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Abstract

Recent molecular studies in gerbils found multiple instances of discordance between molecular and morphological phylogenies. In this study, we ana-
lyse the largest molecular data set to date of gerbils and their sister group the deomyines to estimate their phylogenetic relationships. Maximum-likeli-
hood and Bayesian analyses were largely concordant, and both generally had high levels of node support. For gerbils, the results were generally
concordant with previous molecular phylogenies based on allozymes, chromosomes, DNA/DNA hybridization and DNA sequences, and discordant
with morphological phylogenies. None of the traditional gerbil tribes and subtribes were monophyletic. In addition, paraphyly was found in the genera
Gerbillus, Gerbilliscus and Meriones as well as in five subgenera within Dipodillus, Gerbillurus and Meriones. Short branches separating taxa in small
clusters within Dipodillus and Meriones suggest synonymy. Within deomyines, all genera and subgenera were monophyletic; however, two species
groups within Acomys appear to contain synonymous taxa. We also find support for the discordance between molecular and morphological phylogenies
in gerbils being partly due to convergent adaptations to arid environments, primarily in the suite of traits associated with inflation of the tympanic bul-
lae. Relative bullar size does appear to be a desert adaptation and is correlated with aridity independent of phylogeny. Further, it varies more strongly

along bioclimatic clines than between binary habitat classifications (desert versus mesic).
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Introduction

Muridae is the most diverse family of mammals, consisting of
over 700 species and 150 genera (Musser and Carleton 2005) in
four subfamilies: Murinae, Lophiomyinae, Deomyinae and Gerb-
illinae (Jansa and Weksler 2004; Schenk et al. 2013). Murids are
found throughout the Old World, living in most habitats from
hyperarid deserts to hypermesic rainforests (Nowak 1999). Murid
systematics have changed drastically in the past 20 years, as a
consequence of molecular phylogenetic studies (Musser and
Carleton 2005). While these studies unambiguously support the
sister status of gerbils and deomyines (Agulnik and Silver 1996;
Martin et al. 2000; Michaux and Catzeflis 2000; Michaux et al.
2001; Jansa and Weksler 2004; Steppan et al. 2004a; Chevret
and Dobigny 2005; Schenk et al. 2013), relationships within
these two clades are less understood, with great discordance
between morphological and molecular phylogenies of gerbils
(Musser and Carleton 2005). No molecular study has thoroughly
sampled deomyines (e.g. Jansa and Weksler 2004; Steppan et al.
2004a), and we provide the first such sampling here.

Members of Deomyinae (Thomas 1888), a subfamily that con-
sists of 42 species and 4 genera of spiny mice and relatives
(Musser and Carleton 2005), are found mostly in Africa and part
of the Middle East including the Arabian Peninsula and Turkey
(Fig. 1); within this range, they occupy various habitats includ-
ing grasslands, forests, savannahs and deserts (Nowak 1999). De-
omyines vary in behaviour, with diurnal, crepuscular and fully
nocturnal species and also vary in nesting habits with both bor-
rowing and non-burrowing species (Nowak 1999). This group
does not share a large suite of morphological traits and were
only assembled recently based on molecular evidence (Musser
and Carleton 2005). Before this assembly, Deomys was placed in
Dendromurinae by Thomas (1896) and remained there until
molecular phylogenetic analyses (DNA/DNA hybridization, De-
nys et al. 1995; cytochrome b, Verheyen et al. 1995; VWF and/
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or LCAT, Michaux and Catzeflis 2000; Michaux et al. 2001)
robustly placed this genus in the same clade as the ‘acomyines’
(Acomys, Lophuromys and Uranomys). Similar to Deomys, ‘ac-
omyines’ were only recently isolated from murines based on
molecular data (e.g. chromosomes, Viegas-Péquignot et al. 1986;
allozymes, Bonhomme et al. 1985; DNA/DNA hybridization,
Chevret et al. 1993; 12S, Hanni et al. 1995; cytochrome b, Verh-
eyen et al. 1995) that strongly supported their monophyly and
isolation from murines (Musser and Carleton 2005).

Gerbillinae (Gray 1825), an Old World subfamily that consists
of 103 species and 16 genera of gerbils, jirds and relatives (Mus-
ser and Carleton 2005), have a much larger geographic distribu-
tion than deomyines, covering most of Africa and a larger extent
of Asia which ranges from the Middle East to central Asia
(Fig. 1), wherein they occupy mostly arid, unproductive, open
regions including deserts, grasslands and savannahs (Nowak
1999). One of the most characteristic features of many gerbils is
their largely inflated tympanic bullae (cranial chambers that
house the auditory ossicles) which function in sound amplifica-
tion (aids in detecting interspecific vocalizations and foot drum-
ming, as well as sounds from predators) in open, mostly desert,
habitats where sound dissipates quickly (Lay 1972). Members of
this group share a large suite of morphological and behavioural
traits; the majority are diurnal, have varying degrees of ricochetal
locomotion (associated elongated tails and narrow hind legs) and
are mostly desert adapted, which is evident by their efficient bur-
rowing, well-developed vision (large eyes), and efficient water
conservation (Nowak 1999). Unlike deomyines, gerbils have
long been grouped together and defined based on derived skele-
tal, dental and male genital characters (e.g. similar tympanic
bulla morphology and mastoid pneumatization; shared dental for-
mula, enamel patterns and overall teeth morphology; small or
absent coronoid process; reviewed in Lay 1972; Petter 1973;
Carleton and Musser 1984; Pavlinov et al. 1990; Pavlinov 2001,
2008).

Despite sharing a large suite of morphological synapomor-
phies, relationships among gerbils are highly debated, with the
two most inclusive morphological phylogenies (all 16 genera,
Pavlinov 2001; 14 genera, Tong 1989) having low resolution at
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Fig. 1. Geographic distribution of gerbils and deomyines. Blue points = gerbils; red points = deomyines. Points indicate all species occurrence records
from the Global Biodiversity Information Facility (GBIF 2013) data portal (http:/data.gbif.org/). Individuals from all gerbil and deomyine species

available in GBIF are mapped.

deep nodes and disagreements in a great deal of the systematic
inferences (Musser and Carleton 2005). No one molecular phy-
logeny includes all extant gerbil genera, and most of the early
phylogenies suffered from low generic sampling (e.g. the two
studies with the largest sampled genera: seven genera using
DNA/DNA hybridization, Chevret 1994; 6 genera using chromo-
some data, Benazzou 1984), low overlap in sampled species, lack
of outgroups, and/or small data sets, making comparisons
between studies difficult (Chevret and Dobigny 2005). Chevret
and Dobigny (2005) sequenced 29 species in 11 recognized gen-
era for cytochrome b and 12S and, based on this data set, sug-
gested major taxonomic revisions at the tribal, subtribal, generic
and subgeneric levels. The concordance between this DNA
sequence phylogeny and previous genic phylogenies based on
non-sequence data (e.g. DNA/DNA hybridization and chromo-
somes) is greater than the concordance between previous mor-
phological phylogenies, which led Chevret and Dobigny (2005)
to hypothesize that most of the characters used in morphological
phylogenies are homoplastic and evolved as a consequence of
strong constraints imposed by arid environments.

Similar to Chevret and Dobigny’s (2005) study, most molecu-
lar phylogenies of gerbils were based on one or two mitochon-
drial genes. Moreover, most incorporated fewer gerbil species
and genera and were more narrowly focused in taxonomic (i.e.
relationships within genera) and geographic scale than Chevret
and Dobigny’s (2005) study. These studies include an investiga-
tion of the phylogenetic relationships within Gerbilliscus (Colan-
gelo et al. 2007) and their morphological variation (Colangelo
et al. 2010). In these studies, Colangelo and colleagues recog-
nized three major clades within Gerbilliscus that correspond to
major geographic subdivisions, and supported the synonymy of
the Gerbillurus and Gerbilliscus (Colangelo et al. 2007). Simi-
larly, Abiadh et al. (2010) examined the phylogenetic relation-
ships within Gerbillus and found evidence for the synonymy of
Dipodillus and Gerbillus. Ito et al. (2010) estimated the phyloge-
netic relationships of gerbils at the subfamily level and found
evidence for the paraphyly of Meriones and a synonymy between
two Meriones species.

In this study, we use the supermatrix approach to combine
new sequences from multiple loci with most published DNA

sequences for gerbils and deomyines to provide the most com-
prehensive estimation of the systematics of the group to date.
We perform both maximum-likelihood and Bayesian analyses on
13 loci, including nuclear and mitochondrial protein-coding
genes, mitochondrial ribosomal RNA-coding genes, and introns,
of 57 gerbil species from 14 genera, as well as 25 deomyine spe-
cies from all four genera. This phylogeny was used for two main
purposes: (1) to provide the basis for a taxonomic revision of
these two subfamilies, and (2) to test the prediction that discor-
dance between molecular and morphological phylogenies is a
consequence of rapid morphological convergent adaptation in
gerbils to aridity (e.g. Chevret and Dobigny 2005). We test this
prediction using a fossil-calibrated chronogram along with a geo-
metric morphometric (Zelditch et al. 2004) data set that includes
the crania of most gerbils (including species lacking sequence
data). This expanded morphological data set includes both mesic
and desert species and was used to test the association between
cranial (and specifically tympanic bulla) morphology and aridity
indices, after correcting for correlations due to phylogenetic relat-
edness using phylogenetic analyses of variance and phylogenetic
generalized least squares (PGLS). We focused on the tympanic
bulla because it is the most widely studied potential mammalian
desert adaptive character and is widely used in traditional gerbil
systematics (see Discussion).

Hypertrophied tympanic bullae have long been attributed to
desert adaptation in mammals (e.g. Lay 1972); however, no
study used either phylogenetic correction or continuous biocli-
matic variables to test this hypothesis. Gerbils are particularly
suited for this study because they exhibit a great range of varia-
tion in tympanic bulla morphology. In a comparison of 13 gerbil
species, Lay (1972) found that species living in more arid envi-
ronments have increased auditory sensitivity as a consequence of
increased anatomical specializations in the middle and inner ear
anatomy (e.g. of the auditory bulla). This increased auditory sen-
sitivity that accompanies the enlargement of the bullae was
hypothesized to be an adaptation for predator avoidance in open
xeric habitats where sound dissipates quickly and early detection
is necessary to improve chances of escaping more effective pre-
dators (Lay 1972; Webster and Webster 1975). The use of phylo-
genetic correction in our study allows for isolating the effect of
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phylogeny from adaptation in interspecific comparisons of bullar
morphology.

Geometric morphometrics facilitates the statistical separation
of size from shape variation better than traditional morphometrics
when shape changes are complex. In this study, we use geomet-
ric morphometrics to estimate the overall size of the tympanic
bulla and cranium, but do not investigate shape variation at this
point. Because geometric morphometrics enables the estimation
of a size measure that is mathematically independent of shape
(Zelditch et al. 2004), this size measure may be a precise esti-
mate of size, regardless of the choice of landmarks or arbitrary
points outlining the structure of interest.

We also employ both discrete and continuous climatic vari-
ables to examine whether desert adaptation occurs in a continu-
ous or binary fashion, the latter of which suggests two adaptive
optima representing the bullar condition of mesic versus desert
species.

Material and Methods
Phylogenetic sampling

A total of 95 species were included, representing all gerbil (57) and de-
omyine (25) species with published sequence data in addition to our
newly sequenced species, and 13 outgroups. We sampled 14 of 16 gerbil
and all 4 deomyine genera, totalling 55% of gerbil and 59% of deomyine
species, respectively (Musser and Carleton 2005). The unsampled genera
(Ammodillus and Microdillus) are monotypic and rare (found only in
Somalia). Outgroups were sampled to maximize the inclusion of murid
and cricetid fossil calibrations from Schenk et al. (2013). We included
the monotypic Lophiomyinae, the sister group of gerbils and deomyines.
All taxonomy followed Musser and Carleton (2005).

DNA extraction and sequencing

The final supermatrix used in the phylogenetic analyses is a concatena-
tion of two mitochondrial ribosomal genes [1019 base pairs (bp) of 12S
rRNA; 513 bp of 16S rRNA], eight nuclear protein-coding genes
[148 bp of exon 3, 253 bp of intron 2 and 101 bp of exon 4 of acid
phosphatase five (ACPS); 754 bp of exon 2, 220 bp of intron 2 and
79 bp of exon 3 of arginine vasopressin receptor 2 (AVPR2); 2388 bp of
exon 11 of breast cancer 1 (BRCAL); 1214 bp of intron 3 of benzodiaze-
pine receptor gene (BZRP); 878 bp of exon 10 of growth hormone recep-
tor (GHR); 1122 bp of exon | of interphotoreceptor retinoid binding
protein (IRBP); 2025 bp of the single exon of recombination activation
gene 1 (RAGI); and 1264 bp of exon 28 of von Willebrand factor
(VWEF)], and three mitochondrial protein-coding genes [324 bp of cyto-
chrome ¢ oxidase I (COI); 684 bp of cytochrome ¢ oxidase II (COII);
and 1140 bp of cytochrome b (CYTB)], for a total of 14 126 sites. Most
sequences were generated in our laboratory, either new here (27 ACPS,
10 BZRP, 26 CYTB, 5 GHR, 2 IRBP and 5 RAGI1) (Appendix 1) or
published previously (Steppan et al. 2004a, 2005; Rowe et al. 2008;
Schenk et al. 2013), but were supplemented by sequences downloaded
from GenBank (mostly published in Michaux et al. 2001; Jansa and We-
ksler 2004; Chevret and Dobigny 2005; Colangelo et al. 2007; Boselt
et al. 2009; Ito et al. 2010; Ndiaye et al. 2014). Prior to inclusion of
published sequences, multiple sequences per species and at least one
sequence for all available species were aligned and analysed using maxi-
mum likelihood to generate gene trees. When possible for the concate-
nated analyses, only one sequence per gene per species was retained,
using the criteria of monophyletic species in gene trees, maximum
sequence length, and no apparent sequencing errors. Taxonomic identifi-
cations of newly sequenced samples and of published sequences were
also assessed by reference to systematic authorities and alpha systematic
studies (e.g. Musser and Carleton 2005; Yazdi and Adriaens 2013).
Because there is no universal objective criterion for concatenating
sequences of different genes from different individuals, we simplified this
issue by selecting only one sequence for each gene in each species. This
procedure assumes that species have been correctly identified. Inclusion
of all available species provides an opportunity to detect misidentifica-
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tions should they exist. Specimen locality information is listed in Appen-
dix 2.

For newly generated sequences, total genomic DNA was extracted
from vouchered museum tissues using standard phenol—chloroform—iso-
amyl alcohol extraction procedure as described by Sambrook et al.
(1989). Polymerase chain reactions (PCRs) included 10x GoTaq buffer
(Promega, Madison, WI, USA), 1 unit of GoTaq polymerase, 10 uM of
forward and reverse primers, 0.15 mM of dNTPs, 3 mM of MgCl,,
0.2 ug BSA, 20-25 ng of DNA template, and ddH,O to a total volume
of 25 ul. A negative control without template DNA was included in all
PCRs to test for DNA contamination of reagents. Amplification and
sequencing were completed with primer sequences under reaction condi-
tions described previously depending on specific taxa (Jansa and Voss
2000; Adkins et al. 2001; DeBry and Seshadri 2001; Steppan et al.
2004a,b, 2005; Rowe et al. 2008; Schenk et al. 2013). ACP5 was ampli-
fied using a combination of the primer sequences 120FWD, 139FWD,
545REV, 564REV and S223 (DeBry and Seshadri 2001; Rowe et al.
2008). All BZRP amplifications used the primers S221 and S222 (Rowe
et al. 2008). CYTB was amplified using a combination of the primer
sequences S199, P484 and P485 (Rowe et al. 2008). GHR was amplified
with the primers GHREXON10 and GHREND (Adkins et al. 2001). The
IRBP region was amplified using a combination of the primers 119A2,
B2 and 878F (Jansa and Voss 2000; Weksler 2003). RAG1 was ampli-
fied using a combination of the primers S70, S142, S73, S278 and S279
(Steppan et al. 2004b; Schenk et al. 2013). A summary of the used prim-
ers is given in Table S1.

PCRs were visualized on 1% agarose gels with ethidium bromide, and
successful reactions were prepared by enzymatic digestion with EXO-
SAP-IT (Affymetrix, Cleveland, OH, USA). Both the 5" and 3’ directions
of the sequences were generated using the aforementioned primers at the
FSU core facilities or at the DNA Analysis Facility on Science Hill at
Yale University. SEQUENCHER 4.7 (Gene Codes Corporation, Ann Arbor,
MI, USA) was used to assemble single sequence reads into a contiguous
sequence with heterozygous sites scored as polymorphic. The 10 protein-
coding sequences were realigned manually using MEesquite 2.75 (Maddi-
son and Maddison 2010) using the codon structure as a guide by consoli-
dating indels and resulted in an unambiguous alignment. The remaining
three sequences were aligned using muscLE (Edgar 2004). Species were
represented in the concatenated data matrix by one to 11 loci (Appen-
dix 1). New sequences have been deposited in GenBank under accession
numbers KR088975-KR089049, and the matrix and trees to TreeBase
under submission identification number 16150.

Phylogenetic analysis

Phylogenetic estimation was conducted using maximum likelihood (ML)
and Bayesian inference (BI) using raxmL 7.6.3 (Stamatakis 2006) and
MRrBAYEs 3.2.2 (Huelsenbeck and Ronquist 2001), respectively; both run
on the CIPRES Science Gateway (Miller et al. 2010). MopeLTEsT 3.1
(Posada and Crandall 1998) was used to estimate the best-fit DNA substi-
tution model for each locus separately, for each data-type partition sepa-
rately (e.g. codon positions, introns), and for the concatenated data using
the Akaike Information Criterion (AIC; Akaike 1974). The GTR+I+I
model was used in all the phylogenetic analyses because it was the best-
fit model for all the data-type partitions, the concatenated data, and all
loci except for BRCAl and RAG1 (where GTR+I" was the preferred
model), BZRP and GHR (where HKY+T fit the data best); ACP5 (where
K81uf+l fit the data best), and IRBP (where TrN+I'+I fit the data best).
In cases where the best-fit model was not implemented in RAXML, MRBaA-
YEs and/or BEAST analyses, the most similar available model was used
instead (in all cases, GTR+I+]).

For the concatenated data, we conducted phylogenetic analyses
using three partitioning schemes: (1) no partition, (2) 13 partitions cor-
responding to loci and (3) eight partitions corresponding to across-gene
codon position and data type (i.e. mitochondrial ribosomal, nuclear in-
trons, three mitochondrial codon positions, and three nuclear codon
positions). Trees estimated using these alternative partitioning schemes
were similar (data not shown), and only trees estimated using the
eight-partition (across-gene codon position and data type) scheme are
shown because it fit the data best in a previous phylogenetic study of
muroids (Schenk et al. 2013). Parameter values among all partitions
were unlinked.
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RAXML searches were run 10 times from different random starting trees
for individual loci and for the concatenation to escape local optima (Mor-
rison 2007). The resulting trees for the multiple searches looked indistin-
guishable and the results of only one search are presented here. Clade
support for the ML trees was determined using nonparametric bootstrap-
ping (BS) as implemented in raxmL in CIPRES using rapid bootstrap
inferences each optimized with ML, which resulted in 100-1000 repli-
cated bootstrap searches.

For the MRBAYEs analyses, a flat Dirichlet prior was applied on all
trees and the GTR+I+I DNA substitution model for all partitions with
clade support determined using Bayesian posterior probabilities (PP).
Metropolis-coupled Markov chain Monte Carlo (MC?) was run indepen-
dently four times, using different random starting trees, for 36 million
generations each, sampling every 5000 generations from the posterior dis-
tribution. All the trees where the standard deviation of the split frequen-
cies was >0.01 were discarded as burn-in generations (first 5-11% of the
MC? chains); convergence and stationary of the post-burn-in trees was
confirmed by evaluating all parameter values in the MC? chains in TrA-
cerR 1.5 (Rambaut and Drummond 2005), and no additional trees were
excluded as burn-in. All four independent MC? chains had a post-burn-in
effective sample size (ESS) of >600 for all parameters, and the combined
MC? chain had an ESS > 3000 for each parameter. The post-burn-in
trees from the four independent runs were combined manually and sum-
marized with TREEANNOTATOR 1.8.0 (Drummond and Rambaut 2007)
using the maximum-clade credibility tree criterion.

Divergence-time analysis

Divergence times were estimated simultaneously with topology and
branch lengths using an uncorrelated lognormal relaxed-clock model in
BEAST 1.7.5 (Drummond and Rambaut 2007) using CIPRES. A GTR+T+I
DNA substitution model was applied for all eight partitions (as in the
MRrBAYEs analyses above) with clade support determined using Bayesian
PP. The MC? chain was run for 50 million generations, sampling every
5000 generations from the posterior distribution. TRACER was used to
determine appropriate burn-in based on convergence and stationary lead-
ing to the exclusion of the first 10% of the of the MC® chain as burn-in.
Of 119 parameters, 113 had ESS > 200 and only 4 had ESS < 100, and
the post-burn-in trees were summarized using TREEANNOTATOR. Five fossil
calibrations were used to calibrate the chronogram (Table 1), all of which
were used previously (see Schenk et al. 2013 and references therein for
justification). Lognormal prior distributions were applied to all calibra-
tions with means and standard deviations chosen to construct 95% confi-
dence intervals (for the origination of the taxon based on first occurrence
and stratigraphic sampling) spanning 95% Marshall indices (Marshall
1994) as reported by the Paleobiology Database (PDB 2013). The BI
chronogram was used in subsequent comparative analyses.

Morphological data collection

Morphological data were collected from 1 to 10 crania of 102 species of
muroids (78 gerbils, 13 deomyines, 1 lophiomyine and 10 outgroups) for
a total of 429 specimens (Table S2). We use four or more individuals
where possible to reduce error in estimating the species mean. Although
four specimens is too few to quantify intraspecific variation (Cardini and
Elton 2007; Cardini et al. 2015), at a supraspecific and the suprageneric

Table 1. Calibration-point distributions including estimates for the BEAsT
analysis

Node Clade SD Offset 5% 95%
5 Acomys 1.93 5.26 5.3 29.05
3 Apodemus 0.48 4.85 53 7.06
4 Gerbillinae 1.25 15.87 15.9 23.70
2 Murinae 0.89 9.8 9.8 14.05
1 Sigmodontini 1.41 4.80 4.9 14.93

All BEAsT calibrations were assigned lognormal prior distributions. Node
numbers correspond to those in Fig. 4. The ages are in million years
before present. SD = standard deviation

level, it should be sufficient to characterize mean sizes for species, and
any error from small sample sizes is likely to be merely a small addition
of noise when examining broad-scale among-species patterns.

We sampled all the available gerbil species and most of the deomyine
species in the visited institutions. At least four individuals were measured
for every taxon, except for nine species that were too rare. All 16 of the
gerbil genera were sampled except for the rare Somali pygmy gerbil, Mi-
crodillus peeli, which was not available; all four deomyine genera were
sampled. The morphological sample includes 75% of gerbil species and
31% of deomyine species (Musser and Carleton 2005).

Skulls were examined of voucher specimens from the American
Museum of Natural History (AMNH), the Field Museum (FMNH), the
Museum of Vertebrate Zoology (MVZ), the Smithsonian Institution
National Museum of Natural History (USNM), the Florida Museum of
Natural History (UF), and the Laboratorio de Citogenetica Mamiferos,
Facultad de Medicina, Universidad de Chile (LCM). Wild-caught adults
were chosen, as determined by basioccipital-basisphenoid epiphyseal
fusion following Robertson and Shadle (1954) and Samuels (2009), the
complete eruption 3rd molars assessed by reaching the occlusal surface
(Steppan 1997) and the examination of the size associated skins.

Outlines of the ventral cranium and tympanic bulla semilandmarks
were digitized on photographs taken with a Nikon D3200 digital SLR
camera using a Nikon 40 mm f/2.8G AF-S DX Micro-Nikkor Lens (Ni-
kon, Tokyo, Japan) at 24 megapixels in a standardized manner. All pho-
tographs included a scale bar. The left side of the cranium was digitized
unless it was damaged; in these instances, the right side was digitized
and reflected. Semilandmarks of those curves were digitized using TpsDiG
2.16 (Rohlf 2010). Although projection of 3D skull shape onto 2D photo-
graphic images will cause some distortion of distance, the effect is rela-
tively minor for cranial outlines where landmarks are close to the
midplane (Zelditch et al. 2004). Moreover, since we use the semiland-
marks to estimate only size and not shape, this distortion, if present, will
be unlikely to significantly affect the estimate of cranial and bullar size.
We confirmed this by testing the association between the centroid size of
the tympanic bulla and skull obtained using semilandmarks, with more
common linear estimates of tympanic bulla and cranial size extracted
from Alhajeri (2014); we found a strong positive correlation (see
Results).

Morphometric processing and analyses

Coordinates marking the outline of the ventral outer edge of the cranium
and the tympanic bulla were digitized following a method modified from
Momtazi et al. (2008). For the tympanic bulla, the outline was estimated
from points digitized along the structure in a clockwise fashion starting
with the anterior-medial most of the junction between tympanic bulla
and pterygoid process (Fig. 2). The points were then resampled along the
curve by length, resulting in 200 semilandmarks. The same process was
repeated for the ventral view of the left side of the cranium starting from

Fig. 2. Positions of the cranial semilandmarks used in the geometric
morphometric  analyses of morphological variation (blue = bulla,
red = cranium) shown on the ventral view of Shaw’s jird (Meriones
shawi; USNM 474187). Not all semilandmarks are shown (bulla = 200;
skull = 400). Cranial semilandmarks are shown on the right side but
were digitized on the left.
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the anterior most region of the midsagittal plane, between incisors/nasal
bones (Fig. 2), with the points resampled to give 400 semilandmarks.

A generalized procrustes analysis (GPA; Rohlf and Slice 1990) was
conducted on the data set to obtain centroid size (CS) with shape coordi-
nates discarded. GPA translates the coordinate configurations to a com-
mon centroid by scaling them to unit centroid size (CS) and rotating
them in order to minimize the sum of squared distances between the cor-
responding landmarks as well as account for the effects of translation
(Zelditch et al. 2004). Semilandmarks were slid along their tangent direc-
tions using the procrustes distance criterion (Adams and Otarola-Castillo
2013). Centroid sizes (CS), outputted from a GPA on each specimen,
were averaged to estimate species average size (Claude 2008) as imple-
mented in the Geomorph library (Adams and Otarola-Castillo 2013) in R
(R Development Core Team 2013). GPA analyses were conducted sepa-
rately for the cranium and bulla data sets. CS were log-transformed prior
to subsequent comparative analyses to meet the assumptions of normality
of these analyses. Three size measures were analysed: (1) log bulla CS,
(2) log cranium CS and (3) relative bulla CS [= log (bulla CS/cranium
CS)].

Extraction of habitat and continuous

environmental data

categories

Species were categorized as ‘desert’ species if they were classified by
TUCN (2013) as ‘8. Desert’ in their habitat classification scheme, and
‘mesic’ for any other classification (e.g. ‘1. Forest’, ‘2. Savanna’; Fig-
ure S1; Table S3). IUCN relies on experts to classify the habitat of each
species based on its distribution. This category included species that live
in ‘8.1 Hot’, ‘8.2 Temperate’, and ‘8.3 Cold’ deserts. In instances where
species live in more than one habitat type (e.g. a desert and a mesic
region), the species were classified as desert if their range included a des-
ert. Therefore, desert species were not those that live exclusively in
deserts, but rather those whose habitat classification included a desert,
and mesic species were those whose habitat classification did not include
a desert. Analyses were also conducted on a classification based on
Shenbrot et al. (1999), and results of the two schemes were compared
(Table S3). Shenbrot et al. (1999) considered desert rodents to be species
with >50% of their range in an arid region while excluding species
restricted to mesic refugia such as oases and species with exclusive sub-
terranean lifestyle such as naked mole rats. By implication, all other spe-
cies not found in this list were considered to be mesic species.

Bioclimatic variables were obtained for the habitat of each species
from worLDCLIM 2.5-min geographic information system (GIS) layer (Hij-
mans et al. 2005) using piva-Gis 7.5 (Hijmans et al. 2012) by cross-refer-
encing geographic localities (range distribution maps) of each species
(polygon shape files from IUCN) with the worLDCLIM 2.5-min database.
We used the average value of each grid cell observation (range = 2—
1 318 798 grid cells) that fell within the boundary of the polygon range
file. Mean annual temperature and mean annual precipitation were
extracted for comparative analyses in addition to average temperature and
precipitation of the driest quarters which were used to calculate the arid-
ity index (Tables S3 and S4) following the method of de Martonne
(1942), which is also known as the de Martonne—Gottman aridity index
and the Pinna Combinative Index (Zambakas 1992):

P 12p

_T110 7110
2

Al

where P is the mean annual rainfall in millimetres, 7 is the tem-
perature in degrees Celsius, p is the average rainfall of the driest
month in millimetres, and t is the average temperature of the dri-
est month in degrees Celsius. This index was expanded from the
formula that was introduced by de Martonne (1927) where the
temperature and the rainfall of the driest months were not
accounted for. In de Martonne’s (1942) aridity index, tempera-
ture was used as a proxy for potential evapotranspiration which
was not available from piva-Gis and otherwise might be preferred
(Maliva and Missimer 2012). While evaporation was calculated
as a function of temperature alone, in reality it is related to many
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other factors including the amount of moisture in the soil, the
type of soil, wind velocity, atmospheric pressure and plant cover
(Walton 1969). Because bpiva-cis does not output the average
temperature of the driest month (7), the aridity index was modi-
fied to use quarterly data (i.e. # = average temperature of the dri-
est quarter; p = average rainfall of the driest quarter) following
Eckert et al. (2010). Aridity here captures water availability as a
function of temperature and precipitation and is arguably the best
measure of the abiotic variables that desert organisms adapt to.
This index is unitless, with lower values indicating increased
aridity (Baltas 2007).

To meet the assumptions of normality of subsequent analyses, mean
annual rainfall was log-transformed. The aridity index was also log-trans-
formed, but only after the calculation of the index from the raw data (e.g.
Arroyo et al. 2006). In addition, since the raw aridity index scores are
usually positive values with a larger value indicating a more mesic
region, the negative raw aridity index scores were dropped from the
analyses (a value of O is the lowest possible aridity index score in de
Martonne (1942) method). Negative values are a known problem in cold
regions, where they result from very low temperatures, regardless of
moisture content.

Species were coded as Sub-Saharan African or Eurasian (Palearctic,
including arid North Africa, and the New World) following the biogeo-
graphic divisions of Schenk et al. (2013). All extant gerbils and deomy-
ines were found to live in either Africa or Asia, with a few species
spanning both. In these instances, species were unambiguously assigned
to either Africa or Asia based on the degree of spanning either continent.
Historical biogeographic reconstruction was conducted with Mesquite
under maximum parsimony.

A species accumulation curve for the chronogram was visualized using
a lineage-through-time (LTT) plot, constructed using the Ape library
(Paradis et al. 2004) in R.

Comparative analyses

Two trees were used for the phylogenetic comparative analyses, the BI
chronogram (1) with species missing morphological data pruned off, and
(2) the chronogram, also with species missing morphological data pruned
off, but further with additional species that have morphological data
grafted onto their closest relatives based on the taxonomy of Carleton
and Musser (2005) (Figure S1). Grafting and pruning were conducted in
using the Ape library.

The correlation between cranial and bullar size with habitat and cli-
mate was tested by conducting the following: (1) phylogenetic analysis
of variance (pHYaNovAa) of CS versus habitat (Table S3) with 1000
Brownian motion simulations following the method of Garland et al.
(1993); and (2) PGLS analysis of CS versus mean annual precipitation,
mean annual temperature and the aridity index (separately) following the
method of Freckleton et al. (2002). PGLS and phylogenetic independent
contrasts are equivalent methods when the same permutation model is
used (Adams and Collyer 2015). We also conducted an ancestral state
reconstruction analysis (ACE) on the relative bulla size on the pruned
tree (tree 1) to determine how many times taxa evolved qualitatively
enlarged bullae. puyaNova and ACE were conducted in the Phytools
library (Revell 2012) and PGLS was conducted in the Caper library
(Orme et al. 2013) in Rr.

Results
Phylogenetic analysis

Maximum likelihood analysis of individual loci led to a single
ML tree each (Figure S2). Although largely in agreement, all
individual locus trees had at least one area of incongruity with
the single concatenated data set ML tree (Figure S3) in the esti-
mated relationships among genera (Text S1). Most of the afore-
mentioned incongruities in the relationships among genera in loci
trees occur in nodes with low BS values and/or short branches
and represent a shift in the placement of the clades by one or a
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few nodes. Most differences between the ML and the BI trees
occurred within genera (e.g. the exact placement of Gerbillus la-
tastei). The only among-genus difference concerned the mono-
phyly of Meriones where the ML and the BeasT BI analyses
found the genus to be paraphyletic while the MrRBAYEs BI analy-
sis found it to be monophyletic, but support was low in both
cases. PP values from the BEasT and the MRBAYES analyses were
highly similar, and the PP values in the following results are
based on MRBAYEs only (Fig. 3).

Most clades in the concatenated data analyses were well sup-
ported (76% of nodes > 85% BS, 84% > 0.95 PP) including all
three of the polytypic subfamilies and both families (PP, 1.0;
BS, 100%), and relationships among subfamilies. Most nodes
with low PP and BS scores coincide with short branches within
genera (e.g. within Gerbillus, Meriones, Acomys and Lophuro-
mys) and/or in regions with most conflict in the individual
locus trees (e.g. within the Meriones + Psammomys + Brachi-
ones + Rhombomys clade). Although the placement of Tateril-
lus showed the most incongruence in the individual loci trees,
its placement as a sister to Gerbillini I clade (Fig. 4; Figure S3)
was strongly supported in the concatenated data set (PP, 1.0;
BS, 100%).
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Sub-Saharan Africa
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Gerbillinae

Deomyinae
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Within Deomyinae, both polytypic genera were monophyletic
with mixed support (Acomys, PP, 0.85; BS, 53%; Lophuromys,
PP, 0.51; BS, 73%). Deomyinae consisted of a basal split
between the monotypic genus Uranomys and the remaining three
genera (PP, 1.0; BS, 100%), followed by a split between Acomys
and Lophuromys + Deomys (PP, 1.0; BS, 93%). The split
between the monotypic Deomys and Lophuromys was weakly
supported (Fig. 3; Figure S3). Within Acomys, there was weak
support for the basal split between the subgenus Subacomys,
consisting of only Acomys subspinosus, from the rest of the sam-
pled species which form the subgenus Acomys (PP, 0.85; BS,
53%). The monophyly of the subgenus Acomys and its exact
placement within the genus is yet to be determined as Acomys
louisae, which forms the monotypic subgenus Peracomys, was
not sampled. Within Lophuromys, based on the only sampled
member of the subgenus Kivumys (Lophuromys woosnami), the
basal split between Kivumys and the subgenus Lophuromys (all
other sampled species) had strong support (monophyly of subge-
nus Lophuromys PP > 0.95; BS, 100%).

Acomys minous (two specimens, ‘GroupA’ and ‘GroupB’), Ac-
omys cilicicus, Acomys nesiotes and Acomys cahirinus form a
well-supported clade (PP > 0.95; BS, 98%) and all are connected

Gerbilliscus gambianus
Gerbilliscus guineae
Gerbillurus vallinus

Gerbillurus tytonis

Gerbillurus setzeri
Gerbillurus paeba

Gerbilliscus vicinus

Gerbilliscus robustus

Gerbilliscus phillipsi
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Fig. 3. BI phylogram of the concatenated data set from the MRBAYEs analysis. PP values are indicated on the nodes. All other nodes (not annotated)
are strongly supported (PP > 0.95). Proposed tribal and subtribal designations for gerbils based on Chevret and Dobigny (2005) and this study are also
indicated. Branches are coded as black or grey corresponding to reconstructed geographic distributions using maximum parsimony.
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Fig. 4. Time-calibrated ultrametric chronogram from the BEAST analysis of the concatenated data set. PP values are indicated on the nodes. All other
nodes (not annotated) are strongly supported (PP > 0.95). Node bars denote the 95% highest posterior densities. Nodes constrained in the analysis
based on fossil calibrations are indicated with numbers inside squares that correspond with the fossils described in Table 1. Traditional tribal designa-
tions for gerbils based on the morphological phylogenies of Pavlinov et al. (1990) and Pavlinov (2001) are also indicated (Pavlinov’s Gerbillini and

Taterillini each form a clade that includes both the I and II clades).

by very short branches suggesting that they might collectively
represent a single species, as noted by Barome et al. (2001). Ac-
omys chudeaui and Acomys airensis are also potentially the same
species, because they are similarly separated by very short
branches (Fig. 3 and Figure S3).

Within Gerbillinae, both tribes Taterillini (Tatera, Taterillus,
Gerbilliscus, Gerbillurus and Desmodillus) and Gerbillini (all
other genera) were paraphyletic with Taterillini nested within
Gerbillini. Within Taterillini, the two subtribes Gerbillurina
(Gerbillurus and Desmodillus) and Taterillina (Tatera, Gerbillis-
cus and Taterillus) were also paraphyletic (Fig. 3 and Figure S3)
with multiple clades that conflicted with monophyly strongly
supported (PP, 1.00; BS, 100%). Gerbillus, Gerbilliscus and
Meriones were paraphyletic: the first two strongly supported (PP,
1.00; BS, 100%): Gerbillus with respect to Dipodillus, and Ger-
billiscus with respect to Gerbillurus. Paraphyly of Meriones with
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respect to Brachiones + Rhombomys + Psammomys was weakly
supported in the ML tree (Figure S3) and BI chronogram
(Fig. 4) but was monophyletic in the BI tree (Fig. 3).

Gerbillinae consisted of a basal split between a highly sup-
ported clade that consists of the two monotypic genera Pachy-
uromys and Desmodilliscus (PP, 1.0; BS, 99%) and the rest of
Gerbillinae, followed by a split between Tatera + Desmodil-
lus + Gerbilliscus + Gerbillurus and the remaining genera. The
first clade consisted of a basal split between the monotypic Ta-
tera and Desmodillus + Gerbilliscus + Gerbillurus followed by a
split between the monotypic Desmodillus and Gerbillis-
cus + Gerbillurus, the latter forming a paraphyletic group.

The second clade consisted of a basal split between Taterillus
and Psammomys + Rhombomys + Brachiones + Meriones + Se-
keetamys + Gerbillus + Dipodillus followed by a split between
Psammomys + Rhombomys + Brachiones + Meriones and Sekee-
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tamys + Gerbillus + Dipodillus. The relationships among Psam-
momys, Rhombomys, Brachiones and Meriones were ambiguous
and were incongruent between the ML tree and the BI chrono-
gram versus the BI tree. In the ML tree and BI chronogram,
Meriones tamariscinus was sister to Psammomys + Rhombo-
mys + Brachiones + Meriones with Psammomys and Rhombo-
mys + Brachiones as sister clades. In the BI tree,
Rhombomys + Brachiones were sister to Psammomys plus a
monophyletic Meriones. Because Meriones was monophyletic for
both individual gene trees (CYTB and COIl), its paraphyly in
ML and the BI chronogram might be an artefact arising from a
very short internal branch (Ito et al. 2010). Meriones tamarisci-
nus is the type species, and so resolution of the taxonomy will
require additional data from nuclear genes. The monotypic Seke-
etamys was sister to a paraphyletic Gerbillus with Dipodillus
nested within.

Within Dipodillus, both subgenera are paraphyletic; subgenus
Dipodillus (represented in the sample by Dipodillus simoni) was
nested within subgenus Petteromys (all other sampled Dipodil-
lus). The extremely short branches separating Dipodillus rupicola
and Dipodillus campestris indicated that these two species may
be synonymous. Gerbillurus consisted of a basal split between
the monotypic subgenus Progerbillurus (Gerbillurus paeba) and
the other two subgenera where the polytypic subgenus Gerbillu-
rus was paraphyletic having Gerbillurus tytonis (subgenus Pa-
ratatera) nested within it. Within Gerbillus, both subgenera were
monophyletic with the genus consisting of a basal split between
subgenus Hendecapleura (represented in the sample by Gerbillus
henleyi, Gerbillus nanus and Gerbillus poecilops) and Dipodil-
lus + Gerbillus (the latter consisting of all other sampled Gerbil-
lus) that in turn form two monophyletic groups. Despite the
ambiguity of the relationships among genera close to Meriones,
in all instances, subgenus Meriones (consisting of only M. ta-
mariscinus) was clearly separated from all other Meriones repre-
senting the basal split within the genus or within a larger clade
that subsumes the genus. However, the other two sampled sub-
genera were paraphyletic with Meriones rex (which along with
Meriones persicus form subgenus Parameriones) nested within
Pallasiomys (all other sampled Meriones); M. persicus was how-
ever divergent from other Meriones. The very short branches
separating Meriones shawi and Meriones unguiculatus also sug-
gested that these two species may be synonymous.

Association of cranial size with climate

Regression analyses between the centroid size of the cranium
versus traditional linear estimates of cranial size (skull length
and width) as well as between the centroid size of the bulla ver-
sus traditional linear estimates of bullar size (bullar length and

width) were all significantly positive (all p values < 0.000001
and all R? > 0.90; Table S5), indicating a strong positive associ-
ation. Similarly, an estimate of bullar volume based on the for-
mula of an elliptical cone was also significantly positively
correlated with bullar CS, indicating that CS extracted using
semilandmarks in this study may faithfully estimate cranial and
bullar size.

Species classified by IUCN as occurring in desert habitats
lived in regions that were significantly more arid (low aridity
index scores) received significantly less mean annual precipita-
tion and had slightly colder temperatures (by about 1°C) than
species classified as mesic (data not shown; see Alhajeri 2014).
Similar results were found for the comparative analyses using
both the pruned and the grafted (expanded) trees (Figure S1), as
well as when using the full data set or when restricting analyses
to gerbils; therefore, unless otherwise specified (in cases of dis-
cordance in significance), all results will refer to the full data set,
grafted tree analyses.

PHYANOVA indicated that cranial CS did not significantly differ
between desert and mesic species (F = 0.059, p = 0.931;
Fig. 5a). PGLS showed that cranial CS was significantly posi-
tively although weakly correlated with the aridity index
(Coef = 0.026, R* = 0.063, p = 0.007; Fig. 5b) and significantly
negatively  correlated  with mean annual temperature
(Coef = —0.002, R = 0.047, p =0.0167; Fig. 5d), indicating
that cranial size was greater in more mesic and colder regions.
PGLS indicated that cranial CS was not significantly correlated
with mean annual precipitation (Coef = 0.015, R* = 0.002,
p = 0.371; Fig. 5c).

pHYANOVA indicated that desert species had significantly greater
bullar CS than mesic species (F = 14.58, p = 0.032; Fig. 6a);
however, this result was not significant in the pruned full data
set analysis (F =11.60, p=0.113) or in both the grafted
(F =249, p = 0.169) and the pruned (F = 0.22, p = 0.699) ger-
bil only analyses. PGLS indicated that bullar CS was signifi-
cantly negatively correlated with the aridity index
(Coef = —0.029, R? = 0.071, p = 0.004; Fig. 6b) and mean
annual temperature (Coef = —0.003, R? = 0.143, p < 0.0001;
Fig. 6d) indicating that bullae were larger in more arid and
colder environments. PGLS indicated that bullar CS was not sig-
nificantly  correlated  with mean annual precipitation
(Coef = —0.021, R = 0.004, p = 0.236; Fig. 6¢). PHYANOVA
indicated that desert species had significantly greater relative bul-
lar CS than mesic species (' = 35.88, p = 0.001; Fig. 7a). PGLS
indicated that relative bullar CS was significantly negatively cor-
related with the mean annual precipitation (Coef = —0.036,
R*>=0.107, p = 0.0005; Fig. 7c) and mean annual temperature
(Coef = —0.001, R*>=0.065, p = 0.0059; Fig. 7d), indicating
that relative bullar size was greater in environments that receive
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Fig. 5. Association between log cranial CS and (a) habitat, (b) aridity index, (c) mean annual precipitation and (d) mean annual temperature. The asso-
ciation between morphological variables with the binary habitat was tested using pHYANOVA, whereas the association between morphological variables
and the three continuous environmental variables were tested using phylogenetic generalized least squares (PGLS); both on the grafted phylogeny. A
best-fit line is shown in significant regressions. R* values, as in the text, are adjusted values.
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from the comparative analysis. See Fig. 5 legend for information.

less rainfall and are colder. PGLS indicated that relative bullar
CS was not significantly correlated with aridity index scores
(Coef = 0.003, R* = 0.008, p = 0.628; Fig. 7b).

We interpreted the aforementioned results cautiously and con-
servatively because multiple testing may have inflated type I
erTors.

Discussion
Gerbillinae and Deomyinae systematics

For Gerbillinae, our results are highly congruent with previous
molecular phylogenies (e.g. Chevret and Dobigny 2005; Steppan
et al. 2005; Schenk et al. 2013). However, our greater sampling
in species and genes has resulted in increased confidence and
detail. At the same time, the results are strongly incongruent with
phylogenies and classifications based on morphology (e.g. Tong
1989; Pavlinov et al. 1990), with both traditional tribes Tateril-
lini and Gerbillini being reciprocally paraphyletic. Even within
Taterillini, the two subtribes Gerbillurina and Taterillina were
also paraphyletic (Fig. 3; Figure S3). Furthermore, we found two
to three of the largest genera to be paraphyletic (Gerbillus, Ger-
billiscus and possibly Meriones) and five paraphyletic subgenera
(within Dipodillus, Gerbillurus and Meriones). Given the concor-
dance between molecular phylogenies based on allozymes (Be-
nazzou 1984), DNA/DNA hybridization (Chevret 1994), mtDNA
sequences (Chevret and Dobigny 2005; Ito et al. 2010) and com-
bined mtDNA and nuDNA sequences (Steppan et al. 2005;
Schenk et al. 2013; this study), major revisions are needed
within all taxonomic levels (tribal, subtribal, generic and subgen-
eric) to the current morphologically based taxonomy of gerbils.
We therefore support the taxonomic divisions of Chevret and
Dobigny (2005) that we follow for the rest of the discussion, and
propose formalization.

We found three major groups for gerbils in our phylogeny,
corresponding to Chevret and Dobigny’s (2005) tribes: (1) a
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basal lineage (their tribe I) consisting of the two monotypic gen-
era Pachyuromys + Desmodilliscus; the name Desmodilliscini
(Pavlinov, 1982), would apply; Desmodilliscini is sister to two
clades that consist of (2) (their tribe II) Tatera + Desmodlil-
lus + Gerbilliscus + Gerbillurus and (3) (their tribe III) consist-
ing of Taterillus + Rhombomys + Brachiones + Psammomys +
Meriones + Sekeetamys + Gerbillus + Dipodillus (Chevret and
Dobigny 2005 did not sample Brachiones). The available names
for these two more diverse clades are Taterini (new rank, name
proposed by Chevret and Dobigny (2005), referring to the most
recent common ancestor of Tatera and Gerbilliscus and all of its
descendants) and Gerbillini (Gray 1825), respectively. The status
of Ammodillus and Microdillus remains uncertain. Furthermore,
we recovered the same two clades within our Gerbillini that
Chevret and Dobigny (2005) found: (their subtribe a) Sekeeta-
mys + Gerbillus + Dipodillus (they considered Dipodillus as a
synonym of Gerbillus) and (their subtribe b) Psammo-
mys + Rhombomys + Brachiones + Meriones. We find that the
closest relative of Brachiones within the sample is Rhombomys
and together they form a relatively strongly supported clade (PP,
0.95; BS, 76%). Many of the subtribes proposed by Chevret and
Dobigny (2005) and others would be monotypic and therefore
largely redundant, and so we do not recommend any names for
subtribes here.

We find strong support for the monophyly of a clade that con-
sists of all Gerbilliscus and Gerbillurus (PP, 1.0; BS, 100%) that
is consistent with previous morphological (Pavlinov et al. 1990;
Pavlinov 2001) and molecular studies (Qumsiyeh et al. 1991;
Chevret 1994; Chevret and Dobigny 2005). However, relation-
ships among the three principal clades, Gerbilliscus robu-
stus + G. vicinus + G. phillipsi + G. nigricaudus, Gerbillurus,
and all other Gerbilliscus species are unsettled, with ML and BI
trees yielding conflicting, well-supported resolutions, but both
containing a paraphyletic Gerbilliscus. Chevret and Dobigny
(2005) considered Gerbillurus to be a synonym of Gerbilliscus.
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Alternatively, Gerbillurus could be retained as a genus by split-
ting Gerbilliscus into two genera. Because the type species of
Gerbilliscus  (Gerbilliscus) — G. boehmi — has not been
sequenced, we recommend that taxonomic resolution wait for a
comprehensive morphological and molecular analysis that
includes G. boehmi.

Our results also indicate that Dipodillus is nested within Gerb-
illus; however, unlike the situation with Gerbilliscus, all analyses
show strong support for Gerbillius (Gerbillius) being more clo-
sely related to Dipodillus than to Gerbillius (Hendecapleura)
(PP, 1.00; BS, 97%). Here again, Dipodillus could be returned to
a subgenus of Gerbillus. Given the morphological diversity in
this group, and the monophyly of the subgenera, we recommend
elevating Hendecapleura to its own genus; either solution is con-
sistent with the phylogeny. The situation within Meriones is
more tenuous because support for paraphyly is weak and limited
to ML and the BEasT analyses, and further, the two polytypic
subgenera (Parameriones and Pallasiomys) are clearly paraphy-
letic with respect to each other. Therefore, the monophyly of
Meriones and consequently whether or not to synonymize
Brachiones + Rhombomys + Psammomys with Meriones or split
M. tamariscinus cannot yet be determined.

The data strongly support the monophyly of Deomyinae (PP,
1.0; BS, 100%) as a clade that consists of the two diverse mono-
phyletic sister genera Acomys and Lophuromys and two mono-
typic genera Uranomys and Deomys as in previous molecular
phylogenies based on DNA/DNA hybridization (Denys et al.
1995), mtDNA cytochrome b sequences (Verheyen et al. 1995),
nuDNA VWF and/or LCAT sequences (Michaux and Catzeflis
2000; Michaux et al. 2001), a combination of DNA/DNA
hybridization, mtDNA and nuDNA sequences (Chevret et al.
2001), and nuDNA BRCA1, GHR, IRBP and RAG1 (Schenk
et al. 2013). The monophyly of Deomyinae and its isolation
from Murinae is also supported by some morphological traits
including pelage texture, palatal and molar occlusal patterns, and
reproductive biology (Musser and Carleton 2005). Unlike Gerbil-
linae, the present results support the monophyly of all of the de-
omyine genera and all of the sampled deomyine subgenera.
Replicating the findings from Barome et al. (2001) who analysed
the same CYTB data, we find two groups of species that might
need some synonymization: (1) A. minous GroupA + A. nesi-
otes + A. cahirinus + A. minous GroupB + A. cilicicus and (2)
A. chudeaui + A. airensis, both consisting of sequences con-
nected by very short branches. The former grouping was noted
by Barome et al. (2001) and also is concordant with evidence of
near-identical karyotypes (Zima et al. 2001) and breeding experi-
ments (Frynta and Sadlova 1998), as discussed in Musser and
Carleton (2005), indicating the need for further sampling and
suggesting possible synonymy.

Divergence and biogeography of gerbils and deomyines

In a previous study, Chevret and Dobigny (2005) found that ger-
bils split from deomyines at around 17 Myr before the present.
We estimated a similar date, and the credibility interval of the
gerbil-deomyine split was reduced to 15.9-17.6 Myr before the
present (Fig. 4). The oldest available fossils of Gerbillus and
Meriones are both 2 Myr old (Chevret and Dobigny 2005).
These fossils are consistent with our tree, when Dipodillus is
included in Gerbillus and Brachiones + Rhombomys + Psammo-
mys is included in Meriones (4.5-6.5 and 4.8-7.2, respectively;
Fig. 4).

The biogeographic reconstruction was in agreement with the
one conducted for muroid rodents in general, in Schenk et al.
(2013) which indicates that Africa was the point of origin for the

clade that includes gerbils, deomyines and lophiomyines (Fig. 3;
Figure S6). The biogeographic reconstruction was also unambig-
uous in detecting the first transition from Africa to Eurasia
occurring in a gerbil clade that consists of Sekeetamys + Gerbil-
lus + Dipodillus + Meriones + Psammomys + Rhombomys +
Brachiones (Fig. 3) at 6.9-9.5 Myr before the present (Fig. 4);
apart from an independent colonization of Eurasia by Pachyuro-
mys duprasi and Tatera indica, and the possible recolonization
by Gerbillus andersoni, this was the only colonization of Eurasia
in gerbils. The second potential colonization of Eurasia in the
aforementioned clade occurred in a deomyine clade that consists
of eight species of Acomys (Fig. 3) at 1.4-2.6 Myr before the
present (Fig. 4); apart from an independent colonization of Eur-
asia by Acomys russatus, this was the only colonization of Eur-
asia in deomyines. The rest of the gerbils and deomyines
retained their ancestral distribution in Africa, or recolonized
Africa from Eurasia.

The LTT plot did not reveal any extraordinary bursts in diver-
sification in our tree in general or coincident with any of the bi-
ogeographic transitions (Figure S7).

Desert adaptation of the tympanic bulla

Gerbillinae is the most diverse subfamily of mammals inhabiting
the Palaearctic Desert, which extends from Asia to Africa, with
over 46 species in 8 genera being endemic to this arid region
(Lay 1972). Chevret and Dobigny (2005) suggested that the dis-
cordance between morphological and molecular phylogenies in
Gerbillinae is a result of convergence as a consequence of strong
selection in arid environments, including in traits located at the
posterior part of the skull, which along with teeth characters
were the primary basis of gerbil classification. For example, fea-
tures of the middle ear were considered derived character states
in the morphological phylogeny of Tong (1989) and used to
determine the relationships among genera. Even earlier, subgen-
eric relationships within gerbils have been based on tympanic
bulla morphology in addition to dental characters (e.g. Petter
1973). These traits have been used to group genera (e.g. Gerbil-
lus and Gerbillurus) that previous molecular phylogenies and this
study find to be part of divergent lineages. Lay (1972) argued
that the increase in bullar hypertrophy in gerbils, which he also
found to be associated with arid environments, is a useful adap-
tation for predator avoidance in open habitats. Pavlinov and
Rogovin (2000) similarly argued that tympanic bulla hypertrophy
in several specialized desert rodents was useful in increasing
auditory sensitivity at low frequencies. However, these studies
did not apply phylogenetic correction and therefore may have
inaccurately estimated the strength of the association between
bullar morphology and aridity when testing for desert adaptation.

We support the hypothesis that convergent adaptation to arid-
ity led to discordance between molecular and morphological phy-
logenies in the morphology of the tympanic bulla. This
conclusion was partially anticipated by Pavlinov (2008) who
argued that bullar hypertrophy evolved twice based on differ-
ences in the compartmentalization, once in his Taterillini (Gerbil-
lurus and Desmodillis) and once in his Gerbillini (Pachyuromys),
although in our tree Gerbillurus and Desmodillis are not sister
taxa. The results indicate that even after accounting for phyloge-
netic relationships, there is a trend of more arid and warmer
environments to be associated with significantly smaller cranial
size (Fig. 5), whereas both absolute and relative size of the tym-
panic bulla are significantly larger in more arid and in colder
environments (Fig. 6, although the correlation is weak). The
ancestral state reconstruction analysis suggests that enlargement
of the bullae occurred multiple times and to varying degrees (the
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greatest hypertrophy being in the Pachyuromys + Desmodilliscus
clade, within Gerbillurus, Desmodillus, and within Meriones;
Figures S4 and S5). There does not appear to be a discrete quali-
tative ‘shift’ in bullar hypertrophy within gerbils, although there
does appear to have been a shift to moderately enlarged bullae
on the branch leading to Gerbillinae (Figure SS5). Interestingly,
the species cluster with the most hypertrophied bullae do not
reside in the most arid deserts (compared with the rest of the
species in or sample).

Considering that morphology of the tympanic bulla is widely
used in morphological phylogenies of gerbils (Tong 1989; Pavli-
nov et al. 1990; Pavlinov 2008) that serve as the traditional basis
for the taxonomy of the group, convergence in this trait along
with other cranial structures that increase fitness in deserts would
explain part of the discordance between molecular and morpho-
logical phylogenies and the frequent paraphyly at tribal, subtrib-
al, generic and subgeneric levels. Although we focus on the
bulla, other cranial characters common in traditional morphologi-
cal phylogenetics of rodents are also expected to experience con-
vergent adaptation to aridity (e.g. Alhajeri 2014). Rodents might
be especially prone to adaptive convergence because of their
small size, short dispersal distances and short generation times,
enabling them to rapidly respond to environmental pressures
(Samuels 2009).

The bony auditory bulla (including both tympanic and mastoid
portions) is part of the middle ear and surrounds three small
bones that function in sound transmission by transferring sound
wave energy from the membrane of the tympanum (eardrum) to
the oval window (Pavlinov 2008). Bullar hypertrophy in desert
rodents is a consequence of pneumatization (formation air cavi-
ties) leading to increased volume of this structure as well as the
occasional formation of new bony structures in the mastoid (Pav-
linov 2008). Overall bullar hypertrophy with limited shape varia-
tion is a consequence of changes in shape and/or size of the
tympanic membrane and the malleus (hammer-shaped middle-ear
bone that transmits sound vibrations from the eardrum to the
incus), whereas the mastoid bulla’s function is to reinforce the
bullar walls and semicircular canals (Lay 1972; Pavlinov 1988,
2008; Pavlinov et al. 1990). This implies that bullar hypertrophy
is correlated with the enlargement of the eardrum and/or the mal-
leus, which in turn function in sound amplification. The modifi-
cation of the external bulla morphology provides the middle ear
transmitting structures with the needed ear volume to function as
well as to fine-tune sound wave energy transfer in the middle ear
through the emergence of new bony elements that aid in sound
detection, all of which are useful to sound wave transmission in
arid air (Pavlinov 2008).

Our confirmation of an association between bullar hypertrophy
and environmental condition, rejecting the null hypothesis that
the association was a consequence of phylogenetic relatedness,
highlights the need for further study of the function and ecologi-
cal importance of this unusual feature of the understudied audi-
tory system.
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Appendix 1. (continued)

128 16S ACP5 AVPR2 BZRP BRCAL COI con CYTB GHR IRBP RAGI1 VWF
Psammomys obesus AJ851253 KR088996 KR089010 KR089035 KC953314 FN357290  FN357290
Cretzschmar, 1828
Psammomys vexillaris AY934541
Thomas, 1925
Rattus tiomanicus KR088997 HM217391 KC953320  K(C953449  KC953568
(Miller, 1900)
Rheomys thomasi KR089036 KC960491 KC953451 KR089049
Dickey, 1928
Rhombomys opimus AJ430590 AJ430556
(Lichtenstein, 1823)
Sekeetamys calurus AJ851246 KR088998 AJ851276
(Thomas, 1892)
Sigmodon hispidus X89788 KR088999 AY295016 AF425200  AF540641  AY277479  AY241465
Say & Ord, 1825
Tatera indica AJ430553  AM409239 AJ430563
(Hardwicke, 1807)
Taterillus arenarius AJ851254 AJ851261 FN357288
Robbins, 1974
Taterillus emini 783921 KR089000 KRO089011 KC953224 DQO019085 DQO019085 KR089037 DQO019050 KC953461  DQ023453
(Thomas, 1892)
Taterillus gracilis AJ851256  AM409238 AJ851263
(Thomas, 1892)
Taterillus petteri JF716025
Gautun, Tranier &
Sicard, 1985)
Taterillus pygargus AJ851255 AJ851262
(F. Cuvier, 1838)
Tokudaia osimensis AJ311133 EU349640 EU349659 ABO033703 EU349828 EU349878  EU349918
(Abe, 1934)
Uranomys ruddi X84388 783922 KR089001 EU349642 DQO19088 DQO019088  HM635858 DQO19051 EU360812  DQ023454  AJ402714

Dollman, 1909
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http://www.ncbi.nlm.nih.gov/nuccore/Z83921
http://www.ncbi.nlm.nih.gov/nuccore/KR089000
http://www.ncbi.nlm.nih.gov/nuccore/KR089011
http://www.ncbi.nlm.nih.gov/nuccore/KC953224
http://www.ncbi.nlm.nih.gov/nuccore/DQ019085
http://www.ncbi.nlm.nih.gov/nuccore/DQ019085
http://www.ncbi.nlm.nih.gov/nuccore/KR089037
http://www.ncbi.nlm.nih.gov/nuccore/DQ019050
http://www.ncbi.nlm.nih.gov/nuccore/KC953461
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http://www.ncbi.nlm.nih.gov/nuccore/X84388
http://www.ncbi.nlm.nih.gov/nuccore/Z83922
http://www.ncbi.nlm.nih.gov/nuccore/KR089001
http://www.ncbi.nlm.nih.gov/nuccore/EU349642
http://www.ncbi.nlm.nih.gov/nuccore/DQ019088
http://www.ncbi.nlm.nih.gov/nuccore/DQ019088
http://www.ncbi.nlm.nih.gov/nuccore/HM635858
http://www.ncbi.nlm.nih.gov/nuccore/DQ019051
http://www.ncbi.nlm.nih.gov/nuccore/EU360812
http://www.ncbi.nlm.nih.gov/nuccore/DQ023454
http://www.ncbi.nlm.nih.gov/nuccore/AJ402714
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Appendix 2 List of specimens sequenced and
localities

Cricetidae

Arvicolinae: Ondatra zibethicus NA, Locality unknown.

Cricetinae: Cricetus cricetus MVZ 155880, Austria, 1 km NE
Guntramsdorf.

Sigmodontinae: Phyllotis xanthopygus AK 13014, Argentina;
Rheomys thomasi CN 101294, El Salvador, Ahuachapan, El Im-
posible, San Francisco Menendez; Sigmodon hispidus CN, Local-
ity unknown.

Muridae

Gerbillinae: Desmodillus auricularis RA 1, Namibia, Kanabeam,
Karasburg District, 375 m. 28°07'17"S 17°33'32"E; Dipodillus
campestris TK 40900, Tunisia, Mournagia Subgov’t, Jebel Ain
Es Seed; Dipodillus dasyurus TK 25570, Jordan, Azraq Oasis,
lava hills S Azraq Ed Druz; Dipodillus simoni TK 40877, Tuni-
sia, Gabes Subgov’t, Gar’at El Mekky; Gerbilliscus leucogaster
CAS 28615, Namibia, Hardap Region, Namib Rand Nature
Reserve, Keerweder Farm, 24°56/37.7154"S, 16°4'4.0794"E;
Gerbilliscus robustus FMNH 158105, Tanzania, Babati District,
Tarangire National Park, near Engelhardt Bridge; G. robustus
FMNH 151229, Tanzania, Kilimanjaro District, Gonja Forest
Reserve, near Higililu River; Gerbillurus paeba RA 49, Namibia,
Kanabeam, Karasburg District, 375 m. 28°07'17"S 17°33/32"E;
Gerbillurus setzeri TK 32329, Namibia, Approximately 5 km N
Gobabeb; Gerbillurus tytonis RA 08, Namibia, Kanabeam, Ka-
rasburg District, 375 m. 28°07'17"S 17°33'32"E; Gerbillurus
vallinus H 675, Locality unknown; Gerbillus gerbillus CM
113822, Egypt, Giza Governorate, 50 km SW Giza (by road) on
El Faiyum Rd. 29 42N, 30 58E; Gerbillus gerbillus CM 113823,
Egypt, Giza Governorate, 50 km SW Giza (by road) on El Fai-
yum Rd. 29 42N, 30 58E; Gerbillus nanus MVZ 192048, Iran,
Agricultural Station near Zahek, SE of Zabol; Meriones crassus
TK 25637, Egypt, S Sinai, near El Tor; Meriones libycus MVZ
191969, Iran, 8 km SSW Kerman; Meriones persicus MVZ
191974, Iran, Zar Rud Bala, Aabshar-e Rayen, Kuhehazar, W of
Rayen; Meriones shawi H 583, Locality unknown; Meriones tris-
trami TK 25568, Jordan, 7 Mi E Irbid; Meriones unguiculatus
TK 20358, Pet trade; Psammomys obesus TK 40892, Tunisia, El
Guettar Subgov’t, Jebel Ank Mine, Gafsa Gov’t; Sekeetamys cal-
urus RA, Locality unknown; Taterillus emini CM 102330,
Kenya, Eastern Province, Machakos District, Kathekani, 760 m,
02 378, 38 09E.

Deomyinae: Acomys perisvalli H 767, Locality unknown; Aco-
mys spinosissimus FMNH 196233, Malawi, 1.6 km SE (by air)
Chinunka; Deomys ferrugineus FMNH 160403, Uganda, Kigezi,
Bufumbira, Nteko Parish, edge of Bwindi-Impenetrable NP;
Lophuromys sikapusi FMNH 137803, Uganda, Masaka, Bugala
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Island, Kalangala, 1.0 km N, 0.5 km E; Lophuromys sikapusi
FMNH 137798, Uganda, Bugala Island, Kalangala, 1.0 km N,
0.5 km E; Lophuromys zena FMNH 190640, Kenya, Nyeri Dist.,
Aberdare Range, 28.5 km W, 4.9 km N Nyeri; Uranomys ruddi
CM 113723, Ghana, Greater Accra Region, Shai Hills Game
Production Reserve Headquarter, 05 53N, 00 03E.

Lophiomyinae: Lophiomys imhausi DO 111, Kenya.

Murinae: Batomys granti USNM 458948, Philippines, Luzon
Island, Mt. Isarog, 1750 m; Rattus tiomanicus USNM 590331,
Malaysia, Sarawak, Bintulu Division, Ulu Kakas, Bukit Sarang.

Abbreviations and acronyms (for institutions and collectors)
are as follows. CAS, California Academy of Sciences; CM, Car-
negie Museum of Natural History; FMNH, Field Museum of
Natural History; MVZ, Museum of Vertebrate Zoology; TK,
Museum of Texas Tech University; USNM, National Museum of
Natural History; RA, Ron Adkins; NA, not available. Unlisted
abbreviations are internal reference numbers.

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Data S1. Summary of incongruities between gene trees and
the concatenated data set tree.

Figure S1. Bayesian chronograms used for phylogenetic com-
parative analyses.

Figure S2. Maximum-likelihood phylograms of the 13 loci
reconstructed with the GTR+I+I substitution model.

Figure S3. ML phylogram of the concatenated data set.

Figure S4. Maximum-likelihood ancestral state reconstruction
of relative bulla size (bulla CS/skull CS) in the pruned tree (tree
D).

Figure S5. Tree that conveys the same information as Fig. S4
in the form of a ‘traitgram’ which is a projection of the phyloge-
netic tree.

Figure S6. Biogeographic regions used in ancestral state esti-
mations of the biogeography of gerbils and deomyines.

Figure S7. Lineage-through-time plot indicating the diversifi-
cation pattern observed in the chronogram in Fig. 4.

Table S1. Primers used in this study. For and Rev refer to for-
ward and reverse, respectively.

Table S2. List of specimens digitized for morphological analy-
ses. See Appendix 2 legend for museum abbreviations.

Table S3. Average of the raw bioclimatic variables encoun-
tered by species.

Table S4. Description and units of the bioclimatic variables
from Table S2.

Table S5. Statistical summary of regression analyses between
centroid size estimates from this study with distance based esti-
mates of size from Alhajeri (2014).



