus and Dipodillus have been considered as distinct genera, pri-
marily differentiated by their hairy or naked feet (Musser and Carleton,
2005; Pavlinov, 2008). Furthermore, the genus Monodia was established
to accommodate the morphological distinctiveness of G. mauritaniae—a
species described based on a single individual (Petter, 1975). The sys-
tematics of Gerbillus s.l. has also benefited from the inclusion of chro-
mosomal information, as this group exhibits extensive interspecific
karyotypic variability (Lay, 1983). Based on this, at least two evolu-
tionary groups can be distinguished, which align with the Gerbillus and
Dipodillus + Hendecapleura groups recognized based on morpho-
anatomical data (Aniskin et al., 2006).

The last two decades have seen the confrontation of phenotype-based
taxonomic systems with molecular information. In Gerbillinae rodents,
the majority of the studies have solely relied on the mitochondrial cy-
tochrome b gene (cyt-b) for both phylogenetic inference and species
delimitation (Abiadh et al., 2010; Bryja et al., 2022; Ndiaye et al., 2014,
2012). Interestingly, these studies corroborated the subdivision of the
genus Gerbillus into three subgenera: Gerbillus, Dipodillus and Hendec-
apleura. Furthermore, the subgenus Hendecapleura was placed as a sister
group to the other subgenera making Dipodillus firmly nested within the
genus Gerbillus. The most comprehensive study to date, which utilized
cyt-b and one nuclear gene (inter-photoreceptor retinoid-binding pro-
tein or IRBP), also proposed the inclusion of G. nancillus in a new sub-
genus named Monodia (Ndiaye et al., 2016a). The choice of this name
followed the work of Tranier and Julien-Laferriere (1990), who sug-
gested the possible synonymy of G. mauritaniae (Heim de Balsac, 1943)
and G. nancillus. Despite yielding coherent phylogenetic results, previ-
ous studies are limited by the use of only a single or, at most, two mo-
lecular markers, which may not provide sufficient phylogenetic signal to
resolve certain parts of the tree. Additionally, there is a high risk that the
resulting tree might not accurately represent the species tree as it is
derived from a small sample of nuclear and mitochondrial genomes.
Moreover, mitochondrial-based phylogeny might be further confounded
by factors such as hybridization, mitochondrial introgression, hetero-
plasmy and presence of nuclear mitochondrial pseudogenes (Numts)
(Bensasson et al., 2001; Bonnet et al., 2017; Dubey et al., 2009; Richly
and Leister, 2004).

Accurate species delimitation is of critical importance for identifying
endangered species, revealing cryptic variation and understanding
patterns of diversification. In the case of Gerbillus, species have tradi-
tionally been identified and described using morpho-anatomical traits.
However, morphological characters, such as the presence or absence of
hairs on feet (Lay, 1983) or skull characters and associated muscle at-
tachments (Alhajeri, 2021), can undergo adaptive and convergent evo-
lution in response to similar selective pressure in similar habitats.
Relying solely on phenotypic data may therefore underestimate the
number of species and fail to identify cryptic variation. For example, in
an attempt to delineate several Gerbillus species, Ndiaye et al. (2012)
used 11 skull traits but found no clear boundaries among studied taxa.
Consequently, the utilization of molecular data, specifically the cyt-b
gene, was necessary to provide an independent source of information
regarding species boundaries. Generally, molecular analyses indicate
that all traditionally recognized species exhibit relatively high genetic
divergence, forming monophyletic groups on the tree (Abiadh et al.,
2010; Ndiaye et al., 2016a, 2012). However, these analyses assume the
presence of barcode gaps, which can be misleading when species
divergence is recent or when population size is large (DeSalle et al.,
2005; Moritz and Cicero, 2004; Will and Rubinoff, 2004). To address
these potential problems, the results of analyses based on single markers
must be complemented with results from a multilocus coalescence-based
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delimitation method, which has recently become a standard tool for
inferring species boundaries (Rannala and Yang, 2020).

The molecular data collected on Gerbillus have also facilitated the
tentative reconstruction of the evolutionary history of the genus (Ndiaye
et al., 2016a). Molecular dating indicates that the origin of the genus
coincided with the establishment of arid conditions in the Sahara Desert,
approximately 7 to 5 Mya (Schuster et al., 2006; Swezey, 2009). The
divergence leading to the main lineages within the genus occurred
during the transition between the Pliocene and the Pleistocene. Inter-
estingly, some gerbil fossils from this time period, discovered in various
locations in East and North Africa, have been suggested as direct an-
cestors of extant species (Winkler et al., 2010). The emergence of
modern species was largely limited to the Pleistocene, except for
G. campestris, which likely originated in the late Pliocene, approximately
3 Mya. The speciation events may have been influenced here by climatic
oscillations during the Pleistocene, with major aridification episodes
dated roughly at 2.8 Mya, 1.8 Mya and 1 Mya (deMenocal, 2004, 1995).
One major limitation of these molecular clock analyses is the reliance on
only a few markers, as is the case with phylogeny reconstructions and
species delimitations. While uncertainty is an inherent property of
Bayesian divergence time estimation, it can be reduced by exapanding
the size of the dataset (dos Reis and Yang, 2013). Therefore, it is ex-
pected that a reanalysis of divergence timing in Gerbillus, utilizing a
large number of markers from the genome, will enhance the precision of
the evolutionary history reconstruction.

Here, we test recent hypotheses concerning the scenario of evolution
of Gerbillus using restriction site-associated DNA sequencing (RADseq).
This method has proven particularly useful for inferring shallow phy-
logenies for taxa that are a few million years old (e.g., Eaton and Ree,
2013; Tripp et al., 2017; Wagner et al., 2013). However, its utility has
also been demonstrated for reconstructing phylogenies of older groups
(e.g., Eaton et al., 2017; Grzywacz et al., 2021; Hipp et al., 2014;
Piwczynski et al., 2021). We focus here on two main issues. Firstly, we
reconstruct the phylogeny of the genus using genomic data to test the
relationships among the four subgenera described based on morphology,
karyology and classical Sanger data. Secondly, we examine species
boundaries for several morphologically similar species, where doubts
persist as to whether they are true species or simply reflect divergences
among allopatric populations. The first taxon of interest is a putative
new species with an uncertain geographic and population status found
in and around the Massa River valley area (Morocco), provisionally
named Gerbillus spl (Ndiaye et al., 2016a). It was hypothesized, based
on molecular data, that it is a true species, closely related to G. tarabuli
and G. occiduus (Ndiaye et al., 2016a, 2012). The second pair of taxa are
from the subgenus Hendecapleura—G. nanus and G. amoenus—proposed
to be vicariant species based on molecular data, with the former
distributed from Pakistan to the Arabian Peninsula and the latter only in
North Africa (Ndiaye et al., 2016b, 2013). The third delimitation test
targets G. campestris and G. rupicola, two morphologically similar taxa
differing in chromosome number (2n = 56 and 2n = 52 respectively;
Granjon et al., 2002). Given their high genetic similarity based on cyt-b
and IRBP sequence data, Ndiaye et al. (2016a) put forward two hy-
potheses regarding their respective status. On the one hand, ‘rupicola’
may represent a chromosomally differentiated population of poly-
morphic G. campestris, a species where chromosomal variation has
already been documented. On the other hand, ‘rupicola’ may be
confirmed as a separate species recently originated from G. campestris.

The last aim of this study is to put phylogenomic results into his-
torical context. The dating analysis is performed to confirm, with higher
precision than in previous research, the timing of origin and Plio-
Pleistocene diversification of the genus Gerbillus.
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2. Materials and methods
2.1. Species sampling

Eleven Gerbillus species from North Africa and the Middle East,
including one putative new species, represented by 37 specimens and an
outgroup, Psammomys obesus (3 specimens), were collected during field
expeditions over the last three decades (Barros et al., 2018; Boratynski
et al., 2017; Nokelainen et al., 2020; Table 1). Tissue samples (pieces of
ears or liver) were collected from individuals captured either with live-
traps (Extra-Large Sherman Kangaroo Rat and locally-made wire-mesh
live traps) or with handheld nets, during the night. Initial species
identification was based on morphological features such as hind foot
length, body mass, body and tail lengths, ear size, presence of hair on
foot soles, body coloration, and proportion of body parts. In some cases,
it was further confirmed by molecular barcoding (see below). All sam-
ples were georeferenced using a global positioning system. Animal
handling and sampling followed relevant guidelines and regulations,
and all study protocols were approved by local authorities (Haut
Commissariat aux Eaux et Foréts et a la Lutte Contre la Désertification of
Morocco, decisions 20/2013, 41/2014, 42/2014; Ministere de I’Envir-
onnement et du Développement Durable of Mauritania, decision 227/
08.11.2012).

2.2. Barcoding

To validate morphology-based identification of Gerbillus specimens
used in this study, we attempted to obtain the mitochondrial cyt-b gene,
which serves as a standard barcode sequence in mammals (Bradley and
Baker, 2001). Total genomic DNA was extracted from ca. 25 mg of tissue
using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, California, U.S.
A.) following the manufacturer’s instructions. The ~1140 bp fragment
of the cyt-b gene was PCR-amplified using primers L14723 and H15915
from Abiadh et al. (2010). Each 25 pL polymerase chain reaction (PCR)
contained 1 x PCR buffer, 0.2 mM of deoxynucleoside triphosphates
(dNTPs), 0.2 pM of each primer, 2.5-3.5 mM of MgCl2, 0.2 U of Taqg DNA
polymerase (ThermoScientific), and 1 pL of DNA template. The PCR
protocol included an initial denaturation at 94 °C for 4 min, followed by
35 cycles with 40 s of denaturation at 94 °C, 45 s of annealing at 50 °C,
and 40 s of extension at 72 °C. The final extension at 72 °C lasted for 5
min. For some troublesome samples, a gradient PCR was used to
determine the optimal annealing temperature (48.0 °C, 48.9 °C, 49.8 °C,
51.1 °C, 52.4 °C, 54.9 °C).

After amplification, each PCR product was electrophoresed using 1%
agarose gel and stained with GelRed (Biotium) to assess the success of
PCR reactions. A PCR product was considered appropriate for
sequencing if no obvious polymorphism (multiple bands from a single
PCR product) was observed. The PCR product was then purified using
Ampure (1:1.8) and sequenced using fluorescent Big Dye terminators
(Applied Biosystems, Foster City, CA, USA). The sequencing products
were precipitated using 0.3 M sodium acetate, washed with 80%
ethanol, dried, and resolved using an automated DNA sequencer at the
Laboratory of Molecular Biology Techniques, Adam Mickiewicz Uni-
versity (Poznan, Poland). The sequences were assembled and edited
using SeqMan II v. 4.0 (DNASTAR, Madison, WI, USA). All newly ob-
tained sequences were deposited in GenBank (Table 1).

Sequences obtained in this study were combined with cyt-b se-
quences for species of Gerbillus retrieved from GenBank. The sequences
were then aligned using MUSCLE v.3.8.31 (Edgar, 2004) through the
graphical interface in Seaview v.4.6.1 (Gouy et al., 2010). To examine
whether cyt-b conspecific sequences clustered together, we performed a
phylogenetic analysis using maximum likelihood method in RAXML
v.8.2.12. The analysis included 100 rapid bootstrap repetitions under
GTR + I substitution model, which is the only model available in the
software (Stamatakis, 2014).
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Table 1
Specimens used for generating RAD-seq data, along with corresponding voucher
information and GenBank reference numbers for newly obtained cyt-b markers.

Taxon Voucher information

Gerbillus amoenus (de Winton, Mauritania, 21°01'04.8" N 11°55'29.6" W, 31
1902) October 2011, leg. Boratynski et al. ZBSC0229,
GenBank no: 0Q230799
Gerbillus amoenus (de Winton, Morocco, 23°34'48.0" N 15°13'57.2" W, 1
1902) November 2012, leg. Boratynski eBt al.
ZBSC0299, GenBank no: 0Q230800
Mauritania, 21°31'10.0" N 12°51'10.2" W, 25
October 2011, leg. Boratynski et al. ZBSC0213,
GenBank no: 0Q230801
Morocco, 22°36'39.9'N 14°28'15.3'W, 5
January 2014, leg. Boratynski et al. ZBSC0416
Mauritania, 18°22'02.9" N 9°02'54.7" W, 2
February 2014, leg. Boratynski et al. ZBSC0507
Mauritania, 18°09'01.8" N 12°03'56.6” W, 8
February 2014, leg. Boratynski et al.
ZBSC0567, GenBank no: 0Q230802
Mauritania, 18°29'22.5" N 14°38'37.6" W, 27
November 2014, leg. Brito et al. 11405,
GenBank no: 0Q230803
Mauritania, 17°3521.0"N 7°26'45.5" W, 28
January 2014, leg. Boratyriski et al. ZBSC0490,
GenBank no: 0Q230804
Mauritania, 18°23'01.4" N 8°31'18.0" W, 31
January 2014, leg. Boratynski et al. ZBSC0499
Mauritania, 20°43'49.5" N 16°01'29.4" W, 10
February 2014, leg. Boratyniski et al. ZBSC0572
Israel, 30°36'21.7" N 34°50'44.6" E, unknown
date, leg. Shenbrot et al. H2
Mali, 15°55'00.0" N 2°28'00.0" E, 21 February
2003, leg. Papillon et al. MEN3 (M4947)
Mauritania, 16°45'46.6" N 11°13'19.1" W, 22
November 2012, leg. Boratynski et al.
ZBSC0369, GenBank no: 0Q230805
Senegal, 15°51'20.5" N 15°03'47.2" W, 5
August 2010, leg. Ba et al. KB7364 (S-KB7364)
Mali, 15°11'00.5" N 9°31'39.7" W, 30
November 1999, leg. Granjon et al. M4067
Mauritania, 17°2522.2" N 13°26'06.6" W, 17
November 2010, leg. Boratynski et al.
ZBSC0058
Jordan, 29°58'00.1" N 35°04'60.0" E, 10 May
1995, leg. Benda et al. 759 (NMP48239)
Israel, 30°43'30.4" N 35°16'20.8" E, unknown
date, leg. Shenbrot et al. N2
Israel, 30°43'30.4" N 35°16'20.8" E, unknown
date, leg. Shenbrot et al. N3, GenBank no:
0Q230806
Morocco, 23°55'05.0" N 15°45'48.0" W, 1
December 2008, leg. Granjon et al. LG130
Morocco, 23°53'06.2" N 15°49'48.3" W, 1
December 2008, leg. Granjon et al. LG135
Morocco, 23°53'06.2" N 15°49'48.3" W, 1
December 2008, leg. Granjon et al. LG140,
GenBank no: 0Q230807
Mali, 19°19'60.0" N 0°14'30.0" W, 19
November 2005, leg. Granjon et al. M—INA20
Mali, 19°01'10.3" N 1°45'42.8" E, 7 February
2004, leg. Granjon et al. M5354
Mali, 20°11'39.2" N 0°58'20.1" E, 14
November 2005, leg. Granjon et al. M5963
Mauritania, 19°48'31.7'N 14°17'18.5'W, 20
November 2010, leg. Boratynski et al.
ZBSC0066, GenBank no: 0Q230808
Mauritania, 21°01'04.8" N 11°55'29.6" W, 1
November 2011, leg. Boratynski et al.
7ZBSC0234
Mauritania, 21°01'04.8" N 11°55'29.6" W, 1
November 2011, leg. Boratynski et al.
ZBSC0235
Gerbillus rupicola (Granjon, Mali, 14°12'51.4" N 3°54'09.3" W, 7 March
Aniskin, Volobouev & Sicard, 2008, leg. Cosson et al. M4713, GenBank no:
2002) 0Q230809

Gerbillus campestris Loche, 1867

Gerbillus campestris Loche, 1867
Gerbillus campestris Loche, 1867

Gerbillus campestris Loche, 1867

Gerbillus gerbillus (Olivier, 1801)

Gerbillus gerbillus (Olivier, 1801)

Gerbillus gerbillus (Olivier, 1801)

Gerbillus gerbillus (Olivier, 1801)

Gerbillus henleyi de Winton, 1903

Gerbillus henleyi de Winton, 1903

Gerbillus henleyi de Winton, 1903

Gerbillus nancillus Thomas &
Hinton, 1923

Gerbillus nancillus Thomas &
Hinton, 1923

Gerbillus nancillus Thomas &
Hinton, 1923

Gerbillus nanus Blanford, 1875

Gerbillus nanus Blanford, 1875

Gerbillus nanus Blanford, 1875

Gerbillus occiduus Lay, 1975
Gerbillus occiduus Lay, 1975

Gerbillus occiduus Lay, 1975

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

Gerbillus pyramidum (E. Geoffroy
Saint-Hilaire, 1803)

(continued on next page)
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Table 1 (continued)

Taxon Voucher information

Gerbillus rupicola (Granjon,
Aniskin, Volobouev & Sicard,
2002)

Gerbillus spl

Mali, 14°04'27.4" N 4°0823.9" W, 19 January
2003, leg. Sicard et al. M4936

Morocco, 30°04'00.0" N 9°39'30.0" W, 23
November 2008, leg. Granjon et al. LG77
Morocco, 29°49'17.3" N 9°4923.5" W, 24
November 2005, leg. Granjon et al. LG91,
GenBank no: 0Q230810

Morocco, 29°49'17.3" N 9°4923.5" W, 24
November 2005, leg. Granjon et al. LG96
Morocco, 27°09'12.5" N 10°50'50.0" W, 29
October 2012, leg. Boratynski et al. ZBSC0288,
GenBank no: 0Q230811

Mauritania, 16°29'02.9" N 9°17'22.5" W, 26
January 2014, leg. Boratyriski et al. ZBSC0486,
Morocco, 32°15'14.3" N 2°11'16.4" W, 7 May
2014, leg. Boratynski et al. ZBSC0592
Morocco, 32°1526.5" N 2°14'26.6" W, 7 May
2014, leg. Boratynski et al. ZBSC0593,
GenBank no: 0Q230812

Morocco, 27°54'03.5" N 11°36'18.4" W, 15

Gerbillus spl

Gerbillus spl

Gerbillus tarabuli (Thomas, 1902)

Gerbillus tarabuli (Thomas, 1902)
Gerbillus tarabuli (Thomas, 1902)

Gerbillus tarabuli (Thomas, 1902)

Psammomys obesus Cretzschmar,

1828 February 2015, leg. Boratyriski et al. ZBSC0655
Psammomys obesus Cretzschmar, Morocco, 26°40'27.8" N 12°56'52.3" W, 21

1828 February 2015, leg. Boratyriski et al. ZBSC0671
Psammomys obesus Cretzschmar, Morocco, 28°00'02.7'N 12°13'09.6'W, 13

1828 August 2015, leg. Boratyniski et al. ZBSC0711,

GenBank no: 0Q230813

2.3. RAD-seq library preparation and data processing

A reduced complexity library was prepared based on the traditional
RAD-seq protocol described by Ali et al. (2016) with the following
modifications (see also Grzywacz et al., 2021; Piwczynski et al., 2021):

i) For each individual, two samples of 75 ng of DNA each were
separately digested using SbfI-HF restriction enzyme to avoid unex-
pected reaction failure.

ii) P1 adapter-ligated fragments were sheared for 60 s to a peak
target of 300 bp using an ultrasonicator Covaris M220 (Covaris, Inc.).

iii) Pippin Prep (Sage Science, Beverly, MA, U.S.A.) was used to
select fragments between 250 and 350 bp with prior library cleaning
using AMPure XP (Beckman Coulter, Carlsbad, CA, U.S.A.; 1 x ratio of
bead to sample volume).

iv) Eight independent PCRs (15 cycles) were carried out and subse-
quently pooled to reduce the effect of uneven fragment amplification.

v) Pooled PCR products were purified twice with AMPure XP (1 x
ratio of bead to sample volume) to completely remove the remaining
primers.

The final library quantification was performed using a Qubit 3.0
fluorometer and 2100 Bioanalyzer with the High Sensitivity DNA
Analysis Kit (Agilent Technologies). Commercial paired-end sequencing
of the multiplexed library was conducted on an IlluminaHiSeq 2500
instrument by the Macrogen company.

Before running the assembly software, we filtered the low quality
reads with Trimmomatic v.0.39 (Bolger et al., 2014) using the following
options: TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. We deliber-
ately did not set the LEADING option to preserve the barcode part of the
reads before applying SLIDINGWINDOW option. For the de novo and
reference assembly, we utilized only R1 data with the ipyrad v.0.9.61
pipeline (Eaton, 2014). It is worth noting that, as confirmed by ipyrad
developers (see discussion on Gitter, 25 September 2020, https://gitter.
im/dereneaton/ipyrad), and based on our own experience (Grzywacz
et al., 2021; Piwczynski et al., 2021), excluding R2 reads typically does
not significantly impact the final result.

In the first step, we demultiplexed the data twice allowing none or
one mismatch in the barcode sequences. Taking into account the
sensitivity of the de novo assembly to changes in clustering threshold
(CT) parameter (i.e., the minimum percentage of sequences similarity
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below which two reads are considered to have come from different loci;
Fernandez-Mazuecos et al., 2018; Shafer et al., 2017; Takahashi et al.,
2014), we tested, using two demultiplexed datasets, a wide range of CT
from 0.85 to 0.99 incremented by 0.01 resulting in a total of 15 analyses
per dataset. The remaining parameters were set as follows: min sam-
ples_locus = 4 and max_Indels_locus = 8. Given the high proportion of
repetitive elements in rodents’ genome (up to 45%, Lu et al., 2020) and
the extensive karyotype reorganization among Gerbillus species (Aniskin
et al., 2006), we adopted a conservative approach by reducing
max_SNPs_locus parameter to 0.1 (compared to the default value 0.2) to
minimize potential alignment issues with repetitive regions.

We employed two criteria to select the best CT: the average bootstrap
support and the number of SNPs. The average bootstrap support was
estimated based on a phylogenetic tree reconstructed using maximum
likelihood (ML) approach implemented in RAXML v.8.2.12 with 100
rapid bootstrap repetitions (Stamatakis, 2014).

To assess the impact of missing data on the phylogenetic tree to-
pology, we explored three additional values of min_samples_locus = 12,
20 and 32 corresponding to a maximum of 70%, 50% and 20% of
missing data in the alignments, respectively. For each min_samples_locus
value, we tested the entire range of CT values, i.e., 0.85-0.99, and
selected the best value based on the previously described criteria. The
remaining parameters were left unchanged, as explained earlier. All
analyses were conducted on two demultiplexed datasets.

In the final set of analyses, we used two demultiplexed datasets for
reference assembly, employing the genome of Psammomys obesus
(GenBank: GCA_907164565). We generated assemblies using two values
for max_SNPs_locus = 0.1 and 0.6. The relaxation of this parameter might
introduce confounding phylogenetic signal by treating paralogs as
orthologs or it may enhance the signal by providing more variable
orthologous loci. The remaining parameters were kept unchanged, as
previously mentioned.

2.4. Phylogenetic analyses of RAD-seq data

The data generated by ipyrad with the highest average bootstrap
support value and the highest number of SNPs from de novo analyses
with min_samples_locus = 4, 12, 20 and 32 as well as the data from the
reference-based assembly (see above) were subjected to analyses using
both maximum likelihood (ML) and Bayesian (BI) approaches as
implemented in RAXML v.8.2.12 (Stamatakis, 2014) and ExaBayes
v.1.5.1 (Aberer et al., 2014), respectively. For all ML analyses, 100
searches of tree space were performed, each starting from distinct ran-
domized maximum parsimony tree. Branch support (BS) was evaluated
based on 1 000 standard non-parametric bootstrap replicates and then
summarized on the best ML tree. For Bayesian analyses, six simultaneous
runs were completed each using a single Monte Carlo Markov chain.
Each chain was run for 1 million generations, with samples collected
every 1 000 generations and the first 25% of samples discarded as burn-
in (a total of 6 [runs] x 1[chains] x 750[samples — burn-in] = 4 500
samples across all runs). All priors remained unmodified and in their
default state. Effective sampling of the priors and MCMC convergence
was established by ensuring effective sample size (ESS) and potential
scale reduction factors (PRSF) were > 200 and ~ 1, respectively, using
Tracer v.1.7.1 (Rambaut et al., 2018). ML analyses were conducted via
CIPRES science gateway (Miller et al., 2010), while the BI analyses were
completed using the University of Technology, Sydney eResearch High
Performance Computing Cluster.

The main assumption of ML and BI methods applied here to
concatenated datasets is that all sites across the genome share the same
history. However, this assumption carries a risk of reconstructing a
highly supported, yet incorrect species tree (Mendes and Hahn, 2018).
To address this concern and consider potential gene tree heterogeneity
due to incomplete lineage sorting, we utilized the SVDquartets method
(Chifman and Kubatko, 2014), implemented in the most recent version
of PAUP* v.4.0a (Swofford, 2003) for sequence data under the
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multispecies coalescent model. For the analyses, SNP files automatically
generated by ipyrad were used, containing one randomly selected SNP
per locus. We evaluated all possible quartets (exhaustive quartet sam-
pling option) and treated ambiguities as missing data. The QFM algo-
rithm was then applied to assemble quartets into a species tree (Reaz
et al., 2014). Confidence in the groupings on trees was measured using
standard non-parametric bootstrap procedure with 1 000 repetitions.

Commonly used branch support methods for genomic data, such as
non-parametric bootstrap support or Bayesian posterior probability,
may lead to an overestimation of support when the underlying models of
sequence evolution are overly simple (Pease et al., 2018). This issue
becomes especially relevant in concatenation analyses where data,
comprising sequences from various parts of the genome, are treated as a
single large locus. Even in the case of SVDquartets analysis, bootstrap
support values may be unreliable when the underlying model of
sequence evolution is complex and branch lengths (in coalescence units)
are short (see fig. 5 in Chifman and Kubatko, 2014). To address these
challenges and supplement traditional methods, we employed the
quartet sampling (QS) method (Pease et al., 2018) to evaluate branch
support for trees resulting from concatenation analyses. QS takes both a
phylogenetic tree and an alignment as input, assessing three scores:
quartet concordance (QC), quartet differential (QD), and quartet infor-
mativness (QI). Scores are estimated for each internal branch by the
relative frequency of the three possible quartets (for a detailed technical
and mathematical description refer to Appendix S1 in Pease et al.,
2018). Briefly, QC reports how often the sampled quartet topology
concurs with the input tree. This score ranges from 1 (when all sampled
quartets are concordant) to —1 (when all are discordant), with 0 indi-
cating an equal frequency of the three quartet topologies. QD relies on
the stochastic process model of incomplete lineage sorting where the
probabilities of two discordant quartet topologies are expected to be
similar. If there is, for example, introgression, one of the discordant
topologies will be enriched in frequency relative to the other. Values for
QD fall in the range [0,1], with maximal value indicating an identical
proportion of discordant trees and minimal value suggesting that only
one of the two discordant topologies was sampled. QI quantifies the
phylogenetic signal and ranges from [0,1]. A quartet is considered
informative when its likelihood estimated using the ML method (in our
case, RAXML) is higher than some cut-off value from the second-best
quartet topology. In the extreme case, when topologies have indistin-
guishable likelihood values, QI equals 0. All three scores should be
interpreted together to distinguish different sources of uncertainty,
aided, for example, by interpretational guidelines provided by Pease
et al. (2018) (see Table 1 therein). To estimate all three scores, we used
python software quartetsampling v.1.3.1 (https://github.com/FePhyFo
Fum/quartetsampling; accessed Ferbruary 2022) with the following
parameters: —reps 250 (number of replicates per internal branch), —Inlike
2 (likelihood cut-off value) and —engine raxml (program to estimate tree
likelihood).

2.5. Species delimitation

We used Bayes Factor Delimitation (BFD) in SNAPP v1.5.2 (Grum-
mer et al., 2014; Leaché et al., 2014), a module within the BEAST v2.6.6
software (Bouckaert et al., 2019), to determine the most plausible
assignment of individuals to species using a multispecies coalescent
model with no gene flow. BFD requires a priori species models, which
are competing assignment of individuals to species. These models are
further analyzed separately using SNAPP and ranked by comparing
Bayes factor (BF). In our analysis, we considered four species delimita-
tion models. In the first model, which we considered as a full model,
individuals were assigned to species based on the original morphological
determination, including the putative new species. In the subsequent
models (two to four), we merged individuals representing the following
species: G. occiduus and Gerbillus spl in the second model, G. campestris
and G. rupicola in the third model, and G. amoenus and G. nanus in the
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fourth model.

Since consistent phylogenetic trees were obtained from data gener-
ated under various parameters in ipyrad (see Results section), we simply
opted for the one with the lowest amount of missing data as a source of
SNPs for SNAPP analyses. To ensure the independence of sampled SNPs,
we converted the unlinked SNPs file from ipyrad (.usnps) to a three-state
numeric (0, 1 and 2) nexus file suitable for SNAPP. For this purpose, we
utilized the python script unlinked_snps_to_nexus.py, available at https
://github.com/brunoasm/usnps_to_nexus (accessed 13 April 2022).
After conversion, we faced a large number of loci (over 12 000), making
it impractical to analyze them by the software in a reasonable time
frame. Therefore, using custom R script, we sampled only those loci that
did not have missing data. As a result, the final input file comprised 2
650 biallelic loci.

For each SNAPP analysis, mutation rates u and v were fixed at 1 and
not sampled. We tested two gamma priors for speciation rate A: I'(a =
2.0, p = 200.0) and I'(ax = 2.0, B = 20.0), as well as two for effective
population size for ancestral populations given in terms of population
mutation rate 0: I'(a = 1.0, f = 2 500.0) and I'(a = 1.0, p = 250.0). In the
case of A, the first prior assumes bifurcation every 0.0025 substitutions
per site, resulting, on average, in 400 speciation events every substitu-
tion per site of tree length. In contrast, the second prior assumes bifur-
cation every 0.025 substitutions per site, resulting, on average, in only
40 speciation events. The 2.5% and 97.5% quantiles range from 48.4 to
1.11 x 10% in the first prior and from 4.84 to 111 in the second prior. For
population mutation rate 6, the first prior assumes that for two randomly
selected sequences within a population, one expects, on average, 4
heterozygous sites per 10 kbp, while in the second assumes 4 hetero-
zygous sites per 1 kbp. The lower and upper quantiles here are 1.0 x 10
5,15 x 102 and 1.0 x 10%-1.5 x 102 respectively. We tested all
combinations (4 sets of analyses) of A and 0 priors for our delimitation
models. Each alternative model was analyzed using 50 steps of path
sampling with 100 000 MCMC steps each and 10 000 pre-burn-in steps
to estimate marginal likelihood. The first 25% of MCMC generations
were discarded as burn-in. To identify the most likely species delimita-
tion, we compared the estimated marginal likelihoods for competing
models using BF = 2 x (MLE; — MLEy). We consider the model deci-
sively better supported by data when BF > 10.

All species delimitation analyses were completed using the
computing cluster FUN-K at Biological and Chemical Research Center,
University of Warsaw.

2.6. Molecular dating

Due to the lack of reliable fossils of Gerbillus suitable as calibration
points in this study, we used three secondary calibration points obtained
from a Bayesian analysis of 161 species representing all major lineages
of murid rodents (Aghova et al., 2018) (Table 2). We selected this
particular study because it overcomes the limitations of other phyloge-
netic analyses, such as Steppan and Schenk (2017). Notably, the
phylogenetic tree was constructed using an alignment with 42.5%
missing data, in contrast to 65% in Steppan and Schenk (2017). Addi-
tionally, the dating was performed using BEAST, enabling us to extract
secondary calibration points, which was not feasible in Steppan and
Schenk (2017) due to convergence issues in their BEAST analysis. The
choice of fossil calibration points followed the rigorous recommenda-
tions of Parham et al. (2012), and all calibration points underwent cross-
validation using the procedure of Near and Sanderson (2004). Most
importantly, Aghova et al., 2018 used two fossils (Abudhabia pak-
istanensis and Gerbilliscus sp.) in their final analysis, both closely related
to Gerbillus. This becomes particularly important as it allows us to expect
relatively precise time estimates in proximity to Gerbillus.

The first calibration point was placed on the root node, representing
the common ancestor of Gerbillus and Psammomys. As Psammomys was
not included in the phylogenetic analysis of murid rodents, we relied on
information from the node representing the common ancestor of
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Table 2
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Secondary calibration points used in BEAST analyses of the genus Gerbillus, based on a phylogeny of 161 species representing all the major lineages of murid rodents
(Aghovd et al., 2018). The mean (p) and variance (62) of user-specified log-normal calibration priors were estimated using fit.perc function in the R library rrisk-
Distributions, based on quantiles obtained from the original analysis of Aghova et al. (2018). An adjustment was made to correct for bias between means of effective
prior densities and user priors (see also Fig. A.1). The final dating analyses were performed using corrected user-specified calibration priors. All parameters are given

on the real scale in million years.

Calibration points Quantiles (%) User-specified priors

Effective priors Corrected user-specified priors Effective prior after correction

2.5 50 97.5 " o2 p o2 p 6> i c?
Root 10.46 12.16 14.16 12.18 1.08 11.41 1.08 12.95 1.08 12.10 1.08
Genus Gerbillus 3.85 4.79 5.91 4.81 1.12 4.94 1.10 4.67 1.12 4.80 1.11
Monodia and Dipodillus/Gerbillus 2.89 3.66 4.56 3.67 1.13 3.91 1.11 3.43 1.13 3.71 1.11

Gerbillus and Gerbilliscus/Desmodillus (Aghova et al., 2018). Both splits,
Gerbillus/Gerbilliscus and Psammomys/Gerbillus, occurred very close in
time to each other, likely in the Upper Miocene (11.63-5.33 mya)
(Steppan and Schenk 2017). The remaining two calibration points were
set to the common ancestor of the genus Gerbillus and the common
ancestor of the subgenera Monodia and Dipodillus/Gerbillus, respectively.
The calibration point on Gerbillus corresponds to the earliest fossil of the
genus, dated in the early Pliocene (ca. 4.1 Mya; Winkler et al., 2010). We
assumed that all prior probabilities for the calibration points followed
log-normal distributions. Since variance was not available from the
published tree (Aghova et al., 2018), we used quantiles (2.5, 0.5 and
97.5) to fit the log-normal distribution and calculate first and second
moments. This was done using fit.perc function in the R package rrisk-
Distributions (https://cran.r-project.org/web/packages/rriskDistributi
ons/index.html, accessed 17 June 2022).

Estimation of divergence times was performed using BEAST v.2.6.6
(Bouckaert et al., 2019) with a GTR + I' substitution model and the
uncorrelated lognormal (UCLN) model for substitution rates across lin-
eages. We used the optimized relaxed clock algorithm, implemented in
the ORC package for BEAST 2, which more efficiently explores relaxed
clock parameters compared with previous setups (Douglas et al., 2021).
The rate of cladogenesis was assumed to follow a Yule process for which
we specified gamma priors with shape parameter set to 0.001 and scale
set to 1 000. The priors for all other parameters were left at their default
values. Two independent Markov chains were run, each for 10 000 000
generations and sampled every 1 000 generations.

Prior to data analysis, initial runs were performed without data to
generate so-called effective priors on calibration points used by the
software. The effective priors can differ significantly from the original
user-specified calibration densities due to their dependence on the
interaction among user priors, topology, and the birth-death process
that defines the distribution of the ages of the non-calibrated nodes
(Barba-Montoya et al., 2017; Inoue et al., 2010; Warnock et al., 2015).
Based on these results, we compared effective priors with user-specified
ones and made adjustments when necessary (Table 2, Fig. A.1).

The log files were examined using Tracer v.1.7.2 (Rambaut et al.,
2018) to verify convergence and effective sample size. Tree files from all
runs were combined using LogCombiner and summarized with
TreeAnnotator. The first 25% of the saved trees from each run were
discarded as burn-in, and the remaining 15 000 trees were summarized
by choosing a maximum clade-credibility tree as a target tree with node
heights estimated using mean values and a posterior probability
threshold of 0.5 for the estimation of the 95% highest posterior density
interval. The resulting tree was visualized using FigTree v.1.4.4 (http
s://tree.bio.ed.ac.uk/software/figtree/, accessed June 2022).

The supplementary material A contains all the command lines and
scripts used to execute the analyses.

3. Results
3.1. Barcoding

Consistent with problems regularly encountered with traditional

molecular procedure to obtain the cyt-b gene from Gerbillus (Bryja A.
and Bryja J., personal communication), we successfully obtained only
14 sequences, representing 10 species of Gerbillus (including a putative
new species) and one of Psammomys obesus (Table 1). We were unable to
obtain the barcode for G. nancillus, as a pseudogene was amplified
instead for each studied individual. After merging these sequences with
those obtained from GenBank and filtering out short (<900 bp), poor
quality and identical sequences, the final alignment contained 387 se-
quences representing 19 species of Gerbillus and two outgroups.

Five analyzed species—G. nanus, G. henleyi, G. pyramidum,
G. occiduus, G. gerbillus—clustered together with their own conspecifics
in well-supported clades (99-100%) (Fig. B.1). Two individuals repre-
senting G. rupicola were also placed in a clade containing only conspe-
cifics, albeit with lower bootstrap support (76%). The putative new
species (Gerbillus spl) did not cluster with any of the analyzed species.
Instead, it grouped with other undetermined specimens collected from
the same area (Ndiaye et al., 2012), in a highly supported group (100%).
Two individuals of G. amoenus were placed with other G. amoenus in-
dividuals from GenBank where they were intermingled with certain
individuals of G. nanus. Because G. nanus formed a separate clade, the
intermingled clade appears to be a historical artifact from the time when
African sequences representing G. amoenus were described under the
name of G. nanus. Currently, this name is restricted only to Asian in-
dividuals. Although G. campestris was placed in a strongly supported
group (100%), it was not monophyletic, as G. rupicola individuals, from
this study and from GenBank, were nested within it.

3.2. Assembly of RAD-seq data

A total of 433 411 452 reads (R1 + R2) were generated by Illumina
sequencing of the RAD-seq library. The percentage of bases with quality
scores Q20 and Q30 in the dataset was 95.85 and 92.18, respectively.
After filtering out low quality reads and those potentially containing
Illumina adapters with Trimmomatic, 191 544 678 paired reads were
retained, along with 13 107 415 and 5 324 807 unpaired for R1 and R2,
respectively. For further analyses, we used only R1 paired and unpaired
reads. After demultiplexing R1 reads with ipyrad, the number of raw
reads for studied specimens ranged from 247 542 for Gerbillus nanus 759
to 8 409 730 for Psammomys obesus ZBSC0655 when no mismatch in the
barcode site was allowed. When one mismatch was permitted, the range
changed from 257 798 to 8 583 974.

In the first set of ipyrad de novo analyses (min_samples_locus = 4,
max_Indels_locus = 8 and max SNPs_locus = 0.1), data generated under
CT = 0.87 and 0.96 yielded the highest mean bootstrap support (avgBS
= 95.35%) and the largest number of SNPs (SNP = 1 160 209),
respectively, when no mismatches were allowed in the barcode
sequence. With one mismatch allowed, CT = 0.95 and 0.96 provided the
highest scores for our criteria (avgBS = 95.16% and SNP = 1 160 352;
Table 3 and Fig. C.1). In the second set of analyses under different
min_samples_locus values (12, 20 and 32), we obtained identical
threshold values for both criteria only in the case of min_samples_locus =
20, which was 0.95 in both datasets (with and without mismatches in
barcode sequences). For the remaining analyses, the best threshold
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Table 3

Summary of de novo assembly of RAD-seq data under different values of min -
samples_locus (msl) parameter, controlling the maximal number of missing data
in a final alignment. Clustering threshold values ranging from 0.85 to 0.99 were
tested for each min_samples_locus value. The clustering thresholds (CT-avgBS and
CT-SNP) providing the highest average bootstrap values (avgBS) and SNP
numbers (SNP) are shown. The empirical percent of missing data in final
alignment for each analysis is also presented. Additionally, alongside average
bootstrap values (avgBS), the median of bootstrap values (medianBS) is given.
All analyses were carried out for the max_barcode_mismatch (mbm) parameter set
toOorl.

mbm = 0
msl  CT- avgBS/ % of CT- SNP % of
avgBS medianBS missing SNP missing
data data

4 0.87 95.35/100 66.44% 0.96 1160 72.72%
209

12 0.89 94.32/100 38.95% 0.96 569 48.38%
015

20 0.95 88.08/100 30.66% 0.95 311 30.66%
197

32 0.91 85.43/99 11.00% 0.94 97 11.47%
606

mbm =1

4 0.95 95.16/100 71.15% 0.96 1160 72.75%
352

12 0.95 92.78/100 46.52% 0.96 567 48.28%
396

20 0.95 89.19/100 30.59% 0.95 312 30.59%
382

32 0.96 84.81/99 12.03% 0.94 99 11.42%
182

values differed between criteria, especially in the dataset with no mis-
matches allowed in barcode sequences (Table 3). The avgBS decreased
along with the number of missing data comparably in both sets of ana-
lyses, reaching approximately 85% for min_samples_locus = 32. Similarly,
number of SNPs dropped below 100 000 for analyses with the lowest
number of missing data, irrespective of the applied settings to the bar-
code sequence. The median bootstrap values were in all cases close to or
equal to 100%, indicating that a few poorly supported nodes strongly
affect avgBS (Table 3).

The ipyrad reference analyses, under max_SNPs _locus = 0.1, resulted
in 544 450 and 541 406 SNPs for datasets with and without mismatches
in barcode sequences, respectively, and the resulted alignment matrices
consisting of 67.60% and 67.42% missing data. Increasing the
max_SNPs_locus parameter to 0.6 led to a much higher number of SNPs, 1
874 648 and 1 864 829, with less missing data in final alignments,
52.30% and 52.17%.

3.3. Phylogenetic analyses

When considering only interspecific relationships, the concatenation
analyses with RAXML and ExaBayes consistently resulted in one topol-
ogy, regardless of the number of mismatches allowed in barcode
sequence, the amount of missing data in the final alignments, and the
type of assembly (de novo or reference-based) (Fig. 1). In the case of
RAxML, all branches except for two were strongly supported (BS =
96-100%), while Exabayes assigned maximal posterior probability
values (PP = 1.0) to all branches. The two exceptional branches in ML
analyses showed varying bootstrap support values, ranging from 1% to
100% for the first branch and from 80% to 100% for the second branch
(Fig. 1).

In the majority of cases (30/40 analyses), SVDquartets produced
identical topology to the concatenation analyses, although some
branches exhibited more variable bootstrap support values (Fig. 2).
However, in ten analyses, five alternative topologies were observed
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(Fig. D.1). These alternative topologies primarily involved changes
around the branches ‘1’ or ‘2’ (Fig. 2). Notably, four topologies placed
Gerbillus nanus 759 outside its conspecifics, and one topology differed in
the placement of the G. nancillus clade (Fig. D.1).

The dominant topology grouped all specimens identified as
belonging to one morpho-species into clades. These clades formed
groups which correspond to the four traditional subgenera recognized in
Gerbillus: Dipodillus, Gerbillus, Hendecapleura and Monodia. The repre-
sentatives of the subgenus Hendecapleura (G. nanus, G. amoenus and
G. henleyi) formed a sister group to all the remaining congeners. The
unstable branch ‘2’ was located within this clade. The next split led to
G. nancillus, representing here the subgenus Monodia, and the two
remaining subgenera—Dipodillus and Gerbillus—which formed sister
groups. The uncertain branch ‘1’ connected the divergence point of
these latter taxa. In the subgenus Gerbillus, the putative new species was
clustered as a sister species to G. occiduus.

The QS scores provided strong support for focal branches and
demonstrated a strong phylogenetic signal in all branches, except for
two (Table 4 and Fig. E.1). These two branches corresponded to the ones
with varying bootstrap support in ML analyses. For the first branch
(referred to as branch ‘1’ in Figs. 1-2), the high QI values, ranging from
0.90 to 1.00, indicated a sufficient amount of information for all
sampled quartets. However, despite the dependency of QC and QD
scores on analyzed datasets, they showed some degree of support or a
lack of support for branch ‘1’ (QC = -0.06-0.83) and strong to moderate
support for alternative evolutionary histories (QD = 0.00-0.59)
(Table 4). The interpretation of QS scores for the second branch
(referred to as branch ‘2’ in Figs. 1-2) was more complex. The QI score
ranged from 0.72 to 1.00, indicating moderate information for sampled
quartets in some cases. Furthermore, QC and QD scores showed mutu-
ally exclusive interpretations, with varying degrees of support for the
focal and alternative branches (Table 4). For example, in some datasets,
QS scores provided full support for branch 2’ (QC =1.0, QD =—-, QI =
1.00), while in others, strong support was observed for alternative
evolutionary histories (e.g., QC = 0.28, QD = 0.00, QI = 0.94) Likely,
the low number of reads acquired for G. nanus 759 is responsible for
these discordant results for branch ‘2’, leading to the differing
interpretations.

3.4. Species delimitation

Species delimitation analyses using the BFD method strongly sup-
ported a full species model, regardless of the priors set for speciation rate
A and population mutation rate 6 (Table 5). The second-best supported
scenarios were either models that combined Gerbillus amoenus and
G. nanus [priors A = I'(a = 2.0, p = 200.0/20.0) and 6 =T'(a = 1.0, =2
500.0)] or G. occiduus and Gerbillus sp1 [priors . = I'(a = 2.0, f = 200.0/
20.0) and 6 = 'l = 1.0, p = 250.0)] as one species. However, both
scenarios received much lower support, with BF > 100 or BF > 200,
respectively, in comparison with the full model (Table 5).

3.5. Molecular dating

Bayesian analyses with BEAST resulted in a tree having a congruent
topology to that obtained in ML and BI analyses (Fig. 3). The estimated
time for the root was 11.78 Ma, with a 95% highest posterior density
interval (HPD) of 9.98-13.58 Ma. The divergence of Gerbillus occurred at
4.66 Ma (95% HPD: 3.76-5.60 Ma). The sole representative of subgenus
Monodia, G. nancillus, separated from subgenera Dipodillus and Gerbillus
around 3.6 Ma (95% HPD: 2.87-4.36 Ma). The divergence of the two
latter groups took place around 3.17 Ma (95% HPD: 2.20-4.09 Ma). The
putative new species, Gerbillus spl, separated from G. occiduus, its
closest relative in this study, about 1.09 Ma (95% HPD: 0.32-1.96 Ma).
Generally, sister species diverged approximately 1-2 Ma.
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msl BS-1 BS-2
4 96/8:44/23 100/100:100/100 G. occiduus LG135"
12 4/6:2/1 99/99:99/97 G. occiduus LG130
20 25 99/98" G. occiduus LG140
32 100/97:100/100 80/93:98/98 G. sp1 LG96
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Fig. 1. An exemplary maximum likelihood tree
inferred from the analysis of sequences generated
from RAD-seq data for Gerbillus. This topology,
omitting intraspecific variation, was obtained for all
ML and BI analyses of each dataset produced by
ipyrad under various parameter settings. All
branches, except two (branch ‘1’ and ‘2’ in the
figure), were strongly supported (96-100%) by ML
analyses and marked by stars. The table presents the
variation in bootstrap values (BS-1 and BS-2) for the
two marked branches in reference and de novo an-
alyses obtained under different values of min_sam-
ples_locus (msl). Bootstrap values are shown for the
best datasets, in terms of average bootstrap support
and number of SNPs (separated by colon), generated
in ipyrad under a range of clustering threshold
values allowing max_barcode mismatch to be 0 or 1
(separated by slash). For msl = 20 (marked by
stars), the dataset obtained for the same clustering
threshold value was considered the best by both
bootstrap and SNP criteria. The major clades cor-
responding to the traditionally recognized sub-
genera are bracketed. The representatives of
Psammomys obesus were treated as outgroup. The
alternative history supported by QC score for branch
‘1’ is also shown. For all BI analyses (not shown),
the posterior probability value for each branch was
equal 1.0.

4. Discussion

Recent attempts to study the diversification of Gerbillus have focused
on three main themes: resolving the phylogeny, tracing the evolutionary
history of the genus by correlating molecular dating with climatic/
environmental oscillations, and assessing species diversity using mo-
lecular data (e.g., Abiadh et al., 2010; Ndiaye et al., 2016a, 2016b).
However, all studies were limited by the number of markers used, with
cyt-b being the primary source of phylogenetic information. Surpris-
ingly, despite this limitation, the majority of conclusions from this
research were corroborated here by the analysis of genomic data. We

center our discussion around these three themes, suggesting the possible
biological causes of the congruence among various data sets.

4.1. Concatenation and coalescence methods confirm the division of the
genus Gerbillus into four subgenera but show alternative evolutionary
histories for inter-subgeneric relationships

Previous phylogenetic analyses of the genus Gerbillus did not account
for the potential gene tree-species tree incongruence. This incongruence
can arise from various factors, either biological (such as incomplete
lineage sorting (ILS), introgression, and recombination) or technical
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Fig. 2. The dominant topology inferred from
SVDquartets analysis of SNP data generated from
RAD-seq data for Gerbillus. Omitting intraspecific
variation, the strongly supported branches in all
analyses (96-100%) are marked by stars, whereas
the minimal and maximal values of bootstrap are
presented for the remaining branches. As in Fig. 1,
the two most variable branches are marked (‘1’ and
‘27), and their bootstrap values are given in the table
(see Fig. 1 for the detailed description). The lack of
bootstrap values in some cases (marked by two
dashes) denote the absence of the particular branch,
i.e. alternative topology. Each alternative topology
is numbered and shown in Fig. D.1. The major
clades corresponding to traditionally recognized
subgenera are bracketed. The representatives of
Psammomys obesus were treated as outgroup.
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(such as the misidentification of paralogs as orthologs) (reviewed in
Bryant and Hahn, 2020). Our analyses revealed that some processes
contributing to gene tree discordance operate in the genus Gerbillus, but
their impact is limited. For instance, we can exclude a substantial
amount of ILS or intra-locus recombination because the concatenation
analyses yielded a tree consistent with a tree obtained using a coales-
cence model for the majority of de novo generated alignments (Mendes
et al., 2019; Mirarab et al., 2016; Warnow, 2015; Figs. 1 and 2). The
alternative topologies produced by SVDquartets in a few cases differ
from the main topology solely by the placement of two branches, which
also exhibited considerable variation in bootstrap support in the
concatenation analyses (Figs. 1 and 2). Similarly, the potential usage of
paralogs does not pose a problem for the analyses for two reasons. First,
considering that species from the genus have large genome sizes

. obesus ZBSC0671
. obesus ZBSC0655
obesus ZBSC0711

(haploid size ~ 4 Gb according to the c-value database https://www.ge
nomesize.com/ accessed 27.10.2022), which is associated with a large
number of potentially paralogous regions, we tested the whole range of
clustering thresholds values in ipyrad to find a balance between
undersplitting (clustering of non-homologous regions) and oversplitting
(splitting of homologous regions into several loci) (McCartney-Melstad
etal., 2019). In all cases, the optimal clustering values chosen according
to two criteria —the largest mean bootstrap value and the highest
number of SNPs—produced concordant results (Figs. 1 and 2). The
second reason for the lack of strong effect of potential paralogs assembly
on phylogenetic reconstructions is the insensitivity of the reference
analyses to changes in the max SNPs locus parameter. This parameter
helps to remove poorly aligned regions with substitution excess, and
increasing its value from 0.1 to 0.6 had no effect on the tree topology
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Table 4

Summary of quartet sampling scores for the two most variably supported
branches in phylogenetic trees obtained from concatenation analyses (see Figs. 1
and 2). All three scores (Quartet Concordance/Quartet Differential/Quartet
Informativeness) are shown for the best, in terms of average bootstrap support
(avgBS) and number of SNPs (SNP), de novo analyses obtained under different
values of min_samples_locus (msl) and max_barcode mismatch (mbm) parameters
(see also table 3). Additionally, quartet scores are provided for reference ana-
lyses performed using two values for max_SNPs locus: 0.1 and 0.6.

Branch ‘1’ Branch ‘2’
msl mbm = 0 mbm =1 mbm = 0 mbm =1
4 (avgBS) 0.42/0.10/ 0.14/0.58/ 0.67/0.00/ 1.00/-/1.00
0.96 0.95 0.83
4 (SNP) —0.03/0.00/ 0.17/0.59/ 0.94/0.00/ 0.89/0.00/
0.90 0.89 0.99 0.99
12 (avgBS) 0.22/0.00/ 0.17/0.32/ 0.51/0.00/ 0.69/0.60/
0.90 0.90 0.81 0.85
12 (SNP) —0.06/0.00/ 0.26/0.12/ 0.70/0.00/ 0.69/0.00/
0.95 0.90 0.94 0.90
20 (avgBs, 0.33/0.04/ 0.19/0.34/ 1.00/-/0.99 0.70/0.00/
SNP) 0.93 0.90 0.82
32 (avgBS) 0.10/0.00/ 0.40/0.03/ 0.14/0.00/ 0.39/0.14/
0.90 0.98 0.75 0.72
32 (SNP) 0.38/0.00/ 0.37/0.14/ 0.40/0.06/ 0.07/0.00/
0.96 0.93 0.76 0.81
Reference 0.83/0.00/ 0.83/0.20/ 0.26/0.00/ 0.61/0.14/
(0.1) 0.96 0.96 0.74 0.74
Reference 0.71/0.53/ 0.70/0.08/ 0.28/0.00/ 0.35/0.00/
(0.6) 1.00 1.00 0.94 0.99
Table 5

Results of BFD analyses testing the support of competing species delimitation
hypotheses under various prior settings for speciation rate A and population
mutation rate 0. Four species delimitation models were analyzed: (1) full model
in which individuals were assigned to species according to the original
morphological determination, (2) Gerbillus occiduus and putative new species, G.
spl, were treated as one species, (3) G. campestris and G. rupicola were treated as
one species, and (4) G. amoenus and G. nanus were treated as one species. For
each hypothesis, the marginal likelihood estimates (MLE), Bayes Factor (BF) and
its rank are presented. The model was considered decisively better supported by
data when BF > 10.

Model No. of species MLE Rank BF
Priors: A = I'(a = 2.0, p = 200.0), 6 = I'(ax = 1.0, f = 2 500.0)

1 11 —22 244.268 1 -

2 10 —22372.207 3 255.878
3 10 —22523.579 4 558.622
4 10 —22320.613 2 152.690
Priors: A = I'(a = 2.0, p = 20.0), 6 = I'(e = 1.0, p = 2 500.0)

1 11 —22 251.067 1 -

2 10 —22 368.753 3 235.372
3 10 —22523.062 4 543.990
4 10 —22319.477 2 136.820
Priors: A =I'(a = 2.0, p = 20.0), 6 = I'(e = 1.0, p = 250.0)

1 11 —21 435.677 1 -

2 10 —21 551.500 2 231.646
3 10 —21 754.365 4 637.376
4 10 —21 570.537 3 269.720
Priors: A = I'(a = 2.0, p = 200.0), 6 = I'(ax = 1.0, p = 250.0)

1 11 —21 439.476 1 -

2 10 —21 554.693 2 230.434
3 10 —21 756.949 4 634.946
4 10 —21 574.480 3 270.008

presented here.

The final argument supporting the notion of a limited impact of
technical errors and biological processes on phylogenetic reconstruction
is the weak effect of changes in the amount of missing data. Generally,
the RAD-seq data with large amounts of missing data comprise a mix of
rapidly and slowly evolving sites. When removing loci with a high
amount of missing data, the mutational spectrum shifts towards slowly
evolving sites (Huang and Knowles, 2016). However, this
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simultaneously reduces the available phylogenetic information (Hov-
moller et al., 2013). In Gerbillus, we can observe that irrespective of the
distribution of the mutational spectrum, the incongruent or reduced
phylogenetic signal was consistently limited only to branches ‘1’ and ‘2’
(Fig. 1).

The limited impact of processes causing gene tree-species tree
incongruence in Gerbillus is responsible for nearly identical results ob-
tained here and in previous studies based exclusively on cyt-b (e.g.
Abiadh et al., 2010; Bryja et al., 2022; see also cyt-b tree in Fig. B1) or on
cyt-b and one nuclear marker (Ndiaye et al., 2016a). Both concatenation
and coalescence analyses consistently recognized four highly to
moderately supported clades corresponding to four subgenera (Figs. 1
and 2). This result confirms the placement of Dipodillus within Gerbillus
and the sister position of Hendecapleura relative to the other represen-
tatives of the genus. However, the relationships between the subgenera
remained unresolved mainly due to branch ‘1’ (Figs. 1 and 2), which was
also found to be unstable in the Sanger data analyses. For example,
previous combined analysis of nuclear and mitochondrial markers by
Ndiaye et al. (2016a) suggested the subgenus Monodia as sister to Ger-
billus with poor PP and BS support (Fig. 3 therein), while Bryja et al.
(2022) strongly supported the sister relationship between Dipodillus and
Gerbillus based on cyt-b data (Fig. 4 therein), a pattern that also domi-
nated in our analyses.

Branch ‘1’ is a prime example of strong support assigned to con-
flicting or artifactual relations depending on the method of inference
applied. Several factors in our analytical pipeline influenced the support
for branch ‘1°. First, the phylogenetic resolution was affected by the
criteria used to determine the best clustering threshold value. McCart-
ney-Melstad et al. (2019) demonstrated that different metrics for
determining the best clustering threshold can influence phylogenetic
results, recommending the evaluation of multiple criteria to account for
possible differences among them. This is evident in our study where the
average BS and the number of SNPs yielded different BS values for
branch ‘1’ in concatenation analyses: 96% and 44% or 72% and 100%,
respectively (Fig. 1). Second, the number of mismatches allowed in the
barcode sequence affected the branch support. For example, in one case,
the BS for the analysis with no mismatches equaled 96%, compared to
8% when one mismatch was allowed (Fig. 1). The discrepancy arises
because demultiplexing raw data with one mismatch generates more
reads than demultiplexing with no mismatches permitted, resulting in
different numbers of loci carrying a discordant signal for branch ‘1°. The
third factor affecting the support for branch ‘1’ across analyses is the
number of missing data. The process of deleting loci might enhance or
diminish discordant phylogenetic signal. In concatenation analyses,
trees generated based on the matrices with the lowest amount of missing
data showed very strong BS for branch ‘1°, while those with an inter-
mediate amount of missing data had as low as 1% of BS (Fig. 1). The
fourth factor is the type of phylogenetic analysis used. BI analyses, un-
like the ML ones that provided various BS depending on the studied
parameters, generated trees with full support for branch ‘1’ (PP = 1.00),
regardless of the applied ipyrad parameters. This difference is attributed
to the possibility of excessively high PP when using an oversimplified
substitution model for phylogenetic inference (Douady et al., 2003;
Nylander et al., 2004). Given the size and complexity of concatenated
genomic sequences used in this study, this scenario is highly plausible.

The above examples show that BI and PP scores can be misleading in
certain situations. The QS method used in this study for concatenated
datasets overcomes some of these issues. Despite variation in the QS
scores across analyses (Table 4), we can infer the following: (1) branch
‘1’ is poorly supported (QC values never reach 1.00) or even counter-
supported in some cases (QC < 0), indicating weak consensus for a
dominant relationship (Figs. 1-2), (2) there is moderate to high support
for an alternative relationship for branch ‘1°’, as shown by QD score
values (ranging from 0.00 to 0.59), and (3) the low support for branch
‘1’ is not due to low phylogenetic information (QI score close to 1.00).
Interestingly, all generated QD scores supported only one of two possible



M. Piwczynski et al.

Molecular Phylogenetics and Evolution 189 (2023) 107913

Gerbillus occiduus LG135
L Gerbilus ocoiduus LG130
Gerbillus occiduus LG140
Gerbillus sp1 LGI6
Gerbillus sp1 LGO1
L—— Genilus sp1 LG77
Gerbillus tarabuli ZBSC0486
[_: Gerbillus tarabuli ZBSC0288
l_: Gerbillus tarabuli ZBSC0592 g
Gerbillus tarabuli ZBSC0593 g
Gerbillus pyramidum ZBSC0066 s
Gerbillus pyramidum ZBSC0234
Gerbillus pyramidum ZBSC0235
. Gerbillus pyramidum M5354
Gerbillus M5963
L Gerbillus M-INA20
Gerbillus gerbillus ZBSC0572
_|_|: Gerbillus gerbillus ZBSC0499
[ Gerbillus gerbillus ZBSC0490
L Genbilus gerbilus 11405
Gerbillus campestris ZBSC0507
_|_|: Gerbillus campestris ZBSC0567 s}
3 Gerbillus ZBSC0213 3
| L Gerbillus is ZBSC0416 3
Gerbillus rupicola M4936 &
—— Gerbillus rupicola M4713.
Gerbillus nancillus ZBSC0058 s
> l__: Gerbillus nancillus M4067 3
L] Gerbillus nancillus KB7364. 8
Gerbillus nanus N3
% Gerbillus nanus 759 T
Gerbillus nanus N2 S
4 —— Gerbilus amoenus ZBSC0299 §
Gerbillus amoenus ZBSC0229 8
Gerbillus henleyi ZBSC0369 §
l__: Gerbillus henleyi MEN3 3
- Gerbillus henleyi H2.
Psammomys obesus ZBSCO671
—1 obesus ZBSCO711
L Psammomys obesus ZBSCO0655
12 1 10 5 8 7 6 4 3 2 1
Miocene Pliocene Pleistocene

Fig. 3. Maximum clade credibility tree resulting from the BEAST analysis of Gerbillus and outgroup (Psammontys obesus) under an uncorrelated lognormal molecular
clock with the GTR + I substitution model. Node ages are represented as mean heights, and node bars indicate the 95% highest posterior density intervals for nodes.
Circles with numbers denote secondary calibration points (see Table 2). The major clades corresponding to traditionally recognized subgenera are bracketed. The

scale is in million years.

alternative histories for branch ‘1°, in which the subgenus Dipodillus is
sister to Monodia, while Gerbillus is sister to Hendecapleura (Fig. 1). A
similar relationship was found by SVDquartets in one case (see topology
2 in Fig. D1 and Fig. 2), although the clade comprising Dipodillus and
Monodia was sister to the subgenus Gerbillus. This incongruent phylo-
genetic signal displayed by concatenation and coalescence analyses in-
dicates that introgression is a process which likely played a role during
the diversification of the main lineages in Gerbillus. The distribution of
phenotypic and karyological characters in the genus further supports
this hypothesis. The subgenera Hendecapleura and Dipodillus share many
chromosomal characters (Aniskin et al., 2006; see also Ndiaye et al.,
2016a), while Gerbillus and Hendecapleura mostly share cranial ones
(Lay, 1983; Pavlinov et al., 1990; see also Ndiaye et al., 2016a). More-
over, G. nancillus, representing the subgenus Monodia, was considered to
display intermediate characteristics between species belonging to the
subgenera Gerbillus and Dipodillus (Ellerman, 1941; Ndiaye et al., 2014;
Petter, 1968). All these results suggest that an understanding of the
diversification of Gerbillus lies in an examination of a more complex
evolutionary history at a key transition point, which is branch ‘1’,
instead of the simple bifurcating model assumed a priori by the majority
of phylogenetic methods (see, for example, Yu et al., 2014).

4.2. Delimitation analysis corroborates the results of barcoding studies

For two decades, barcoding has been used to evaluate the species
diversity in various groups of organisms. In vertebrates, including ro-
dents, the cyt-b gene has become the primary marker used for species
identification and delimitation. Although it has successfully unveiled the
cryptic diversity in many cases (e.g., Moshtaghi et al., 2016; Rocha et al.,
2018), it is not without challenges. A primary concern is the prevalent
use of threshold values of genetic divergence to assist species discrimi-
nation. Critics point out that no fixed threshold can apply to all studied
taxa because of variation in intraspecific divergence, or that discrep-
ancies between genetic divergence and taxonomic assignment can be
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due to introgression, incomplete lineage sorting or recent speciation
(Fregin et al., 2012; Meier et al., 2006; Will and Rubinoff, 2004).

In Gerbillus, species boundaries have been primarily determined by
comparing genetic distances among cyt-b sequences to the empirical
thresholds that Bradley and Baker (2001) provided for different tax-
onomical levels within Rodentia. For example, comparisons among
sister-species showed K2P distances ranging from 2.70% to 19.23% in
rodents. Meanwhile, intraspecific comparisons ranged between 0.00%
and 6.29% (Bradley and Baker, 2001). These benchmark estimates are
useful in Gerbillus, where the majority of interspecies distances exceed
10% (e.g., Abiadh et al., 2010; Ndiaye et al., 2016a, 2012). These
findings are further corroborated by phylogenetic analyses of cyt-b gene,
in which the majority of species identified based on morphology form
well differentiated monophyletic groups. However, for certain sister
species the given genetic distances did not provide straightforward
interpretation. Two species pairs, G. campestris-G. rupicola and G. nanus-
G. amoenus, are particularly noteworthy in this context. Gerbillus rupicola
was described fairly recently based on a small number of individuals
collected in Mali (Granjon et al., 2002). This species is very similar
morphologically to G. campestris, differing only by molar pattern and
karyotype (2n = 52 vs. 2n = 56). Based on phylogenetic analysis of cyt-b
and combined analysis of cyt-b and a nuclear marker, G. rupicola was
found to form a clade with individuals of G. campestris. However, its
precise position within the clade, sister or nested, remained ambiguous
(Ndiaye et al., 2016a; Fig. B1). The results of our phylogenetic analyses
clearly placed G. rupicola as a sister species to G. campestris. The species
delimitation analysis provided further confirmation of the specific status
of the former (Table 5), despite low mean K2P genetic distance (0.019)
estimated for this clade by Ndiaye et al. (2016a). However, there is a
limitation of our analysis. The sampling scope is restricted only to
G. campestris individuals from Morocco and Mauritania, thus omitting a
significant portion of the species’ distribution (Table 1). Consequently, it
remains the possibility that, given a broader sampling, G. rupicola might
emerge nested within G. campestris. Nevertheless, the result of
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delimitation analysis indicates that G. campestris encompasses either
highly divergent populations or morphologically similar species (see
also Nicolas et al., 2014). Factors such as chromosome rearrangements
and/or changes in chromosome numbers without obvious morpholog-
ical changes, are likely responsible for recalcitrant relationships in this
complex as exemplified by G. rupicola.

The species pair G. nanus-G. amoenus provides an interesting example
of vicariant/allopatric speciation. Initially described from Pakistan,
Gerbillus nanus was long believed to have a distribution extending from
the Balochistan region to the coast of Mauritania by most specialists,
whereas G. amoenus was thought to be restricted to Libya and Egypt
(Ndiaye et al., 2013). Due to their morphological similarity, several
hypotheses were proposed to explain this distribution. Cyt-b based an-
alyses supported the hypothesis of a vicariant distribution, with G. nanus
occurring in Asia and G. amoenus in North Africa (Ndiaye et al., 2013;
see also Fig. B1). Although both species formed distinct clades, the K2P
genetic distance between them was lower than that observed among
most species in the genus (0.065). Moreover, this genetic divergence is
not accompanied by significant karyotypic changes as observed in
G. campestris-G. rupicola. However, the delimitation analysis confirmed
the results of the cyt-b analysis, strongly supporting the hypothesis that
both taxa should be treated as separate species (Table 5).

The last issue that required confirmation through genomic data was
the phylogenetic position and status of a taxon considered as a new,
hairy-footed gerbil species from the coastal part of the Massa River
valley in Western Morocco (Gerbillus sp. in Ndiaye et al., 2012). Ac-
cording to cyt-b analysis, this new taxon was placed as a sister to a clade
comprising G. tarabuli and G. occiduus, with a maximal PP (Ndiaye et al.,
2012). The latter two sister species which are sympatrically distributed
in Morocco, are separated by small genetic distance (K2P = 0.018), but
are characterized by a significant number of chromosomal rearrange-
ments (Aniskin et al., 2006). Interestingly, the RAD-seq data provided a
different perspective, suggesting that G. occiduus is the closest relative of
Gerbillus spl (Figs. 1 and 2). This implies the occurrence of more than
one speciation event since the common ancestor of G. tarabuli and
G. occiduus, a finding further supported by the delimitation analysis
(Table 5). While there is no karyological data for Gerbillus spl, it is
reasonable to speculate that the rapid diversification in this group may
have been driven by chromosomal changes. The putative scenario for
speciation here may resemble the Kirkpatrick and Barton model (Kirk-
patrick and Barton, 2006), where the chromosomal inversions carrying a
combination of genes involved in local adaptations are favored by se-
lection if they exhibit low recombination rate. This leads to the fixation
of alternative chromosomal rearrangements in different populations,
establishing genetic barriers that drive speciation. Moreover, the com-
bination of climatic-driven environmental changes combined with sea
level variations in this coastal area of Morocco in the past might have
contributed to accelerating the process by enhancing barriers to gene
flow (see Ndiaye et al., 2012 for details).

4.3. Genomic data supports the Plio-Pleistocene diversification of
Gerbillus

The 95% HPD intervals for the calibrated nodes indicated that our
estimates were substantially influenced by the priors, making it unclear
whether our molecular data set contained significant information about
the age of these nodes. One contributing factor might be the distribution
of calibration points on the tree. Chazot et al. (2019) observed that using
only deep-level fossils resulted in only a slight shift in the posterior
distribution compared to the prior. Likely, adding more recent fossils to
our analysis would improve the precision of our estimates. Nevertheless,
our analysis reaffirmed earlier postulated scenarios regarding the
timeline for Gerbillus evolution.

Recent reconstructions of climatic history of the Sahara Desert, based
on North Atlantic deep-sea sediments, have revealed three main stages
of wet-dry oscillations during the last 11 Myr (Crocker et al., 2022). The
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first stage, spanning from 11.0 to 6.9 Mya, was characterized by the
development of arid and dust-producing regions in Africa. It was during
this period, in the mid- to late Miocene, that the major lineages of
Gerbillinae underwent evolution. For instance, the split between
Sekeetamys and Gerbillus was estimated at 6.48 Mya (95% HPD =
4.56-8.67; Ndiaye et al., 2016a), which is further supported by the fossil
record. Several extinct genera, believed to be members of Gerbillinae,
have been documented in the late Miocene deposits of Africa, such as
Abudhabia from Kenya or Protatera from Algeria (Winkler et al., 2010).
Interestingly, savannahs dominated by C4 grasses expanded extensively
during this time, and this expansion has been hypothesized as a major
driving force in the evolution of Gerbillus (Ndiaye et al., 2016a).

The second period in the evolution of Sahara Desert, which covers
the late Miocene to the late Pliocene (5.75-3.5 Mya), was characterized
by more humid conditions associated with the development of extensive
river systems and lakes, including Lake Chad. During this period, ac-
cording to our estimates, the subgenus Hendecapleura diverged from the
rest of the genus (Fig. 3; 95% HPD = 3.76-5.60) and the first fossil of
Gerbillus was described from Kenya (Winkler et al., 2010). Interestingly,
Hendecapleura comprises members of the genus adapted to mesic habi-
tats, devoid of typical characteristics of arid-adapted species, such as
hairy hind foot soles and large tympanic bullae (Alhajeri and Steppan,
2018). The diversification of Gerbillus during this time period supports
the idea that the continuous C4-driven expansion of open habitats
played a crucial role. The C3 to C4 habitat transition was a gradual long-
term trend, which was not directly correlated with climate oscillations in
the Plio-Pleistocene period (Crocker et al., 2022).

The third stage of African climate history, spanning from the early
Pleistocene to recent times, has been characterized by a shift towards
more arid conditions. During the beginning of this period, the split that
gave rise to all known lineages within Gerbillus, except Hendecapleura,
occurred (95% HDP = 2.2-4.10; Fig. 3). This crucial split, represented as
node ‘1’ in our analyses (Figs. 1 and 2), could have been a pivotal
moment in the history of the genus. The decline of ecological and
geographical barriers such as river systems in this period that histori-
cally kept closely related species apart might have facilitated hybridi-
zation and, in consequence, an increase in the likelihood of generating
new adaptive genetic variation (Hedrick, 2013). This breakdown of
reproductive barriers could resemble processes recently observed in
habitats disturbed by human-induced global change (Grabenstein and
Taylor, 2018; Vallejo-Marin and Hiscock, 2016).

The emergence of modern species, including Gerbillus sp1, was esti-
mated to have occurred 1-2 Mya (Fig. 3), consistent with previous
phylogenetic analyses (e.g., Ndiaye et al., 2016a, 2012). This time
period, characterized by increasing aridification of the African climate,
is hypothesized to have driven extinction and migration in various
mammalian taxa, including mega-herbivores such as elephants, rhinos
and hippos, as well as hominins (Cerling et al., 2011; Faith et al., 2018).
For Gerbillus, a taxon with a climatic and ecological niche restricted to
arid areas, the Pleistocene represents a period of dynamic evolution, as
supported by the extensive fossil record (Tong, 1989) and molecular
estimates of the emergence time of modern species (Fig. 3). Diversifi-
cation processes in Gerbillus during this recent period could have been
driven by recurrent, rapid and frequent (~6k years) shifts in habitat,
from savannah to desert and vice versa, creating a dynamic system
where populations were frequently captured in adjacent but isolated
habitat patches. Over the last several decades, similar patterns of Ger-
billus expansion, correlated with aridification and likely with competi-
tion release due to the decrease in abundance of other rodents, have
been observed. Well-documented examples include the colonization of
Burkina Faso and Senegal by G. henleyi (Duplantier et al., 1991; Mad-
dalena et al., 1988) and of northern Senegal by G. tarabuli, G. henleyi and
G. nigeriae (Duplantier et al., 1991; Thiam et al., 2008) within the last
30-50 years. The potential evolutionary consequences of these recent
changes in distribution and coexistence patterns will undoubtedly be
worth observing in the years to come.
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5. Conclusions

Despite posing challenges for traditional taxonomists due to the lack
of simple morphological markers that can differentiate species, recent
phylogenetic studies reveal that modern species of the genus Gerbillus
are genetically well-differentiated. This likely results from a long
evolutionary history dating back to the beginning of the Pliocene, where
geographic barriers, climatic and environmental variations as well as
fast karyotypic evolution, likely played major roles. The results of this
study are in broad agreement with earlier phylogenetic analyses, sug-
gesting that further progress in understanding the evolutionary history
of the genus may not necessarily demand more genetic data. Instead,
greater emphasis should be placed on including more species that cover
the entire distribution range of the genus and obtaining access to well-
dated fossil material to better calibrate the Gerbillus tree and reduce
uncertainty in molecular dating (Parham et al., 2012). We identified
only one problematic branch in the resulting phylogenetic tree, leading
to diversification of the main lineages in the genus, which appears to be
influenced by ancient gene flow among species. The age of this branch
coincides with the beginning of aridification in Africa at the Plio-
Pleistocene boundary. To corroborate this conclusion, future analyses
should include more lineages representing a wider spectra of environ-
mental variation, particularly from the eastern part of Africa (Bryja
et al., 2022).
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