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A B S T R A C T

Cetartiodactyla comprises one of the most diverse mammal radiations. Currently, 23 families, 131 genera and
more than 330 species are recognized. Several studies have been trying to resolve its phylogenetic relationships.
The most comprehensive dated phylogenetic hypothesis available includes only 55% of the extant species,
precluding a clear understanding of ecological and evolutionary patterns in Cetartiodactyla. Here, we gathered
all mitochondrial genetic data available in GenBank to build a robust Cetartiodactyla calibrated phylogenetic
tree using 21 fossil calibration points. We found mitogenomic data for 225 species and included other 93 species
from which there was at least one mitochondrial gene available. Using a Bayesian approach, we generated a
dated tree comprising 90% of the extant Cetartiodactyla species (n=318). The major lineages showed robust
support and families divergence times are congruent with the available fossil evidence and with previously
published phylogenetic hypotheses. By making available a dated phylogeny with extensively sampled clades, we
expect to foster future studies on the origin, tempo and mode of Cetartiodactyla diversification.

1. Introduction

Understanding the tempo and mode of diversification has been of
utmost interest in evolutionary biology. Efforts from researchers to
accurately estimate phylogenetic relationships, and the ever-growing
availability of molecular sequences and paleontological data boosted
the development of sophisticated tree reconstruction methods (e.g. dos
Reis et al., 2015). Likewise, continuum development on molecular clock
methods has increased the availability of more accurate phylogenetic
dated trees (Bromham et al., 2018). Calibrated trees allows inference of
diversification patterns and are essential for macroevolutionary studies
and comparative phylogenetic methods (e.g. Garamszegi et al., 2014).
As an example of their resourcefulness, the use of dated trees revealed
that diversification rates can explain differences in species richness
among clades (Scholl et al., 2016), and helped to understand the role of
historical factors on evolutionary radiations events (Meredith et al.,
2011).

The order Cetartiodactyla currently comprises 23 families, 131

genera and over 330 species (IUCN, 2018). This order represents an
impressive example of adaptive radiation, and is a well-studied group
regarding its morphology, ecology and behavior (Berta et al., 2015;
Prothero and Foss, 2007). The close relationship between Artiodactyla
and Cetacea, both taxa currently included within Cetartiodactyla order,
has been recovered in previous studies using molecular (mitochondrial
and nuclear DNA) and paleontological data (e.g. Gatesy et al., 1999;
Graur and Higgins, 1994; Montgelard et al., 1997). Since then, mole-
cular phylogenetic studies have focused on the resolution of the re-
lationships at the suprafamilial level without considering taxa diversity
within the order (Zhou et al., 2011). Another goal of more recent stu-
dies has been the reconstruction of major Cetartiodactyla lineages (e.g.
Bovidae: Bibi, 2013; Ancodonta: Boisserie et al., 2011; Ruminantia:
Fernández and Vrba, 2005; Suina: Frantz et al., 2016; Cervidae:
Gutiérrez et al., 2017; Cetacea: Steeman et al., 2009; McGowen et al.,
2009).

Molecular data for Cetartiodactyla has increased in the last ten
years, and sequences of extinct species (e.g. Bison priscus, Bos
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primigenius) and recently described species (e.g., Inia araguaiaensis,
Tursiops australis) are now available. Additionally, fossil records are also
abundant and representative for almost all Cetartiodactyla clades which
certainly improve estimates of divergence time (Bibi, 2013). The work
by Hassanin et al., (2012) is currently the most comprehensive mole-
cular phylogenetic study in terms of species representativeness
(∼55%). Our goal is to use all mitochondrial information available
coupled with fossil information to generate a dated tree covering more
than 90% of Cetartiodactyla extant species. We hope that our results
will contribute to a better understanding of Cetartiodactyla diversifi-
cation patterns, and also foster studies in diverse fields such as mac-
roevolution, biogeography and ecological studies relying on compara-
tive phylogenetic methods.

2. Methods

2.1. Sampling of species and data collection

We collected all mitochondrial (mtDNA) available in GenBank for
Cetartiodactyla (until June 2018). We aimed for complete mitochon-
drial genomes (mitogenomes) keeping only one per species. To favor
comparisons with previously published mitogenomic phylogenetic in-
ferences, we prioritize mitogenomes used in Hassanin et al. (2012). We
gathered mitogenomes for 225 Cetartiodactyla species, and found at
least one mtDNA gene for other 93 species (Table 1, Table S1 in
Appendix A for GenBank accession numbers). We included the domestic
species Bubalus bubalis (domestic form of wild B. arnee) and Camelus
dromedarius, because wild forms sequences of those species were not
available. Furthermore, our study includes 6 species not listed in the
IUCN database and that were not included in any previous Cetartio-
dactyla published phylogenetic hypothesis; an extinct species (Bison
priscus) and five recently described species (Inia araguaiaensis, Tursiops
australis, Giraffa giraffa, Giraffa reticulata, and Giraffa tippelskirchi). As
outgroup (OU), we used three mitogenomes of Perissodactyla (Rhino-
ceros unicornis, Equus zebra and Tapirus indicus), which shares a most
recent common ancestor with Cetartiodactyla (Meredith et al., 2011;
Wu et al., 2014).

2.2. Phylogenetic analyses and divergence time estimation

We aligned the sequences using MAFFT algorithm default config-
uration (http://mafft.cbrc.jp/alignment/server/). We used Geneious
v1.7.9 program (Kearse et al., 2012) to manually eliminate mitochon-
drial genome poorly aligned regions (non-coding genes and D-loop re-
gion). The final DNA alignment of 14,935 bp was split into five parti-
tions according to transcript type (tRNA, 1443 bp; rRNA 2134 bp;
protein-coding mRNA, 11358 bp) and all protein-coding genes sub-
divided into codon position (CODP1; CODP2; and CODP3, 3786 bp
each). To acknowledge if the addition of missing data may have any
impact on tree topology, node support and divergence time estimates,
we created two datasets for all subsequent analyses: (i) dataset1 in-
cluding all mitochondrial information available in Genbank (321 spe-
cies with OU), being 23% of this dataset composed by missing data, and
(ii) dataset2 maintaining only taxa with full mitogenome data (228
species with OU; Table 1). To account for evolutionary rate hetero-
geneity among partitions, we used PartitionFinder2 (PF) with the
greedy algorithm, linked branch lengths along with Bayesian Informa-
tion Criterion to select the best-fit partitioning scheme model of nu-
cleotide substitution (Lanfear et al., 2016). For both datasets, PF sug-
gested four partitions (tRNA+ rRNA, CODP1, CODP2 and CODP3) and
selected the GTR+ Г+ I as best-fit model of nucleotide substitution for
all four partitions. Finally, we estimated phylogenetic relationships
along with divergence time under Bayesian approach using BEAST
v.1.10.1 (Suchard et al., 2018). We analyzed both datasets under a
relaxed uncorrelated lognormal clock (Drummond et al., 2006) al-
lowing branches to have independent substitution rates. Because we
implemented multiple fossil calibrations (see below), we let BEAST
calculate the relative mean clock rate for each partition without pro-
viding prior information. Additionally, because extinction has a major
impact on lineage diversification patterns (Quental and Marshall,
2010), we used a birth-death speciation model as tree prior.

To date the tree, we used 21 fossils (see Table S1 in Appendix B for
prior distributions and fossil sources) that were either incorporated in
phylogenetic analyses or recommended as calibration points by pre-
vious paleontological revisions (e.g. Bibi 2013; Benton et al., 2015). For
both datasets, we ran three independent replications with 300 million
generations each, sampling every 15,000 interactions. To check runs
convergence and the effective sampled size (ESS > 200) we used
Tracer v1.7 (http://beast.community/tracer). We combined all re-
plications for both datasets discarding the first 20% of each run as burn-
in. To generate the maximum clade credibility tree, we used TreeAn-
notator v1.10.1 (http://beast.community/treeannotator). To assure
that our posterior distributions were not heavily affected by prior set-
tings, we evaluated effective priors by running the analyses without the
data (sampling from prior in BEAST) to confirm that our results were
mainly obtained by our data sets (Drummond and Bouckaert, 2015).

3. Results and Discussion

3.1. Phylogenetic relationships and node support

Both of our datasets yielded phylogenies with nearly identical
topologies (Fig. 1, Fig. S1) that differ slightly in divergence time esti-
mates (Table 2). Despite that, the confidence interval (sampled from the
95% HPD) of Time to Most Recent Common Ancestor (TMRCA) esti-
mated for main Cetartiodactyla lineages are overlapping when datasets
are compared (Table 2). The mean mutation rate (ucld.mean parameter
in BEAST) estimated for both datasets was∼ 9×10−3 sites/Ma (95%
highest posterior density [95% HPD]= 9.1×10−3 –1.0×10−2) or
roughly 2% total mitochondrial DNA divergence per Ma (see Table S2
in Appendix B, for partitions clock rates from each dataset). We used a
representative number of mitogenomic sequences per lineage and
multiple calibration points evenly distributed across the phylogeny,
which certainly favored such concordances (Table 2). Therefore,

Table 1
Species sampled to generate the time–calibrated phylogeny of Cetartiodactyla.
Family: main extant families in the order. Species: Number of species currently
recognized (according to IUCN, 2018) by family. Our tree: species included in
our larger dataset (dataset1). Mitogenome: mitogenomes used for each family
in our analyses. Family NA is a percentage of missing–data by family.

Family Species Our tree Mitogenome Family NA (%)

Tayassuidae 3 3 1 44.0
Suidae 18 14 7 36.9
Camelidae 4 4 4 0
Hippopotamidae 4 2 2 0
Balaenidae 4 4 4 0
Neobalaenidae 1 1 1 0
Balaenopteridae 8 8 8 0
Eschrichtiidae 1 1 1 0
Physeteridae 3 3 2 30.8
Platanistidae 1 1 1 0
Ziphiidae 21 21 8 58.0
Lipotidae 1 1 1 0
Pontoporidae 1 1 1 0
Iniidae 2 2 1 46.2
Monodontidae 2 2 2 0
Phocoenidae 7 7 3 49.7
Delphinidae 37 37 22 21.9
Tragulidae 10 6 4 16.5
Antilocapridae 1 1 1 0
Giraffidae 5 5 2 54.9
Cervidae 55 52 35 29.7
Moschidae 7 6 4 28.9
Bovidae 143 136 110 16.2
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Tayassuidae

Camelidae

      Suidae

Balaenopteridae

Physeteridae

Platanistidae

Ziphiidae

Lipotidae

Iniideae
Monodontidae
Phocoenidae

Delphinidae

Tragulidae
Antilocapridae

Giraffidae

Cervidae

Moschidae

Bovidae

Balaenidae

Pontoporiidae

Rhinoceros unicornis

Equus zebra
Tapirus indicus

Catagonus wagneri
Pecari tajacu

Tayassu pecari

Babyrousa celebensis
Babyrousa babyrussa

Potamochoerus porcus
Potamochoerus larvatus
Hylochoerus meinertzhageni
Phacochoerus africanus
Phacochoerus aethiopicus
Porcula salvania
Sus philippensis
Sus cebifrons    
Sus scrofa   
Sus celebensis   

Sus verrucosus   
Sus barbatus

Lama guanicoe
Vicugna vicugna
Camelus ferus
Camelus dromedarius

Choeropsis liberiensis
Hippopotamus amphibius
Balaena mysticetus

Eubalaena australis

Eubalaena japonica
Eubalaena glacialis

Caperea marginata

Balaenoptera acutorostrata
Balaenoptera bonaerensis

Eschrichtius robustus

Balaenoptera physalus
Megaptera novaeangliae

Balaenoptera musculus
Balaenoptera omurai

Balaenoptera edeni
Balaenoptera borealis

Physeter macrocephalus
Kogia sima
Kogia breviceps
Platanista gangetica

Berardius bairdii
Berardius arnuxii

Tasmacetus shepherdi
Ziphius cavirostris
Indopacetus pacificus

Hyperoodon planifrons
Hyperoodon ampullatus

Mesoplodon hectori
Mesoplodon bowdoini
Mesoplodon layardii
Mesoplodon carlhubbsi

Mesoplodon mirus

Mesoplodon traversii
Mesoplodon bidens

Mesoplodon europaeus
Mesoplodon ginkgodens

Mesoplodon densirostris
Mesoplodon stejnegeri

Mesoplodon peruvianus

Mesoplodon perrini
Mesoplodon grayi

Lipotes vexillifer
Pontoporia blainvillei
Inia araguaiaensis
Inia geoffrensis

Monodon monoceros
Delphinapterus leucas

Neophocaena phocaenoides
Neophocaena asiaeorientalis

Phocoenoides dalli
Phocoena phocoena

Phocoena dioptrica
Phocoena spinipinnis
Phocoena sinus

Lagenorhynchus acutus
Lagenorhynchus albirostris

Steno bredanensis

Sotalia guianensis
Sotalia fluviatilis

Stenella attenuata

Lagenodelphis hosei
Tursiops australis

Sousa teuszii
Sousa chinensis

Stenella longirostris
Tursiops truncatus
Stenenella clymene
Stenenella coeruleoalba
Stenenella frontalis
Tursiops aduncus
Delphinus capensis
Delphinus delphis

Orcaella heinsohni
Orcaella brevirostris

Grampus griseus
Pseudorca crassidens

Feresa attenuata

Globicephala macrorhynchus
Globicephala melas

Orcinus orca

Lissodelphis borealis

Lagenorhynchus obliquidens
Lagenorhynchus cruciger
Lagenorhynchus australis

Cephalorhynchus eutropia
Cephalorhynchus commersonii 

Cephalorhynchus hectori
Cephalorhynchus heavisidii

Moschiola meminna
Moschiola indica
Hyemoschus aquaticus
Tragulus napu

Tragulus javanicus
Tragulus kanchil

Antilocapra americana
Okapia johnstoni

Giraffa giraffa
Giraffa tippelskirchi
Giraffa reticulata
Giraffa camelopardalis

Alces alces
Hydropotes inermis

Capreolus pygargus
Capreolus capreolus

Rangifer tarandus

Pudu puda

Mazama nemorivaga
Blastocerus dichotomus

Ozotoceros bezoarticus

Hippocamelus antisensis

Lissodelphis  peronii

Lagenorhynchus obscurus

Hippocamelus bisulcus

Mazama gouazoubira

Mazama chunyi

Mazama bricenii
Mazama rufina

Pudu mephistophiles

Mazama pandora

Odocoileus hemionus
Odocoileus virginianus

Mazama temama
Mazama americana
Mazama nana
Mazama bororo
Elaphodus cephalophus

Muntiacus vuquangensis
Muntiacus rooseveltorum

Muntiacus putaoensis
Muntiacus truongsonensis

Muntiacus reevesi

Muntiacus  atherodes
Muntiacus muntjak
Muntiacus vaginalis
Muntiacus feae
Muntiacus crinifrons
Muntiacus gongshanensis
Rucervus schomburgki
Rucervus duvaucelii
Axis axis

Axis porcinus
Axis kuhlii

Dama dama
Dama mesopotamica

Elaphurus davidianus
Rucervus eldii

Rusa marianna
Rusa alfredi
Rusa timorensis
Rusa unicolor
Cervus elaphus

Cervus canadensis
Cervus nipon

Cervus albirostris

Moschus leucogaster
Moschus fuscus
Moschus moschiferus
Moschus berezovskii

Moschus anhuiensis
Moschus chrysogaster

Boselaphus tragocamelus
Tetracerus quadricornis
Tragelaphus imberbis

Tragelaphus scriptus
Tragelaphus angasii

Tragelaphus strepticeros

Tragelaphus derbianus
Tragelaphus oryx

Tragelaphus buxtoni

Tragelaphus eurycerus
Tragelaphus spekii

Pseudoryx nghetinhensis
Syncerus caffer

Bubalus quarlesi
Bubalus depressicornis

Bubalus mindorensis
Bubalus arnee

Bos primigenius
Bison bonasus

Bos sauveli
Bos javanicus
Bos gaurus

Bos mutus

Bison bison
Bison priscus

Aepyceros melampus
Nesotragus moschatus
Neotragus batesi

Raphicerus melanotis
Raphicerus sharpei
Raphicerus campestris
Dorcatragus megalotis
Madoqua saltiana

Madoqua guentheri
Madoqua kirkii

Procapra picticaudata

Procapra przewalskii
Procapra gutturosa

Ourebia ourebi
Saiga tatarica
Antidorcas marsupialis
Litocranius walleri
Antilope cervicapra
Eudorcas rufifrons
Eudorcas thomsonii
Nager granti
Nager soemmerringii
Nager dama

Gazella spekei
Gazella saudiya
Gazella dorcas

Gazella arabica
Gazella gazella

Gazella bennettii

Gazella cuvieri
Gazella leptoceros

Gazella subgutturosa
Gazella marica

Pelea capreolus
Redunca fulvorufula
Redunca arundinum
Redunca redunca
Kobus megaceros
Kobus leche
Kobus ellipsiprymnus

Kobus vardonii
Kobus kob

Oreotragus oreotragus
Neotragus pygmaeus

Philantomba monticola
Philantomba maxwellii
Philantomba walteri

Cephalophus zebra
Cephalophus adersi

Silvicapra grimmia
Cephalophus dorsalis
Cephalophus jentinki
Cephalophus silvicultor
Cephalophus spadix

Cephalophus niger
Cephalophus weynsi
Cephalophus ogilbyi
Cephalophus callipygyus
Cephalophus leucogaster

Cephalophus rufilatus
Cephalophus nigrifrons

Cephalophus harveyi
Cephalophus natalensis

Connochaetes gnou
Connochaetes taurinus

Alcelaphus buselaphus
Beatragus hunteri

Damaliscus lunatus
Damaliscus pygargus

Hippotragus equinus

Hippotragus niger
Hippotragus leucophaeus

Addax nasomaculatus
Oryx gazella
Oryx beisa

Oryx leucoryx
Oryx dammah

Pantholops hodgsonii
Ovibos moschatus
Naemorhedus baileyi
Naemorhedus caudatus

Naemorhedus goral
Naemorhedus griseus

Capricornis crispus
Capricornis swinhoei
Capricornis sumatraensis
Capricornis milneedwardsii
Capricornis thar
Budorcas taxicolor
Oreamnos americanus

Rupicapra rupicapra
Rupicapra pyrenaica

Ammotragus lervia
Arabitragus jayakari

Nilgiritragus hylocrius

Ovis orientalis
Ovis ammon

Ovis nivicola

Ovis canadensis
Ovis dalli

Pseudois nayaur

Hemitragus jemlahicus
Capra silbirica

Capra nubiana
Capra walie

Capra pyrenaica
Capra ibex

Capra cylindricornis
Capra caucasica

Capra aegagrus
Capra falconeri

Peponocephala_electra

Neobalaenidae

Hippopotamidae

CRETACEOUS PALEOCENE EOCENE OLIGOCENE MIOCENE PLIO P-H
70 65 60 55 50 45 40 35 30 25 20 15 10 5Ma
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Fig. 1. Time-calibrated phylogenetic tree of Cetartiodactyla derived from BEAST. Horizontal gray bars represent the 95% highest posterior density of each node.
Calibrations points (from 1 to 21) are arranged on nodes or along branches to indicate crown and stem fossils, respectively (See Table S1 in Appendix B). Filled circles
in red represent nodes with posterior probabilities (PP) < 0.60; oranges circles denote nodes with PP values between 0.61 and 0.80; nodes with green circles have
PP= 0.81–0.90 and all nodes without any circles have high support (PP > 0.91). In the scale of the geological era: H=Holocene, P= Pleistocene, PLIO=Pliocene.
Images were drawn by Guilherme Oliveira.
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including taxa with missing data has little effect on divergence time
estimates when multiple fossil calibration points and a comprehensive
genetic database (e.g. mitogenomic in our case) are available.

Our phylogenetic tree hypothesis is congruent with most phylo-
genies generated using mitogenomic data and with those that have used
both mitochondrial and/or nuclear markers (e.g. Hassanin et al., 2012;
Zhou et al., 2011). Cetartiodactyla is a monophyletic group and the
relationships among the major lineages (Suoidea, (Tylopoda, (Ce-
tancodonta, Ruminantia)))2 are well-supported (posterior probability
[PP]=1). Recent studies discuss a certain instability at the root of the
phylogeny, varying between Suoidea or Tylopoda as the first lineage to
diverge (Vislobokova, 2013 and references therein). Both of our data-
sets show a basal position of Suoidea (Suidae+ Tayassuidae; PP=1.0),
which is concordant with previous phylogenetic inferences relying on

mitochondrial DNA (Hassanin et al., 2012). Nevertheless, phyloge-
nomic researches supports an early divergence of Tylopoda instead of
Suoidea (Zhou et al., 2011; Meredith et al., 2011). Disagreements with
some previously reported results could be related to differences on
phylogenetic inference methods, molecular markers, taxon sampling
and outgroup choice. Our results also support the monophyly of Ce-
tancodonta (Cetacea+Ancodonta) and Cetruminantia (Cetanco-
donta+Ruminantia), which is in agreement with other molecular,
morphological and paleontological evidence (Zhou et al., 2011;
Hassanin et al., 2012; Vislobokova, 2013).

3.2. Divergence time estimates for Cetartiodactyla lineages

Because there are no significant differences between our datasets
regarding TMRCA estimates, we discuss our results based on the da-
taset1 (with 321 species). The origin of Cetartiodactyla dates back to
Cretaceous-Paleocene boundaries (mean=67.7Ma; 95%
HPD=64.1–74.4Ma) (Fig. 1, Table 2). Our results are congruent with
previous estimates for therian mammals (e.g. Meredith et al., 2011), but
more recent compared to some Cetartiodactyla studies (e.g. ∼81Ma in
Zhou et al., 2011; ∼86Ma in Hassanin et al., 2012). Differences could
be due to bias imposed by sparse taxon sampling (e.g. Zhou et al., 2011;
twenty one species) and fewer calibrations points (e.g. Hassanin et al.,
2012; six calibration points), which has been shown to yield older di-
vergence time estimates (Zheng and Wiens, 2015).

According to our estimates, the divergence of Suoidea occurred in
late Eocene (mean=34.1Ma; 95% HPD=32.3–36.9Ma), and split
estimates of both Tayassuidae (mean= 9.2Ma; 95%
HPD=6.4–12.2Ma) and Suidae (mean= 11.0Ma; 95%
HPD=8.9–13.1Ma) dated back to Middle Miocene. Phylogenetic re-
lationships and divergence times within Suidae are congruent to those
reported in previous studies that used both mitochondrial and nuclear
markers (Gongora et al., 2011). Babyrousa genus is the first to branch
off the Suidae family. The South-Asiatic lineages (Porcula and Sus
genera) and those from sub-Saharian Africa (Potamochoerus, Hy-
lochoerus and Phacochoerus genera) were recovered within the Suinae
subfamily. The origin of Suinae also dated back to Middle Miocene
(mean= 9.3Ma; 95% HPD=7.8–10.7Ma) along with most supra-
generic cladogenesis events within this subfamily (Fig. 1).

Tylopoda precedes the appearance of Cetruminantia. The fossil re-
cord suggests an ancient origin in North America (∼40–45Ma) and
posterior migration to Asia and South America by the extant lineages
ancestors (Cui et al., 2007). The diversification between Camelini and
Lamini, the only extant lineages within Camelidae, occurred within the
Early to Middle Miocene boundary (mean=14.5Ma; 95%
HPD=10.1–19.7Ma). Our results show that the split between Camelus
species occurred at the Mio-Pliocene boundary (mean=3.9Ma; 95%
HPD=2.6–5.2Ma), and that of Vicugna-Lama in the Early Pliocene
(mean= 2.5Ma; 95% HPD=1.6–3.8Ma) (Fig. 1).

Estimates of TMRCA for Cetancodonta dated back to the Early
Eocene (mean=53.6Ma; 95% HPD=52.6–54.8Ma). Cetaceans fossils
(e.g. Pakicetus, Himalayacetus) and divergence time previously esti-
mated for Cetacea - Ancodonta splitting (e.g. Orliac et al., 2010) also
support our results. The TMRCA of Hippopotamidae, a family belonging
to Ancodonta lineage, occurred in the Late Miocene (mean=8.1Ma;
95% HPD=7.6–8.7Ma), which is consistent with fossil records from
the African Chorora formations (Boisserie et al., 2017).

The TMRCA of Neoceti (the only surviving lineage of Cetacea) was
estimated in the Late Eocene (mean=36.4Ma; 95%
HPD=36.1–36.9Ma). This result is broadly supported by fossil data
(Mystacodon selenensis, Lambert et al., 2017). The TMRCA of Odontoceti
was estimated in the Late Oligocene (mean= 32.6Ma; 95%
HPD=29.7–35.1Ma), which is also consistent with previous studies
(Steeman et al., 2009). Conversely, our analyses yielded younger age
estimates for the TMRCA of Mysticeti (dating back to the Early Miocene
boundaries: mean=21.5Ma; 95% HPD=20.6–22.6Ma) when

Table 2
Divergence time estimates for the origin of main crown Cetartiodactyla lineages
recovered in BEAST analyses. All mtDNA refers to age estimates from dataset1
and Mitogenomic from dataset2. Values are in millions of years ago and pre-
sented as mean and confidence interval (minimum and maximum values, re-
spectively) sampled from the 95% high posterior density (95% HPD). The
empty cells in dataset2 refers to nodes that lack mitogenomes representatives
needed to assemble crown groups (Suidae lacks Babyrousa, Tayassuidae and
Iniidae are represented by one species), precluding the estimates of the re-
spective TMRCA (as in dataset1).

TAXA ALL mtDNA MITOGENOMIC

TMRCA 95% HPD TMRCA 95% HPD

Cetartiodactyla 67.7 64.1–74.4 69.1 64.1–74.4
Suoidea 34.1 32.3–36.9 34.0 32.2–36.7
Tayassuidae 9.2 6.4–12.2 – –
Suidae 11.0 8.9–13.1 – –
Suinae 9.3 7.8–10.7 10.0 7.1–13.1
Camelidae 14.5 10.1–19.7 15.2 10.2–20.5
Cetancodonta 53.6 52.6–54.8 53.7 52.6–55.1
Hippopotamidae 8.1 7.6–8.7 8.1 7.6–8.8
Neoceti 36.4 36.1–36.9 36.4 36.0–37.0
Mysticeti 21.5 20.6–22.6 21.1 20.5–21.9
Balaenidae 3.2 2.0–4.6 4.2 2.7–5.7
Balaenopteridae 7.6 6.3–9.2 8.7 7.1–10.4
Odontoceti 32.6 29.7–35.1 32.9 29.8–35.5
Physeteridae 21.7 17.3–25.9 21.8 15.4–28.2
Ziphidae 15.3 13.0–17.6 16.9 13.7–20.0
Delphinida 22.6 19.7–25.2 22.5 19.6–25.6
Iniidae 1.9 1.0–2.8 – –
Delphinoidea 15.0 12.7–17.5 15.3 12.8–18.3
Monodontidae 4.3 2.8–5.9 4.6 2.9–6.5
Phocoenidae 5.7 4.5–6.8 5.4 3.6–7.2
Delphinidae 6.6 5.4–7.9 7.0 5.8–8.2
Ruminantia 45.3 38.6–51.1 46.2 39.7–52.1
Tragulidae 27.7 22.3–33.9 27.5 21.5–33.6
Pecora 26.4 24.0–29.1 27.5 24.5–30.3
Giraffidae 14.5 12.4–17.0 14.4 12.3–17.0
Cervidae 13.5 12.2–15.1 14.2 12.4–16.1
Capreolinae 12.3 11.1–13.7 12.8 11.0–14.5
Cervinae 10.9 9.3–12.4 11.5 9.6–13.3
Moschidae 4.2 2.9–5.5 3.9 2.5–5.5
Bovidae 19.1 18.0–20.2 19.5 18.3–20.8
Bovinae 15.6 14.1–17.3 15.9 14.0–17.6
Boselaphini 6.5 4.4–8.5 7.2 4.8–9.6
Tragelaphini 7.3 6.5–8.1 7.3 6.5–8.1
Bovini 10.7 9.5–12.0 10.6 9.4–12.0
Antilopinae 17.5 16.4–18.5 18.0 16.7–19.3
Antilopini 13.9 12.7–15.0 14.5 13.0–16.0
Reduncini 8.1 6.8–9.3 7.9 6.6–9.2
Cephalophini 9.6 8.3–11.0 10.3 8.7–11.9
Alcelaphini 7.0 6.0–8.0 7.0 5.9–8.1
Hippotragini 7.3 6.3–8.5 7.2 6.1–8.3
Caprini 10.1 9.3–10.9 10.3 9.3–11.4

2 Names in parentheses refer to the phylogenetic relationships of the lineages
following the Newick format.
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compared to previous divergence times estimates (mean=30.35Ma;
95% HPD=26.50–34.13, Marx and Fordyce, 2015). Differences in the
crown Mysticeti fossil used as minimum constraint for calibration point
(Moronacetus parvus, ∼21–23 My) likely contributed for such dis-
crepancies. However, divergence estimates for each family within this
lineage (Table 1) are congruent to previous researches (Árnason et al.,
2018).

The relationships within Mysticeti (Balaenidae, (Neobalaenidae,
Balaenopteridae)) are strongly supported (PP=1). Balaenidae is a
monophyletic group that diverged very late in comparison to other
families, as TMRCA dated back to the Pliocene (mean= 3.2Ma; 95%
HPD=2.0–4.6Ma). Caperea marginata is the only representative of
Neobalaenidae, diverging from Balaenopteridae during the Early
Miocene (mean=18.5Ma (95% HPD=13.7–21.4Ma). In our ana-
lyses, both Megaptera and Eschrichtius (the Grey whale is usually as-
signed to the family Eschrichtiidae) are nested within Balaenoptera
making Balaenopteridae a paraphyletic group as currently presented.
Previous studies have suggested that Balaenopteridae (TMRCA:
mean=7.6Ma; 95% HPD=6.3–9.2Ma) experienced rapid radiation.
In such cases, mtDNA may show phylogenetic pitfalls posed by in-
complete lineage sorting and hybridization (Árnason et al., 2018).
Nevertheless, this paraphyly reinforces the need for specific taxonomic
revision to better assess phylogenetic uncertainty of balaenid species
(Hassanin et al., 2012; Sasaki et al., 2005).

The relationships between the four major Odontoceti lineages
(Physeteridae, ((Platanistidae, Ziphiidae), Delphinida)) had robust
support (PP= 1). In our tree, Physeteridae (sperm whales) diverged
early in comparison to remaining clades, and Platanistidae (South Asian
river dolphins) is the sister group of Ziphiidae (beaked whales). Our
results differ from previous researches, which instead recovered a clade
formed by Ziphiidae+Delphinida using both comprehensive multi-
locus (Steeman et al., 2009; McGowen et al., 2009) and phylogenomic
(Meredith et al., 2011; Zhou et al., 2011) datasets for cetaceans. In
Ziphiidae, the addition of species with missing data yielded poorly re-
solved phylogenetic relationships within Mesoplodon genus (Fig. 1),
mostly due to low genetic coverage (e.g., only one gene per species;
Table S1 in Appendix A) hampering the resolution of phylogenetic in-
ferences therein. Delphinida (including the families Lipotidae, Iniidae,
Phocoenidae, Monodontidae and Delphinidae) is a well-supported clade
and the relationships among families and subfamilies are congruent
between our datasets. Within Delphinidae, Delphininae subfamily is the
first taxa to branch off within the clade followed by the clade formed by
Globicephalinae+ Lissodelphininae. In addition, we recovered several
polyphyletic genera (e.g., Lagenorhynchus, Stenella and Tursiops). Al-
though the origin of toothed whales dated back to the Early Oligocine
(∼32Ma), the most speciose and ecologically diverse groups of this
major lineage only appeared in Late Miocene during the last ∼10Ma.

Ruminantia (Tragulina+ Pecora) is a well-supported clade
(PP=1) that originated during the middle Eocene (mean=45.3Ma;
95% HPD=38.6–51.1Ma). The basal splitting within Ruminantia has
received strong molecular and morphological support (Métais and
Vislobokova, 2007). Many of the earliest ruminants are in the Tragulina
infraorder, which has only one extant family (Tragulidae). Our esti-
mates showed that Tragulidae originated during the transition from
Middle to Late Oligocene (mean=27.7Ma; 95%
HPD=22.3–33.9Ma), but we cannot discard a Late Eocene origin as
suggested by fossil evidence (Métais and Vislobokova, 2007). Most
ruminants belong to the Pecora infraorder and are grouped in five fa-
milies (Antilocapridae, (Giraffidae, (Cervidae, (Moschidae,Bovidae)))).
We recovered Pecora as a well-supported monophyletic group (PP=1).
The phylogenetic relationships among these families has been amply
debated because lineage diversification occurred in a short time in-
terval (during the Oligocene-Miocene transition, ∼20Ma ago). Our
analyses support an early divergence of Antilocapridae within Pecora,
followed by Giraffidae, Cervidae and the clade formed by Mo-
schidae+Bovidae, which agrees with recent proposals (e.g. Bibi,

2013). The estimated TMRCA of Pecora dated back to Late Oligocene
(mean= 26.4Ma; 95% HPD=24.0–29.1Ma), which is supported by
the fossil record (Vislobokova, 1997), and agrees with estimates ob-
tained in phylogenetic studies using molecular and morphological
characters (Fernández and Vrba, 2005).

The estimated TMRCA of Giraffidae fell within the Middle Miocene
boundary (mean=14.5Ma; 95% HPD=12.4 – 17.0Ma). Additionally,
we incorporated three recently described giraffe species (Giraffa giraffa,
G. reticulata, and G. tippelskirchi, Fennessy et al., 2016) not included in
any previous Cetartiodactyla large scale phylogenetic inference. The
TMRCA of giraffes was estimated at the Pleistocene (mean=1.5Ma;
95% HPD=1.0–2.2Ma) (Fig. 1), which agrees with divergence times
estimated in the species’ original description (Fennessy et al., 2016).

Cervidae is one of the most diverse ruminant families and originated
in the Middle Miocene (mean= 13.5Ma; 95% HPD=12.2–15.1Ma)
according to our estimates. Two subfamilies are recognized within
Cervidae: the subfamily Cervinae (TMCRA: mean= 10.9Ma; 95%
HPD=9.3–12.4Ma), which includes the genera Axis, Cervus, Dama,
Elaphurus, Rucervus, Rusa [tribe Cervini], and Muntiacus, Elaphodus
[tribe Muntianciani]; and the subfamily Capreolinae (TMCRA:
mean=12.3Ma; 95% HPD=11.1–13.7Ma), which comprises the
genera Alces [tribe Alceini], Capreolus and Hydropotes [tribe
Capreolini], Odocoileus, Blastocerus, Hippocamelus, Mazama, Ozotoceros
and Pudu [tribe Odocoileini], and Rangifer [tribe Rangiferini]). The
recognition of these subfamilies was initially proposed based on mor-
phology and subsequently by molecular phylogenies (e.g. Heckeberg
et al., 2016), and also received strong support in our analyses (PP=1).
The phylogenetic relationships of Cervidae have been thoroughly stu-
died (e.g. Duarte et al., 2008; Gutiérrez et al., 2017), being Cervinae
phylogenetically better resolved compared to Capreolinae (Heckeberg
et al., 2016). In our phylogenetic hypothesis, most internal nodes
within Cervidae are well-supported (PP > 0.95), except for some in-
trageneric relationships between Cervini and Odocoileini (Fig. 1).
Furthermore, we observed that the genera Pudu and Mazama (Capreo-
linae subfamily), and Rusa and Rucervus (Cervinae subfamily) are found
as non-monophyletic.

Divergence among Moschidae and Bovidae started in the Early
Miocene (mean=21.3Ma; 95% HPD=19.9–22.7Ma). The TMCRA of
extant Moschidae was estimated in the Pliocene (mean=4.2Ma; 95%
HPD=2.9–5.5), meanwhile diversification in Bovidae (the most spe-
ciose family in the Order) started in the Early Miocene
(mean= 19.1Ma (95% HPD=18.0–20.2Ma). The two most re-
presentative subfamilies within Bovidae (Antilopinae and Bovinae)
started their diversification around the Late to Middle Miocene
(mean= 17.5Ma and 15.6Ma, respectively; Fig. 1). Additionally, some
Bovidae genera such as Bos and Bison (Bovinae subfamily) and Cepha-
lophus and Neotragus (Antilopinae subfamily) are not monophyletic as
reported in previous works (Bärmann and Schikora, 2014; Bibi, 2013;
Hassanin et al., 2012; Johnston and Anthony, 2012).

3.3. Missing data and the importance for dense taxon sampling

Highly supported phylogenies for several invertebrates and verte-
brates taxa are recurrent in the literature mostly due to the increasing
availability of mitogenomes (e.g. Gibb et al., 2016). However, for most
taxa, genetic information is scarce or restricted to only one or a few
genes but are equally relevant for phylogenetic analyses (Jiang et al.,
2014; Zheng and Wiens, 2015). Nevertheless, assembling groups of
genomic data with incomplete information requires special attention,
especially in a phylogenomic context (when multiple nuclear genes are
used; Zheng and Wiens, 2015). Empirical and simulated data suggested
that addition of taxa with incomplete data has no significant impact on
divergence time and topology estimates (Zheng and Wiens, 2015), also
improving phylogeny accuracy by subdividing long branches among
complete sampled taxa (Wiens and Tiu, 2012). On the other hand, high
levels of missing data could generate misleading phylogenies when
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nucleotide matrices are small (100∼ 1000 bp), lacks enough in-
formative characters (Zheng and Wiens, 2015), taxa are sparsely sam-
pled (Wiens and Tiu, 2012), or when one does not account for different
evolution patterns among sites or genes (Roure et al., 2013; Wu et al.,
2014). Thus, in mitogenomic phylogenies (characterized by large nu-
cleotide datasets), the addition of taxa with incomplete information
should have a limited negative effect and yield well-supported topolo-
gies (Jiang et al., 2014), especially when datasets are analyzed under
proper partitioning schemes and substitution model that accounts for
site heterogeneity (Roure et al., 2013). Our results support this asser-
tion (Fig. 1, and Fig. S1, Table 2).

Most of the recent phylogenetic studies of Cetartiodactyla focused
on a better phylogenetic resolution within families by increasing the
number of taxa sampled. With the improvements of phylogenetic al-
gorithms and computational power, large mitogenomic datasets can
now accommodate complex evolution models among partitions and
overpass some pitfalls (e.g., posed by model mis-specifications or mis-
leading phylogenetic signals of mitochondrial DNA) yielding phylo-
genies that are congruent to well-established nuclear trees (Wu et al.,
2014). Although we acknowledge the limitations of using one locus
(mtDNA) over a multilocus approach, until now there is no dated tree
that extensively and simultaneously included all Cetartiodactyla
lineages in a Bayesian framework. Further, estimates produced by dif-
ferent analyses must be considered hypotheses open to be challenged as
new fossil and genomic evidence becomes available. In our work, we
make available a robust calibrated phylogeny covering more than 90%
of the species of Cetartiodactyla. Our results are congruent with fossil
evidence and most of previously published molecular phylogenies, re-
presenting the most comprehensive time-calibrated phylogenetic hy-
pothesis to this date.
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