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Molecular and Morphological
Supertrees for Eutherian
(Placental) Mammals
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Phong Q. Ong,” Michele R. Tennant,? Timothy S. Young,'
Kikumi F. Gugel’

A large body of diverse comparative data now exists for a major phylogenetic
synthesis of the higher-level relationships among eutherian (placental) mam-
mals. We present such a phylogenetic synthesis using the composite trees or
supertrees from the combined and separate analyses of their published mo-
lecular and morphological source phylogenies. Our combined and separate
supertrees largely support the same suprafamilial taxa and orders, but different
interordinal clades. These similarities and differences reinforce the continuing
contributions of morphological studies, while highlighting the growing influ-
ence of molecular information on the field. As current summaries of past
research, our supertrees emphasize opportunities for future work, while pro-
viding a step toward the eventual integration of the data and characters

themselves.

Eutherian (placental) mammals are of great
importance to humans as sources of food,
materials, labor, companionship, and as test
subjects in both basic and applied research
(I). As a result, a large body of diverse
comparative data currently exists for the phy-
logenetic synthesis of their higher level rela-
tionships (2—4). Ideally, such a phylogenetic
synthesis will include the direct incorporation
of all relevant information at the level of the
individual datum and character (5). However,
such integration remains presently unfeasible
for the infraclass, because of several practical
and analytical limitations, particularly with
respect to its incomplete taxon sampling of
characters (6).

In light of these problems, the next best
strategy is to focus instead on the published
(source) phylogenies of different studies,
rather than on their separate data sets (6—8).
This alternative strategy for phylogenetic
synthesis is best embodied by the “matrix
representation with parsimony” (MRP) ap-
proach. In this approach, the available
source phylogenies are encoded as a series
of binary characters that capture the
branching patterns of the original trees. The
final data matrix for the source phylogenies
is then analyzed by the parsimony method
to obtain a composite tree, or “supertree,”
that summarizes the different conclusions
within the field (9). Theoretical justifica-
tion for this approach is founded on recent
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evolutionary simulations that underscore its
potential utility for phylogenetic synthesis
(10).

In this study, 430 source phylogenies
from 315 research articles were individually
encoded by the MRP approach (/7). The final
data matrix of presence/absence characters
for the 430 phylogenies consisted of 1965
binary features for the 90 recognized families
and orders of the eutherian study group and
one hypothetical outgroup (operational taxo-
nomic units or OTUs) (/2). The numbers of
scored binary characters for the eutherian
OTUs ranged from 342 for Solenodontidae of
Insectivora to 1520 for Bovidae of Artiodac-
tyla (Fig. 1). In addition to Bovidae, only
nine other OTUs of the study group were
scored for >900 (>45%) of the 1965 char-
acters (Balaenopteridae and Delphinidae of
Cetacea, Carnivora, Caviidae and Muridae of
Rodentia, Equidae of Perissodactyla, Lepori-
dae of Lagomorpha, Primates, and Suidae of
Artiodactyla). Not surprisingly, this uneven
coverage of the infraclass was heavily biased
toward those eutherian families and orders
with species of obvious economic, scientific,
and aesthetic importance to humans (7).

Five most parsimonious (MP) solutions
were recovered for the entire (combined)
matrix using a 4:1-weighting scheme in
favor of those source phylogenies that were
derived from the direct phylogenetic study
of multiple data sets and/or large numbers
of taxa and characters (/3). This weighting
strategy was based on recent empirical and
theoretical work in support of the greater
power and accuracy of multiple data sets
and increased character and taxon sampling
in phylogenetic estimation (/4, 15). The
strict consensus tree for these five MP so-
lutions [i.e., the supertree for the combined
data matrix (9)] supported the monophyly
of all nine eutherian orders with multiple
represented families (Fig. 1) (16). Indeed,
except for Artiodactyla and Insectivora, the
monophyly of these orders was defined by
=37 Bremer steps (/7).

Except for Artiodactyla and Insectivora,
interfamilial clusters within the other five
orders with =3 families were also largely
consistent with their traditional arrangements
(Fig. 1). These intraordinal groupings includ-
ed Mysticeti and Odontoceti of Cetacea, Mi-
crochiroptera (all families minus Pteropodi-
dae) of Chiroptera, Ceratomorpha of Perisso-
dactyla, Hystricognathi and Sciurognathi (ex-
cluding the poorly known Anomaluridae) of
Rodentia, and Pilosa of Xenarthra (1, 18, 19).
These polytypic suprafamilial taxa were cor-
roborated by =21 Bremer steps, except for
the two rodent suborders and Pilosa.

Above the ordinal level, the following
nine interordinal clades were supported by
=19 Bremer steps (Fig. 1): (i) Artiodactyla
and Cetacea (i.e., the superorder Cetartio-
dactyla); (ii) Cetartiodactyla and Perisso-
dactyla, (iii) Carnivora and Pholidota (Fe-
rae); (iv) Cetartiodactyla, Ferae, and Peris-
sodactyla (Fereuungulata); (v) Lagomorpha
and Rodentia (Glires); (vi) Proboscidea and
Sirenia (Tethytheria); (vii) Hyracoidea and
Tethytheria (Paenungulata); (viii) Macro-
scelidea, Paenungulata, and Tubulidentata;
and (ix) Placentalia minus Xenarthra (Epi-
theria) (3, 4, 20, 21). Six other interordinal
groups were recovered by all four weight-
ing schemes of the combined matrix, in-
cluding Chiroptera and Fereuungulata
(Scrotifera), Primates and Scandentia, and

Fig. 1. (Opposite) Strict consensus tree of the five MP solutions for the 4:1-weighted analysis of
the combined data. This supertree is rooted against a hypothetical outgroup representing the
noneutherian mammals, Marsupialia and Monotremata (not shown) (78, 79). Solid lines refer to
clades that are stable across all four weighting schemes of this study. In contrast, dashed, dotted,
and asterisked lines correspond to those that are not recovered in the 1:1-, 1:1- and 2:1-, or
8:1-weighting schemes, respectively. Quotes identify those suprafamilial taxa that are not mono-
phyletic, whereas brackets give the total numbers of scored binary characters per OTU, along with
the means for those orders with multiple represented families. Numbers above and below the
internal branches correspond to Bremer scores for this combined analysis versus the separate
molecular and morphological ones, respectively. Hyphens and question marks highlight those
groups that are not recovered or that become “nonapplicable” by the exclusion of one or more
families with extensive missing data in these separate analyses, respectively. Arrows connect the

two parts of this supertree.
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41 - Suidae {pigs) [1,114]
21/5 =Tayassuidae (peccaries) [611]
Hippopotamidae (hippopotamuses) [707]
Tragulidae (chevrotain and mouse deer) [639]
13 p~Giraffidae (giraffe and okapi) [747]
Cervidae (deer) [849]
Bovidae (cattle, antelopes, goats, and allies) [1,520]
Antilocapridae (pronghorn) [671]
Camelidae (camel and llama) [848]

750 42 Balaenidae (right whales) [480]
—mm—'@Balaemmeﬁdae (rorquals) [1,046]
18/4 =Eschrichtiidae (gray whale) [524]
a8 110 gelpmmqae (dolphlqs) [909]
T 40/20 47 8/10 Mrnooenme (porpoises) [566]
lonodontidae (narwhal and beluga) [450]
Platanistidae (river dolphins) [477]
Ziphiidae (beaked whales) [526]
28 Physeteridae (sperm whales) [706]
5/ 139 Equidae (horses) [1,155]
7% 131 ETapiridae (tapirs) [565]
75123 26/5 =Rhinocerotidae (rhinoceroses) [763]
z 21 r~Carnivora (cats, dogs, and allies) (1,116]
7 1672 L-Manidae (pangolins) [510]

Pteropodidae (flying foxes) [757]
T Emballonuridae (ghost bats and allies) [480]
74 Rhinopomatidae (mouse-tailed bats) [462]
78 17 I:Craseonyct(-mdae (bumble-bee bat) [396]
Nycteridae (hispid and hollow bats) [430]
Megadermatidae (false vampire bats) [596]
Rhinolophidae (leaf-nosed bats and allies) [520]
Noctilionidae (mastiff bats and allies) (479]
Mormoopidae (spectacied bats) [501]
Phyliostomidae (leaf-nosed and vampire bats) [717]
Natalidae (long-legged and funnel-eared bats) [434]
Furipteridae (smoky bats) [420]
Thyropteridae (disc-winged bats) [431]
Myzopodidae (golden and sucker-footed bats) [396]
Molossidae (free-tailed bats) [597]
Vespertilionidae (common bats) [618]
Mystacinidae (short-tailed bats) [420]

5 Cynocephandae (flying lemurs) [545)
3l ] Eanates (human, apes, monkeys, and allies) [1,417]

Tupaiidae (tree shrews) [630]

69 - Ochotonidae (pikas) [479]

L eporidae (rabbits and hares) [1,048]

Anomaluridae (scaly-tailed squirrels) [373]
5 p=Aplodontidae (mountain beaver) [395]

I 1/- E

Sciuridae (squirrels and marmots) (633]
Castoridae (beavers) [437]
Geomyidae (pocket gophers) [442]
2/7 Heteromyidae (pocket mice and allies) [411]
Dipodidae (jerboas and allies) [420]
Muridae (mice, rats, hamsters, and allies) [1,427]
71l Pedetldae (spring hare and springhaas) [430]
-I? Myoxndae (dormice and desert dormouse) [389]

Bathyergidae (mole rats) [411]
Thryonomyidae (cane rats) [416]
Hystricidae (Old World porcupines) [486]
Erethizontidae (American porcupines) [408]
_____ _EChinchiIIidae (chinchillas and viscachas) [469]

? Abrocomidae (chinchilla rats) [394]

2 Octodontidae (rock rats and allies) [401]
pI Echimyidae (spiny rats) [466)
- 2/?%=Myocastoridae (nutria) [427]

Capromyidae (hutias, cavies, and allies) [417]
Dinomyidae (pacarana) [406]
Agoutidae {pacas) [392]
Caviidae (guinea pigs, cavies, and allies) [975]
|——Hydrochaeridae (capybara) [473]
—— Dasyproctidae (agoutis and allies) [426]
) ? EChrysochlon’dae (golden moles) (436]
- Tenrecidae (tenrecs) [347]
11 Solenodontidae (solenodons) [342]
422 i Soricidae (shrews) [618]
157 Talpidae (moles) [463)
Erinaceidae (hedgehogs and gymnures) [769]

Procaviidae (hyraxes) [645]
1775 Elephantidae (elephants) [778]
19 12215 Dugongidae (dugong and sea cow) [513]
A 21/26MTrichechidae (manatees) [544]

._"EMacmscelididae (elephant shrews) [493]
Orycteropodidae (aardvark) [571]
20 _p~Bradypodidae (three-toed tree sloths) [550]
I.L@Megalonychidae (two-toed tree sloths) [474]
69 -4 Mymecophagidae (anteaters) [450]
24117 Dasypodidae (armadillos) [579]
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Dermoptera, Primates, and Scandentia (Eu-
archonta). However, none of these latter
clades was defined by >14 Bremer steps.
At and below the ordinal level, the mo-
lecular and morphological supertrees both
largely recovered the same interfamilial
taxa, as emphasized above for the com-
bined analysis (Figs. 1 and 2). Of five
exceptions at these hierarchical levels,
three coincided with the recent challenges
from molecular sources for the nonmono-
phyly of Artiodactyla, Insectivora, and Mi-
crochiroptera. In contrast to the combined
and morphological analyses, the molecular
supertree favored a deep nesting of Cetacea
within Artiodactyla and its close relation-
ship to Ancodonta (22, 23). This alternative
arrangement was also obtained by the com-
bined data when weighted 8:1 in favor of
phylogenetic syntheses that largely empha-
sized multiple genes. The molecular super-
tree also supported the removal of Chryso-
chloromorpha from Insectivora, its alterna-
tive placement with Macroscelidea, Paen-
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Fig. 2. Strict consensus trees of the 8 and 64

separate 4:1-weighted analyses of the molecular (A) and morphological
(B) source phylogenies. These molecular and morphological supertrees
, respectively, and are

are based on 314 and 89 source phylogenies
summarized at the levels of eutherian families,

orders (Fig. 1). An additional 27 source phylogenies of the combined
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ungulata, and Tubulidentata (Afrotheria),
and its corresponding designation as a new
order (Afrosoricida) (24-26). Finally, the
failure of the molecular supertree to recov-
er a monophyletic Microchiroptera was
suggestive of the recent hypothesis for a
nesting of Megachiroptera within this sub-
order (27). However, in contrast to Artio-
dactyla and Insectivora, this discrepancy
was defined by one Bremer step, by some
(but not all) weighting schemes for the
molecular data, and by the unique grouping
of Megachiroptera with Emballonuridae
rather than with Rhinolophoidea. An anal-
ogous situation applied to the remaining
two discrepancies for a nonmonophyletic
Pilosa and Sciurognathi.

Above the ordinal level, only Ferae and
Paenungulata from the combined analysis
were corroborated by both the molecular
and morphological supertrees (Figs. 1 and
2). Otherwise, the various interordinal
clades of the combined analysis were re-
covered by one or neither of the separate

supertrees, but not both (3, 20, 21). The
combined and molecular supertrees agreed
on Cetartiodactyla, Cetartiodactyla/Peris-
sodactyla, Fereuungulata, Scrotifera, Euar-
chonta, and Macroscelidea/Tubulidentata.
Furthermore, both favored the concept of
Afrotheria, albeit without Afrosoricida ac-
cording to the combined data (24, 25). In
contrast, only Epitheria, Glires, and Teth-
ytheria were unique to both the combined
and morphological analyses (20, 21).

The combined and separate supertrees
testify to the expanding influence of mo-
lecular studies on the accepted higher level
relationships among eutherian mammals (3,
4, 28). The current hypotheses of a non-
monophyletic Artiodactyla and Insectivora
and of a monophyletic Afrotheria, Cetartio-
dactyla, Euarchonta, Fereuungulata, and
Scrotifera are derived from molecular in-
vestigations (27-25, 29). Furthermore, the
monophyly of Ferae and Paenungulata re-
ceives growing and convincing support, re-
spectively, from molecular sources (2, 4,

Suina (2) [524.5) B 5
Ancodonta (1) [415] LE Suina (2) [190.0]
Mysticeti (3) [365.3] 24 Ancodonta (1) [176]
Odontoceti (6) [271.8] 3 Tragulina (1) [196]
Tragulina (1) [310] Lé.l—__E Pecora (4) [200.0]
Pecora (4) [578.8) T Tylopoda (1) [197]
Tylopoda (1) [518] Mysticeti (3) [180.7]
Hippomorpha (1) [768] Odontoceti () [208.5)
Ceratomorpha (2) [376.0] 5 Hyracoidea (1) [171]
Camivora [739] '@ Proboscidea (1) [150]
Pholidota (1) [258] 2 Sirenia (2) [147.5]
Megachiroptera (1) [359] 23 Hippomorpha (1) [190]
Emballonuridae [121] 2 5
Rhinopomatidae [111] Ceratomorpha (2) [175.5]
R idaa” Tubulidentata (1) [154]
inolophoidea” (2) [170.5) 2 Camivora [179]
Phyﬂosterflond.ea (?) [191.0] = I Pholidota (1) [147]
“Vespertilionoidea” (4) [153.0} 3 Megachiroptera (1) [224]
Hyracoidea (1) [369] > Emballonuroidea (3) [204.0]
Proboscidea (1) [471] 2 Rhinolophoidea (3) [211.3]
Sirenia (2) [2700) & 3 Phyllostomoidea (3) [210.0]
Chrysochloromorpha (1) {164) 3 Vespertilionoidea (7) [207.3]
Macroscelidea (1) [231] . Dermoptera (1) [214)
Tubulidentata (1) [312] Primates [192]
Cingulata (1) [320] 5 Scandentia (1) {162]
“Pilosa” (3) [232.7) Lagomorpha (2) [170.5)
Dermoptera (1) [164] Aplodontidae [186]
Scandentia (1) [324] L3, 10] 1 Sciuridae [211]
E"ma‘es [;,0(22?][441 " *» s Castoridae [193]
Aagomorpha . Geomyidae [189
Aplodontidae [119] 4 I Hetergmyida[e [1]95]
Sciuridae [252] 1 Muridae [215)
Ctenodactylidae [139) s detidae [
Myoxidae [107] edetidae [197]
3 Dipodidae [194]
Castoridae [118) 1 pod ’
Geomyidae [126] IEEEE T Hystncogqathl (9) [192.8]
Heteromyidae [111) MaCI'OS'Ce"dEQ (1) [157]
Dipodidae [106] 1 Tenrecndag [165]
Muridae [1,013] 22 I E Other “Soricomorpha” (3) [170.7]
Pedetidae [143) Chrysochloromorpha (1) [165]
Hystricognathi (11) [192.6] L Erinaceomorpha (1) [180]
“Soricomorpha” minus 17 Pilosa (3) [160.3]

Tenrecidae (3) [191.7)
Erinaceomorpha (1) [420]

MP solutions from the

suprafamilial taxa, and
follow Fig. 1.

L— Cingulata (1) [162]

matrix are not included in these separate analyses because they are
based on both molecular and morphological data. Values in parentheses
indicate the number of represented families in each interfamilial taxon,
whereas "+" lines identify those groups that are not recovered in any of
the alternative weighting schemes. All other numbering and conventions
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30). Conversely, this conclusion does not
imply that morphological studies are be-
coming irrelevant for the resolution of the
higher level relationships among eutherian
mammals (20, 21). Rather, the combined
and separate supertrees document that both
lines of evidence agree on the majority of
their traditional suprafamilial taxa and or-
ders and that the recent molecular challeng-
es for a nonmonophyletic Artiodactyla, In-
sectivora, and Microchiroptera are excep-
tions to this rule (Figs. 1 and 2). Above the
ordinal level, the contributions of morpho-
logical studies remain most obvious in their
corroboration of Ferae and Paenungulata
and in their convincing support of Glires
and Tethytheria, two superorders whose re-
lationships are ambiguous according to mo-
lecular sources (20, 21, 24, 29). Both mo-
lecular and morphological studies remain
critical for the continued resolution of high-
er level eutherian phylogeny.

Our complete list of 315 research arti-
cles, final data matrix and associated sum-
mary for 430 source phylogenies, and com-
bined and separate supertrees (Figs. 1 and
2) are available as supplementary Web in-
formation (37). Our final data matrix and
associated summary provide the opportuni-
ty to evaluate weighting strategies different
from the one emphasized here (/3). For
example, an obvious alternative to assess is
that of the carnivore and primate supertree
studies with its greater emphasis on differ-
ent methods of phylogenetic analysis (7, 8).
Furthermore, these supplementary materi-
als offer the chance to review the historical
impact of systematics on the recognition of
particular eutherian taxa (32). In turn, our
combined and separate supertrees can serve
as working hypotheses to study the origins
and significance of biological diversity
within the infraclass and to highlight those
questions that are important for the greater
understanding of eutherian phylogeny,
character homology, and organismal evolu-
tion (8). For example, resolution of the
molecular versus morphological conflict
for Insectivora (minus Afrosoricida) versus
Xenarthra at the base of the eutherian tree
is necessary for the identification of a more
closely related outgroup than Marsupialia
and Monotremata for phylogenetic and
comparative studies within the infraclass
(3, 20). Our supertrees advance the field
one step closer toward its ultimate goal of a
phylogenetic synthesis for eutherian mam-
mals at the level of their individual datum
and character (5, 2/).
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