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a b s t r a c t

The eutherian placenta is remarkable for its structural and functional variability. In order to construct and
test comparative hypotheses relating ecological, behavioral and physiological traits to placental
characteristics it is first necessary to reconstruct the historical course of placental evolution. Previous
attempts to do so have yielded inconsistent results, particularly with respect to the early evolution of
structural relationships between fetal and maternal circulatory systems. Here, we bring a battery of
phylogenetic methods – including parsimony, likelihood and Bayesian approaches – to bear on the
question of placental evolution. All of these approaches are consistent in indicating that highly invasive
hemochorial placentation, as found in human beings and numerous other taxa, was an early evolutionary
innovation present in the most ancient ancestors of the living placental mammals.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Modification of the amniote system of fetal membranes, specifi-
cally involving fusion of the chorion with the allantois or yolk sac [1],
permits the fetal circulatory system to access the extra-embryonic
maternal environment during gestation, and has resulted in multiple
independent origins of placentation in a range of vertebrate taxa
including squamate reptiles [2–5], chondrichthyans [6,7], eutherian
mammals [1] and marsupials [8,9]. The ‘‘placental’’ mammals
(Eutheria) are unusual among the vertebrates in being a relatively
large clade in which chorioallantoic placentation is universal rather
than a rarity; furthermore the placenta exhibits striking structural
and functional diversity including adaptations apparently unique to
eutherians [10–12] alongside evolutionary convergence with respect
to vertebrate out-groups (i.e., Refs. [13,14]).

Grosser’s tripartite classification of placentas as hemochorial,
endotheliochorial or epitheliochorial [15] has with some minor
extensions been regarded as an important framework for the
description of eutherian placental diversity [1,16–19]. The scheme is
based on variation in the interface of fetal and maternal tissues: in
epitheliochorial placentation the fetal chorion is in contact with the
epithelium of the uterus; in endotheliochorial placentation the fetal
chorion is in contact with the endothelial wall of maternal blood
vessels; and in hemochorial placentation the fetal chorion is directly
All rights reserved.
bathed in maternal blood. The placental categories differ in the
extent to which fetal tissues invade the wall and circulatory system
of the uterus; placentas can thus be ranked in terms of placental
invasiveness, with epitheliochorial placentation the least invasive
form and hemochorial placentation the most invasive form [1]. The
placental interface has further been categorized in terms of the
interdigitation between fetal and maternal tissues (ranging along
a continuum from the presence of simple unbranched villi to highly
branched labyrinthine vasculature) and the shape of the placental
attachment (ranging from highly localized discoid attachment to
diffusely attached and cotyledonary forms; Table 1). Together these
classification schemes describe variation in the intimacy and
geometry of maternofetal contact.

The direct functional consequences of variation in placental form
remain obscure, and the notion that some forms of placentation are
in some way ‘‘more efficient’’ than others has been rejected by
a number of recent authors [20,21]. Nevertheless, a body of evidence
on fetal nutrition suggests that under invasive placentation the
transport rate of some nutritional substances, such as free fatty acids,
may be more responsive to the availability of such substances in the
maternal circulatory system [20]; it has also been suggested that
species with less invasive forms of placentation may be less likely to
experience immune problems associated with the transfer of foreign
cellular matter across the placenta during pregnancy [22], though
this interpretation is challenged on molecular and comparative
grounds [23,24].

Comparative approaches should help to identify functional
aspects of placental evolution, to the extent that variation in
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Table 1
Examples of placental states found in the main eutherian clades. See Appendix for
further details and references.

Interhemal membrane Shape Interdigitation Examples

Afrotheria
Endotheliochorial Zonary Labyrinthine Aardvark, manatee,

elephant, otter shrew
Endotheliochorial Discoid Labyrinthine Sengi, hyrax, tenrec

Euarchontaglires
Endotheliochorial Bidiscoid Labyrinthine Tree shrew
Epitheliochorial Diffuse Villous Lemur, loris, aye–aye
Hemochorial Bidiscoid Trabecular Monkey
Hemochorial Discoid Labyrinthine Murid rodent
Hemochorial Discoid Villous Hominid

Laurasiatheria
Endotheliochorial Bidiscoid Labyrinthine European mole
Endotheliochorial Zonary Labyrinthine Dog, cat, bear
Epitheliochorial Diffuse Oligocotyledonary Deer
Epitheliochorial Diffuse Polycotyledonary Cow
Epitheliochorial Diffuse Trabecular Whale, pig, horse,

pangolin
Epitheliochorial Zonary Villous Eastern mole
Hemochorial Zonary Labyrinthine Hyaena

Xenarthra
Endotheliochorial – Labyrinthine Armadillo
Hemochorial Discoid Villous Anteater, sloth
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placental characters can be associated with variation in mamma-
lian life history, ecology, behavior and physiology [20,24–26]. A
number of recent theoretical and empirical advances have provided
critical information needed to help clarify the historical course of
evolution in placental characteristics and thus provide a framework
for comparative hypotheses. First, the advent of molecular phylo-
genetics and the collection of large comparative nucleotide
sequence datasets offer estimates of mammalian systematics that
are relatively robust with respect to differing cladistic methods and
choice of data. A number of studies identify four principal eutherian
clades (i.e., Refs. [27,28]), for each of which the range of placental
characters is described in Table 1. Most importantly, molecular
phylogeneticists have enjoyed considerable success in resolving the
hierarchy of eutherian interordinal relationships, problems that
have confounded traditional morphological methods and are of
great importance for understanding patterns of early placental
diversification [29–32]. Resolving the position of the eutherian root
has been more problematic, with three configurations (basal
Xenarthra, Afrotheria, or AfrotheriaþXenarthra) found to be
equally likely [31–33]. Second, the development of methods for the
combination of existing phylogenies into a consensus ‘‘supertree’’
permits the construction of extraordinarily large phylogenetic trees
that are maximally consistent with molecular data and previous
morphological studies and which span sufficient taxonomic
diversity to cover all major evolutionary events involving eutherian
Table 2
Previous reconstructions of the ancestral eutherian interhemal membrane.

Study Data Method

Carter and Enders (2004) 13 taxa –
Vogel (2005) 21 taxa Parsimony
Elliot and Crespi (2006) 88 taxa Maximum likelih
Mess and Carter (2006) 36 taxa Linear parsimon
Wildman et al (2006) 44 taxa Parimony and m

(1 parameter)
Martin (2008) 18 taxa Linear parsimon
placentation [34–37]. Finally, recent efforts to document placental
type in species of phylogenetic interest, especially in Afrotheria and
Xenarthra, are potentially illuminating since these basal species are
the most informative with respect to ancient transformations of the
placenta (though interpretation is difficult due to poor phyloge-
netic resolution of ordinal relationships within the former
clade) [38–43].

Previous attempts to reconstruct placental characteristics of the
common ancestor of extant eutherians (Table 2) have agreed on
two points. First, epitheliochorial placentation is apparently
a derived condition that evolved independently in Laurasiatheria,
Primates and Lipotyphla, and was not present during very early
evolution of the eutherian placenta. Second, the earliest crown
eutherians were likely characterized by discoid, labyrinthine
placentation, a condition found today widely dispersed among
extant taxa (Table 1). There is, however, disagreement concerning
the interhemal membrane of the ancestor of extant eutherians.
Wildman’s group used parsimony and a one-parameter likelihood
model to infer that the ancestor most likely exhibited hemochorial
placentation [44], as did Elliot and Crespi [24] (who grouped
endotheliochorial and epitheliochorial placentae into a single
category); Mess and Carter [45] and Martin [21] inferred that the
condition was, under linear maximum parsimony, indeterminate
and either hemochorial or endotheliochorial (the latter recon-
struction being favored by one version of the eutherian phylogeny
but not by alternatives). Vogel [46], who grouped endotheliochorial
and hemochorial placentae into a single category, reach the more
limited conclusion that the ancestral eutherian was not epi-
theliochorial. Finally, Carter and Enders [47] favor the hypothesis of
an endotheliochorial ancestral placenta but did not use a statistical
approach.

The use of linear parsimony methods (which infer ancestral
states by generating a reconstruction that minimizes the number
of evolutionary transitions on a phylogenetic tree) is not the most
efficient use of the large dataset available to comparative biolo-
gists. The existence of placental variation within otherwise
homogenous clades (for example, the presence of endotheliocho-
rial placentation in Heteromyidae within the hemochorial
Rodentia, or of hemochorial placentation in Hyaenidae within the
endotheliochorial Carnivora) has no effect on ancestral state
reconstructions at nodes deeper than the ordinal level; similarly,
the absence of variation within large clades (such as the uniformly
epitheliochorial Cetartiodactyla) is not informative with respect to
the frequency of evolutionary transitions across the tree as
a whole. Under linear parsimony it is thus sufficient to consider
only branches upon which transitions have occurred; such
approaches therefore disregard a large proportion of the compar-
ative data that might otherwise be used to distinguish between
competing evolutionary hypotheses. Furthermore, linear parsi-
mony estimates of character states at the root of a phylogenetic
tree are highly dependent upon the character state found in the
most basal taxa included in the study, especially when the tree is
Root condition

Endotheliochorial
Hemotrophic

ood (1 parameter) Hemochorial
y Endotheliochorial/hemochorial
aximum likelihood Hemochorial

y Endotheliochorial (ordered) or
Endotheliochorial/hemochorial (unordered)



Fig. 1. Taxa and internal nodes to which reference is made in the analyses.
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unbalanced in shape, as is the case for Eutheria. The interhemal
membrane of the ancestral Xenarthran and Afrotherian cannot be
inferred under maximum parsimony because both clades are
bisected into endotheliochorial and hemochorial subtrees; hence,
under maximum parsimony, it is impossible to infer with any
certainty the placental character state of the ancestral eutherian,
since it is only Xenarthra and Afrotheria that are serious candidates
for the most basal eutherian clade. For these reasons, reconstruc-
tion of the ancestral eutherian interhemal membrane under
maximum parsimony varies with alternative rootings of the
phylogeny [45]. Since the placental variation present in Afrotheria
and Xenarthra is now well-known and well-represented in exist-
ing ancestral state reconstructions, it seems unlikely – contra Mess
and Carter [45] – that uncertainty in the assignment of placental
character states to the ancestor of extant eutherians may be
resolved through increased taxon sampling, since knowledge of
additional taxa will not mitigate against the existence of placental
variability in basal clades.

Maximum likelihood methods [48,49] make more efficient use
of the comparative data and explicitly model the uncertainty that
is inherent in any attempt to reconstruct ancestral character
states over tens of millions of years. Instead of assigning char-
acter states such that the total number of changes across the tree
is minimized, these methods find transition rates between pairs
of character states that maximize the likelihood of obtaining the
observed distribution of states in extant species. Under such an
approach, each internal node of a phylogeny is associated with
a probability distribution of possible character states rather than
a single most parsimonious reconstruction. Previous maximum
likelihood reconstructions of the ancestral eutherian placenta
have used likelihood models with one parameter (that is, all
possible transitions between pairs of characters occur at equal
rates [24,44]). Except for the fact that interior nodes are assigned
a probability of exhibiting each character state, rather than being
assigned a single most parsimonious character state, these
models are formally identical to squared-change parsimony,
which extends upon linear parsimony in that it is considered
more parsimonious to reconstruct the occurrence of evolutionary
transitions on long branches rather than short ones, since the
former represent long periods of time in which a transition is
more likely to have taken place [48].

By allowing the number of transition rates to be greater than one
it is possible to construct more complex models of character evolu-
tion that can describe more complex evolutionary phenomena [49].
For example, an ordered model (as described for the interhemal
interface by Martin [21]) of evolution between the three characters,
A, B and C, can be modeled as a two parameter process in which
transitions between ‘‘neighboring’’ states (A / B, B / C and their
reverse) are constrained to occur at a high rate while the transitions
between ‘‘extreme’’ states (A / C or C / A) are constrained to occur
at a low rate. Similarly, a directional trend in evolution along
a continuum A 4 B 4 C might be modeled by constraining the
transition rates A / B and B / C to be greater than the transition
rates C / B and B / A. These multi-parameter models, absent from
previous likelihood analyses (Table 2), permit the direct testing of
evolutionary hypotheses regarding the nature of character evolution
since the maximum likelihood of each candidate model can be
compared using standard methods such as the likelihood ratio test or
the Akaike Information Criterion [50]. Unlike the linear parsimony
approach, maximum likelihood methods can make use of informa-
tion about branches of a phylogenetic tree upon which no changes
have occurred (which for placental characters constitutes the
majority of branches on the eutherian tree), or branches upon which
rare transitions have occurred, since these branches help to estimate
suitably low probabilities of change across the tree as a whole. For
this reason, addition of taxa is always expected to improve the
accuracy of maximum likelihood phylogenetic reconstructions, even
when these taxa do not induce additional evolutionary transitions in
the reconstruction.

The relationship, if any, between placental evolution and the
evolution of mammalian life history, ecology and parent-offspring
conflict, can only be elucidated when we have a confident estimate of
the polarity of changes in placental characters over time. In this
article we bring a battery of ancestral state reconstruction methods
to the question of placental evolution in eutherian mammals,
including the first application of multi-parameter maximum likeli-
hood reconstruction. Our dataset consists of the interhemal
membrane (hemochorial, endotheliochorial or epitheliochorial), the
general placental shape (cotyledonary, diffuse, zonary or discoid/
bidiscoid), and the placental interdigitation (villous, trabecular or
labyrinthine) of 334 eutherian species. We infer ancestral states for
34 internal nodes of the eutherian phylogeny with three alternative
rootings (Figs. 1 and 5), using maximum parsimony, maximum
likelihood and Bayesian approaches. We pay special attention to the
statistical testing of alternate reconstructions and models of evolu-
tion such as ordered versus unordered transitions between placental
characters. In the case of the interhemal membrane we additionally
test the hypothesis that body mass is correlated with placental
invasiveness, which arises from the apparent concentration of
hemochorial placentation in species of relatively small size and of
epitheliochorial placentation in species of relatively large size
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[20,21]. We use the distribution of body mass among extant species
along with estimates of body mass for six internal (fossil) nodes to
refine our inference of ancestral placental state for the very deepest
nodes of the eutherian phylogeny.

2. Methods

Data on placentation and body mass in 334 extant eutherian mammals were
obtained from the literature, along with the estimated body mass of six extinct
mammalian taxa (the earliest known eutherian, primate, plesiadapoform,
Anthropoid, adapiform, and Diacodexis; see Appendix for references and data).
Phylogenies used in the comparative tests presented here are derived from
a recent species-level supertree [34]; the version used was provided by Bininda-
Emonds et al (personal communication, 2008) and incorporates improved branch
length estimates relative to those of the initial publication. It is important to note
that the supertree methodology generates a form of consensus tree based on
existing phylogenetic analyses; it can only be as accurate as – and can only
represent phylogenetic hypotheses that are present in – the source trees upon
which it is based. The parsimony method (MRP) used by Bininda-Emonds et al
permits the weighting of input trees by their a priori reliability and concords well,
at deep nodes of the tree, with recent molecular studies while incorporating
a range of data bearing on the resolution of recent species radiations. The rooting
of the mammalian tree remains a subject of active research and debate [51–55];
in this study three alternative rootings of the eutherian phylogeny were consid-
ered (Fig. 5). The majority of figures and tables of this paper present results for
the supertree (Fig. 1).

Parsimony reconstructions were carried out using the software package
Mesquite [56] and used the squared-change parsimony method in order to take
advantage of branch length information. Under traditional (linear) parsimony,
ancestral states are reconstructed by finding an assignment of states that minimizes
the total number of evolutionary changes occurring over the phylogenetic tree as
a whole; squared-change parsimony does not penalize evolutionary changes equally
but rather divides the penalty to be applied to an evolutionary change by the square
root of the branch length upon which that change occurs. An evolutionary event that
has occurred upon a long branch is thus considered more parsimonious than the
same evolutionary event had it occurred upon a short branch. Where character
states exhibit a potential ordering (i.e., villous 4 trabecular 4 labyrinthine or epi-
theliochorial 4 endotheliochorial 4 hemochorial), ordered models were consid-
ered in addition to unordered models. In an ordered model a character can only pass
between two extreme states via one or more intermediate states. An ordered model
may be as parsimonious as an unordered model, or less parsimonious, but the
addition of an extra constraint means that it cannot be more parsimonious.

Maximum likelihood reconstructions that do not consider the (potential)
correlation between body mass and interhemal membrane were carried out using
the software package Bayes Traits ([57], for mathematical background see also Refs.
[58]). In the maximum likelihood framework, evolutionary transitions between two
character states are taken to occur at some instantaneous rate. The rate matrix R
below illustrates a hypothetical ordered model with three character states A, B and C
and two rate parameters a and b:

A B C
A �a a 0
B b �b� a a
C 0 b �b

In this model, the transitions A / B and B / C occur at rate a and the transitions
C / B and B / A occur at rate b. Direct transitions between the extreme values A
and C are impossible and are set to zero; finally the matrix is constrained such that
each row sums to zero (providing the negative ‘‘rates’’ at which no transition occurs).
In general, in a model with N character states there are a maximum N2–N possible
unique transition rates. A rate matrix R is converted into a probability matrix P by
matrix exponentiation, such that P¼ Exp(tR) where t is the length of some specific
branch. The likelihood L of some assignment of ancestral states to the nodes of
a phylogenetic tree with B branches is then given by

L ¼
YB

b¼1

Pðt; i; jÞ

where each branch b has length t, character state i at its start and j at its end; and
P(t,i,j) is the element at the ith row and jth column of the probability matrix
P¼ Exp(tR).

A model incorporating a potential correlation between body mass and inter-
hemal interface is implemented as a modification of the standard likelihood
framework described above. Species are grouped by their placental type (hemo-
chorial, endotheliochorial or epitheliochorial). Each group is taken to be character-
ized by a Gaussian distribution of body mass with unknown mean m, standard
deviation s, and probability density 4(m,s). When calculating the likelihood of
a branch with character state i and body mass m at its start and character state j at its
end, the matrix element Ri,j is scaled by the probability density 4j at m. Again, the
rate matrix as a whole is constrained such that the rows sum to zero. As a conse-
quence of this scaling of transition rates, evolutionary transitions toward some
placental type p are less likely when the body mass of the species undergoing the
transition differs markedly from mp.

Hypothesis testing was accomplished by comparing either the maximum
likelihood (derived from a global minimization procedure in Bayes Traits), or the
average likelihood of a sample obtained from a Metropolis-Hastings Markov
Chain, between competing models [49,57]. A Markov chain samples millions of
highly likely, independent ancestral state reconstructions rather than a single
maximum likelihood reconstruction; the frequency with which some hypothe-
sized ancestral state appears in the set is a measure of the support for that
hypothesis, an intuition that can be formalized through a statistical test of the
average likelihood of sets of trees generated under competing evolutionary
models. Where the Metropolis-Hastings algorithm was used to obtain a sample of
candidate models each chain was allowed to run for at least 20 million genera-
tions after attaining stationarity. For the body mass correlation analysis, body
mass was estimated at the same time as placental type under a Brownian motion
model [59] constrained at six internal nodes according to estimates of body mass
based on fossil taxa Appendix). Likelihood ratio tests were used to test for
a significant difference in the goodness of fit between models. In order to find the
best-fitting maximum likelihood model, the maximum likelihood of the free
model was first calculated; each pair of transition rates was then set to be equal
to each other and the model re-fit; the constraint causing the least reduction in
total likelihood of the model was accepted into the model. Additional constraints
were successively imposed until the point at which any new constraints would
cause a significant reduction in the goodness of fit. This procedure generates an
evolutionary model consisting of the smallest number of free parameters
consistent with a good fit to the data.
3. Results

3.1. Maximum parsimony analyses

Unordered maximum parsimony reconstructions of the processes
underlying the evolution of placental interdigitation, shape and
interhemal interface are illustrated in Fig. 2. Ordered parsimony
models (Fig. 3) were found to be less parsimonious than corre-
sponding unordered models due to the origin of villous hominid
placentation and epitheliochorial strepsirhine placentation within
the broadly hemochorial labyrinthine Euarchontaglires. However
there was general agreement between unordered and ordered
parsimony models on there being a preponderance of transitions
from a hemochorial to an endotheliochorial condition and from
labyrinthine to trabecular interdigitation, and a relative deficit of
transitions in the opposite directions. In the case of placental inter-
digitation, ancestral state reconstruction based on maximum parsi-
mony designates the root node to be unambiguously labyrinthine.
However, in the case of interhemal barrier and placental shape, the
condition of the root node cannot be inferred unambiguously.
Nevertheless the parsimonyapproach is informative to the extent that
it rejects the possibility that the ancestor of extant eutherians
exhibited epitheliochorial, diffuse or cotyledonary forms of placen-
tation, conditions found in present-day strepsirhine primates and
ungulates. Maximum parsimony reconstructions of placental char-
acters for various internal nodes (as illustrated in Fig. 1) are provided
in Table 3.

Alternative rootings of the phylogenetic tree (see Fig. 5 for
illustrations) did not result in differences in ancestral reconstruction
for placental shape and interdigitation. However the common
ancestor of extant eutherians was reconstructed as unambiguously
hemochorial when either Xenarthra or the clade Xenar-
thraþAfrotheria was considered the most basal branch of the
phylogeny, under both ordered and unordered models.
3.2. Maximum likelihood analyses without body mass interaction

Maximum likelihood reconstructions of the processes under-
lying the evolution of placental interdigitation, shape and



Fig. 2. Unordered maximum parsimony models of placental evolution in 334 euthe-
rian species. Top: fetomaternal interdigitation. Middle: placental shape. Bottom:
maternal tissue in contact with the outer surface of the placenta. Arrows representing
each transition are labelled by the number of steps occurring in the maximum
parsimony reconstruction; fractional values reflect ambiguity in the directionality of
the step, in which case the cost of the step is divided between the possible directions.
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interhemal interface are illustrated in Fig. 4. A preponderance of
transitions from labyrinthine through trabecular to villous forms of
interdigitation was found in all of the most likely models of evolu-
tion, suggestive of a directional tendency in placental evolution;
conversely no obvious directional trend was identifiable in the
evolution of placental shape. Direct tests of the ordered versus
unordered models were carried out by constraining rates of change
between ‘‘extreme’’ character states to equal zero. For both inter-
digitation and interhemal interface, ordered models were found to
fit the data significantly worse than corresponding unordered
models (p< 0.001).

Two alternative classes of likelihood models – one with
a preponderance of transitions from endotheliochorial to non-
endotheliochorial forms of placentation, and one with a prepon-
derance of transitions from hemochorial to non-hemochorial
forms of placentation – were found among the most likely
models of the evolution of interhemal interface. These models are
associated with the inference of endotheliochorial or hemochorial
placentation, respectively, at the root of the phylogeny considered
here; the maximum likelihood for each class of model does not
differ significantly (p¼ 0.650). Markov chain analyses sample
from a broad range of reconstruction with high likelihood rather
than restricting analysis to the single maximum likelihood
reconstruction. Markov chain samples of ancestral state recon-
structions indicate that the average likelihood of trees in which
the root node is constrained to be hemochorial is significantly
higher than the average likelihood of trees in which the root node
is constrained to be endotheliochorial. Table 4 describes these
reconstructions for a number of internal nodes. For each node the
frequency with which the stationary Markov Chain Monte Carlo
visits the specified placental character is provided, along with the
significance of the reconstruction (obtained by performing
a likelihood ratio test on pairs of trees with nodes constrained to
take alternative character states, as discussed in the Methods
section).

3.3. Maximum likelihood analyses with body mass interaction

The apparent concentration of hemochorial placentation in
relatively small-bodied mammals, and of epitheliochorial placen-
tation in relatively large-bodied mammals, may be a phylogenetic
artifact resulting from the large number of rodent and ungulate
taxa, or may reflect a functional relationship between placental
invasiveness and body size evolution [20]. We test for the signifi-
cance of an interaction between body size and placentation using
a model of evolution in which each interhemal category is taken to
be characterized by some normal distribution of body mass, of
unknown mean and standard deviation; evolutionary transitions
toward some placental category are more likely to occur in species
whose body mass is not an outlier with respect to the normal
distribution of body mass for the target category. Apart from this
scaling of transition rates (see Methods), the model is a standard
likelihood model of character evolution. This model was found to
fit the data significantly better than an identical model in which
placental categories did not differ in body mass distribution,
providing phylogenetic support for the hypothesis that variation in
placental type is correlated with variation in body size indepen-
dent of the covariance of closely-related taxa in body mass and
placentation. For the seven deepest nodes of the mammalian tree,
under this model, the Markov Chain spent virtually all of its time
(>99%) in a single character state after achieving stationarity
(hemochorial for Eutheria, ‘‘Xen-Boroeutheria’’, Boroeutheria,
Afrotheria, Euarchontaglires and Xenarthra; endotheliochorial for
Laurasiatheria; p< 0.001 in all cases; Table 5). The ancestral states
of shallower nodes did not differ markedly from those presented in
Table 3.

4. Discussion

Previous studies on the evolution of placental characters have
produced inconsistent results regarding the nature of the inter-
hemal membrane in the common ancestor of living eutherians
(Table 2). This inconsistency appears to result from the use of
maximum parsimony approaches combined with the unbalanced



Fig. 3. Ordered maximum parsimony models of placental evolution in 334 eutherian species. Left: fetomaternal interdigitation. Right: maternal tissue in contact with the outer
surface of the placenta. Arrows representing each transition are labelled by the number of steps occurring in the maximum parsimony reconstruction.
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shape of the eutherian phylogeny and the existence of placental
variation in ancient lineages such as Afrotheria and Xenarthra. The
analyses presented above, which include a variety of maximum
likelihood and Bayesian approaches, including the analysis of
evolutionary patterns of body mass as a covariate of placental type,
support the view that hemochorial placentation was an early
Table 3
Maximum parsimony reconstructions of interhemal barrier, placental shape and
fetomaternal interdigitation in eutherian mammals.

Node Interhemal barrier Interdigitation Shape

Rodentia Hemochorial Labyrinthine Discoid
Lagomorpha Hemochorial Labyrinthine Discoid
Primates Hemochorial Labyrinthine Discoid
Dermoptera Hemochroial Labyrinthine Discoid
Scandentia Endotheliochorial Labyrinthine Discoid
Cetartiodactyla Epitheliochorial Trabecular Diffuse
Perissodactyla Epitheliochorial Trabecular Diffuse
Carnivora Endotheliochorial Labyrinthine Zonary
Pholidota Endotheliochorial Trabecular Diffuse
Chiroptera Hemochorial Labyrinthine Discoid
Erinaceomorpha Hemochorial Labyrinthine Discoid
Soricomorpha Hemochorial Labyrinthine Discoid
Pilosa Hemochorial Trabecular or

Labyrinthine
Discoid

Cingulata Hemochorial Trabecular Discoid
Chrysochloridea Hemochorial Labyrinthine Discoid
Tenrecomorpha Hemochorial Labyrinthine Discoid
Macroscelididea Hemochorial Labyrinthine Discoid
Tubulidentata Endotheliochorial Labyrinthine Zonary
Sirenia Endotheliochorial Labyrinthine Zonary
Hyracoidea Hemochorial Labyrinthine Zonary
Proboscidea Endotheliochorial Labyrinthine Zonary
Glires Hemochorial Labyrinthine Discoid
Lipotyphla Hemochorial Labyrinthine Discoid
Euarchonta Hemochorial Labyrinthine Discoid
Ferungulata Trabecular or

Labyrinthine
Zonary

Paenungulata Hemochorial or
Endotheliochorial

Labyrinthine Zonary

Xenarthra Hemochorial Trabecular or
Labyrinthine

Discoid

Afroinsectivora Hemochorial Labyrinthine Discoid
Euarchontaglires Hemochorial Labyrinthine Discoid
Laurasiatheria Hemochorial Labyrinthine Discoid
Afrotheria Hemochorial or

Endotheliochorial
Labyrinthine Zonary or Discoid

Boreoeutheria Hemochorial Labyrinthine Discoid
‘‘Xen-Boreoeutheria’’ Hemochorial Labyrinthine Discoid
Eutheria Hemochorial or

Endotheliochorial
Labyrinthine Zonary or Discoid
adaptation of eutherian mammals. Markov Chain Monte Carlo
samples from a number of maximum likelihood models consis-
tently indicate that hemochorial placentation was characteristic of
the earliest common ancestor of living species, while parsimony
approaches indicate that hemochorial placentation was character-
istic, at least, of the earliest common ancestor of living species other
than Afrotheria.

Maximum parsimony reconstructions of interhemal interface,
fetomaternal interdigitation and placental shape, under unordered
and ordered models of evolution, are illustrated in Figs. 2 and 3. For
the interhemal interface, the unordered reconstruction, with
a length of seventeen steps, was found to be slightly more parsi-
monious than the ordered reconstruction, with a length of eighteen
steps. This difference arises from the fact that, under an ordered
reconstruction, the primates must undergo an additional transition
in placental type because the model presumes a priori the existence
of a historical endotheliochorial intermediate between the hemo-
chorial haplorhines and the epitheliochorial strepsirhines. Ordered
and unordered models of character evolution were equally parsi-
monious in the reconstruction of fetomaternal interdigitation,
while placental shape does not submit in any straightforward way
to an ordered model.

Fig. 4 illustrates the best-fitting maximum likelihood models of
placental character evolution. These reconstructions do not differ
markedly from those derived from a parsimony approach and are in
agreement that ordered models of placental evolution perform
worse than unordered models, and that the majority of transitions
in fetomaternal interdigitation have involved the transformation of
labyrinthine into trabecular or villous patterns. Likelihood models
of the evolution of the interhemal interface fall into two broad
classes whose maxima cannot be distinguished in terms of statis-
tical maximum likelihood: those with a preponderance of transi-
tions from hemochorial to endotheliochorial placentation, and
those with a preponderance of transitions in the opposite direction.
However, the former class of models were more frequently visited
during a Markov chain analysis, indicating that these models are on
average more likely (p< 0.001).

Much previous work on the evolution of the placental inter-
face has focused upon parsimonious ancestral state inference
without consideration of likelihood-based evolutionary models,
or without their formal characterization (Table 2). In addition,
such studies have used relatively small phylogenetic trees since
the existence of invariant taxa within a clade do not affect linear
maximum parsimony reconstructions of ancestral state, it being
sufficient to consider only branches upon which transitions have
occurred. Such approaches yield ambiguous ancestral recon-
structions of the interhemal interface for the ancestor of extant



Fig. 4. Maximum likelihood models of placental evolution in 334 eutherian species. Top left: fetomaternal interdigitation. Top right: placental shape. Bottom left and right:
alternative models of the evolution of interhemal membrane (reported as the maternal tissue in contact with the outer surface of the placenta) which do not differ significantly in
likelihood. Arrows representing each transition are labelled by the maximum likelihood transition rate.
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eutherians, with a tendency toward the inference of ancestral
endotheliochorial placentation depending upon the phylogeny
used. Unlike methods of maximum parsimony, maximum likeli-
hood methods make use of all the data in a phylogeny including
branches upon which no transitions have occurred, since these
contribute toward a reduction in the inferred rate of transitions
across the entire tree, directly influencing the likelihood with
which interior nodes of the phylogeny are inferred to have taken
each character state. Despite the view that reconstruction of
ancestral placental characters is fraught with uncertainly, the
results presented above, derived from a variety of alternative
models of the evolutionary process, yield a generally consistent
view of placental evolution. Tables 3 and 4 provide ancestral
state reconstructions for 34 internal nodes of the mammalian
tree, based upon an analysis of placental data from 334 extant
species. Regarding placental shape and interdigitation, there is
broad agreement between all analyses presented above (and
with the previous studies in Table 2) that the earliest common
ancestor of living eutherians exhibited a discoid labyrinthine
placenta. Regarding the interhemal membrane, maximum parsi-
mony and Bayesian likelihood methods agree on ancestral states
in nineteen of twenty-one ordinal nodes, uncertainty arising only
in the case of Pilosa (anteaters and sloths) and Chiroptera (bats),
both groups being considered hemochorial under maximum
parsimony and endotheliochorial under maximum likelihood.
Above the ordinal level in clades other than Afrotheria,
maximum parsimony and maximum likelihood levels are
consistent in indicating hemochorial placentation as the ances-
tral form in ‘‘Xen-Boroeutheria’’ with no origin of endothe-
liochorial forms prior to Laurasiatheria. In two of the three
(apparently equally likely) alternative rootings of the eutherian
phylogeny illustrated in Fig. 5 [31–33], maximum parsimony
models indicate hemochorial placentation as the ancestral state
for the living taxa. Our Markov Chain Monte Carlo likelihood
analysis of 334 extant taxa unambiguously reconstructs the
ancestor of extant eutherians as having hemochorial placenta-
tion, in agreement with previous maximum likelihood analyses
[44], and independent of tree topology (Table 3, Fig. 5).

In parsimony studies, uncertainty in the inference of ancestral
state appears to be imposed by the existence of placental varia-
tion in the basal clades Afrotheria and Xenarthra. The interhemal
interface of the former clade is now well-documented thanks to
the recent research of Carter and colleagues [39–42]. Similarly,
knowledge of the interhemal state in Xenarthrans is also fairly
complete [38,60,61]. Additional knowledge of placental variation
in non-basal clades will provide better estimates of the evolu-
tionary model describing the process by which placentation has
diversified but cannot remove uncertainty in the basal condition.
For this reason it is useful to look to more circumstantial
evidence, beyond additional taxon sampling, in support of an
ancestral hemochorial or endotheliochorial condition. First we
consider variation in placental shape (ranging from diffuse
placental attachment through various zonary forms to discoid and
bidiscoid attachment) and vascular pattern (ranging from villous
through trabecular to labyrinthine arrangements). In agreement
with previous studies we infer an ancestral condition of laby-
rinthine, discoid placentation. While this formation is character-
istic of small hemochorial mammals such as rodents and many
bats, it is also found as a derived state in numerous carnivores
such as the cats, bears and seals. Large endotheliochorial basal



Table 4
Bayesian MCMC reconstructions of interhemal barrier, placental shape and fetomaternal interdigitation in eutherian mammals. The proportion of time spent by the stationary
Markov Chain in the specified character state is given in brackets, along with statistical significance of the reconstruction (**p<¼ 0.01; *p<¼ 0.05).

Node Interhemal barrier Interdigitation Shape

Rodentia Hemochorial (l.00)** Labyrinthine (1.00)** Discoid (1.00)**

Lagomorpha Hemochorial (0.9)** Labyrinthine (0.99)** Discoid (0.99)**

Primates Hemochorial (0.61)* Labyrinthine (0.78)** Discoid (0.63)**

Dermoptera Hemochorial (1.00)** Labyrinthine (1.00)** Discoid (1.00)**

Scandentia Endotheliochorial (1.00)** Labyrinthine (1.00)** Discoid (1.00)**

Cetartiodactyla Epitheliochorial (1.00)** Trabecular (l.00)** Diffuse (1.00)**

Perissodactyla Epitheliochorial (1.00)** Trabecular (l.00)** Diffuse (1.00)**

Carnivora Endotheliochorial (1.00)** Labyrinthine (1.00)** Zonary (l.00)**

Pholidota Endotheliochorial (1.00)** Trabecular (l.00)** Diffuse (1.00)**

Chiroptera Endotheliochorial (0.55)** Labyrinthine (1.00)** Discoid (1.00)**

Erinaceomorpha Hemochorial (1.00)** Labyrinthine (1.00)** Discoid (1.00)**

Soricomorpha Hemochorial (0.59)** Labyrinthine (0.94)** Discoid (0.87)**

Pilosa Endotheliochorial (0.58)** – Discoid (1.00)**

Cingulata Hemochorial (0.99)** Trabecular (l.00)** Discoid (1.00)**

Chrysochloridea Hemochorial (1.00)** Labyrinthine (1.00)** Discoid (1.00)**

Tenrecomorpha Hemochorial (0.92)** Labyrinthine (0.99)** Discoid (0.99)**

Macroscelididea Hemochorial (0.99)** Labyrinthine (1.00)** Discoid (0.99)**

Tubulidentata Endotheliochorial (1.00)** Labyrinthine (1.00)** Zonary (l.00)**

Sirenia Endotheliochorial (1.00)** Labyrinthine (1.00)** Zonary (l.00)**

Hyracoidea Hemochorial (0.99)** Labyrinthine (1.00)** Zonary (l.00)**

Proboscidea Endotheliochorial (1.00)** Labyrinthine (1.00)** Zonary (l.00)**

Glires Hemochorial (0.99)** Labyrinthine (1.00)** Discoid (1.00)**

Lipotyphla Hemochorial (0.7)** Labyrinthine (0.99)** Discoid (0.97)**

Euarchonta Hemochorial (0.66)** Labyrinthine (0.50) Discoid (0.91)**

Ferungulata Endotheliochorial (0.56)** Trabecular (0.98)** Diffuse (0.90)**

Paenungulata Endotheliochorial (0.84)** Labyrinthine (1.00)** Zonary (0.99)**

Xenarthra Hemochorial (0.71)** Trabecular (0.96)** Discoid (0.99)**

Afroinsectivora Hemochorial (0.97)** Labyrinthine (1.00)** Discoid (0.99)**

Euarchontaglires Hemochorial (0.85)** Labyrinthine (0.99)** Discoid (1.00)**

Laurasiatheria Endotheliochorial (0.85)** Labyrinthine (0.52) Diffuse (0.72)**

Afrotheria Hemochorial or Endotheliochorial (0.51) Labyrinthine (1.00)** Zonary (0.75)**

Boreoeutheria Hemochorial (0.51) Labyrinthine (0.98)** Discoid (0.99)**

"Xen-Boreoeutheria" Hemochorial (0.68)** Labyrinthine (0.98)** Discoid (0.97)**

Eutheria Hemochorial (0.65)** Labyrinthine (0.98)** Discoid (0.95)**
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taxa including the elephants, aardvark and manatee also exhibit
labyrinthine placentation, though of a zonary form. Hence,
knowledge that these placental states were likely characteristic of
the basal eutherian does not provide strong correlative evidence
for or against an ancestral hemochorial or endotheliochorial
placenta.

Second we examine variation in body size. Interestingly, of the
endotheliochorial Afrotherians mentioned above, all but Micro-
potamogale are of moderate or large body size (in contrast to the
small hemochorial Afrotherians such as the remaining tenrecs
and elephant shrews). Body size is, indeed, one of the most
striking correlates of the interhemal interface in mammals as
a whole [20,21], with a general tendency for hemochorial
placentation to be concentrated in species of small mass, and
Table 5
Bayesian MCMC reconstructions of interhemal barrier in eutherian mammals under
a model incorporating an evolutionary correlation with body mass. The proportion
of time spent by the stationary Markov Chain in the specified character state is given
in brackets, along with statistical significance of the reconstruction (**p� 0.01).

Node Interhemal barrier

Xenarthra Hemochorial (0.75)**

Euarchontaglires Hemochorial (0.99)**

Laurasiatheria Endotheliochorial (0.95)**

Afrotheria Hemochorial (0.83)**

Boreoeutheria Hemochorial (0.99)**

‘‘Xen-Boreoeutheria’’ Hemochorial (0.99)**

Eutheria Hemochorial (0.99)**
epitheliochorial placentation to be concentrated in species of
large mass, throughout extant Eutheria. For example, our dataset
contains 113 species weighing less than one kilogram, only thir-
teen of which exhibit non-hemochorial placentation. However, of
124 species weighing over 10 kg, only fourteen exhibit hemo-
chorial placentation; see also Fig. 3. A larger dataset [20] yields
similar results with around ten percent of large or small species
exhibiting hemochorial or epitheliochorial placentation respec-
tively. Significantly, the earliest known mammals were the
culmination of a long-term trend of extreme miniaturization.
Phylogenetic analysis indicates that crown mammals are most
closely allied with fossil docodont and morganucodont mam-
maliaformes [62]. Skull length in these groups is typically less
than 100 mm, suggesting a body mass of less than 100 g [63]; on
the basis of complete fossil skulls body mass is judged to be as
low as 2 g in Hadrocodium [62] while total body length in Mor-
ganucodon is just 10 cm [64]. The first eutherians, as exemplified
by Eomaia, were also very small, weighing 20–25 g [65].
Furthermore, the cutting and grinding dental characters of early
mammaliaformes, prototherians and eutherians suggest diets
ranging from insectivory to omnivory, suggesting a lifestyle akin
to that of extant (hemochorial-dominated) rodents and insecti-
vores [62,66,67]. If the relationship between body size and
placentation characteristic of extant mammals also maintained
for early mammals (notwithstanding the existence of occasional
gigantism in a number of early ‘‘dead-end lineages’’ [68] and in
crown Eutherian taxa extinguished without leaving descendants
in the Quaternary [69]), then the presence of small-sized, rodent-
like or insectivore-like species at the base of the eutherian



Fig. 5. Maximum likelihood (Bayesian MCMC) reconstruction of the interhemal interface in eutherian mammals. Pie charts indicate the posterior probability of ancestral state
reconstruction for each character state. Tips of the tree represent the most recent common ancestor (MRCA) of the labelled mammalian order; events occurring after the origin of
orders (for example the origin of epitheliochorial placentation in Primates or hemochorial placentation within Carnivora) are not illustrated. Three alternative rootings are
considered.
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phylogeny is consistent with our inference of hemochorial,
labyrinthine and discoid/bidiscoid placentation in these groups,
with less invasive forms of placentation evolving along with
shifts toward larger body mass during and after the Mesozoic.
These ideas are tested using analyses in which the evolution of
the interhemal interface is taken to be correlated with the
evolution of body mass; these models were found to fit the data
significantly better than those in which body size evolution is
ignored. With the body mass of six internal nodes fixed at values
on the basis of the fossil record the hemochorial placental state
of early eutherian taxa was inferred with much greater confi-
dence. Together, the result presented above support the notion
that a highly invasive hemochorial form of placentation is an
ancient eutherian adaptation present in the earliest common
ancestors of the extant taxa.

Despite major progress in comparative placentation over
recent decades, the mammalian phylogeny contains vast unex-
plored areas (for example, less than 2% of myomorph and sor-
icomorph species are included in the present study). It is likely
that future comparative research will bring to light hitherto
unknown transformations of the placenta within such groups,
including diversification at finer levels of morphology than those
considered here. What additional data, beyond information
regarding the distribution of placental types in extant species,
might permit independent corroboration of these results? Fig. 5
indicates that, under the hypothesis of hemochorial placentation
as the ancestral condition of extant eutherians, origins of endo-
theliochorial placentation in Afrotheria, Xenarthra and Laur-
asiatheria constitute convergent but independent evolutionary
events. Under the alternative hypothesis of endotheliochorial
placentation as the ancestral condition, it is hemochorial
placentation that his supposed to have arisen independently in
clades such as Afrotheria, Xenarthra, Euarchontaglires, Insectivora
and Chiroptera. Information on the genetic architecture of
placentation should permit the empirical testing of competing
hypotheses regarding which instances of placentation are iden-
tical by descent and which are identical due to convergent
evolution; for example, endotheliochorial placentation in Afro-
theria and Carnivora are expected to share a common genetic
basis under the hypothesis of early endotheliochorial placenta-
tion, but not necessarily under the hypothesis of early hemo-
chorial placentation. Comparative studies of gene expression
during placentation in mice, human beings and cows ([70], see
also Refs. [71–73]) already indicate that a large number of novel
genes are associated with the origin of epitheliochorial placen-
tation in the latter species. Further studies on gene expression
and molecular evolution should focus upon phylogenetically
diverse endotheliochorial taxa in order to obtain independent
support for hypotheses of placental character evolution.
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Appendix

Placental data used in the analyses
Family Species Interhemal Membrane Venous Pattern Placental Shape References

Ailuridae Ailurus fulgens Endotheliochorial [74]
Anomaluridae Anomalurus derbianus Hemochorial Trabecular Discoid/Bidiscoid [75]

Anomalurus beecrofti Hemochorial Trabecular Discoid/Bidiscoid [75]
Antilocapridae Antilocapra americana Epitheliochorial Villous Cotyledonary [74,76–78]
Aplodontidae Aplodontia rufa Hemochorial Labyrinthine Discoid/Bidiscoid [79]
Atelidae Lagothrix lagotricha Hemochorial [74]

Ateles geoffroyi Hemochorial [74,80,81]
Alouatta seniculus Hemochorial [74]

Balaenidae Megaptera novaeangliae Epitheliochorial Trabecular Diffuse [82]
Bathyergidae Bathyergus janetta Hemochorial Labyrinthine Discoid/Bidiscoid [83]
Bovidae Tragelaphus spekii Epitheliochorial Villous Cotyledonary [74,84,85]

Tragelaphus eurycerus Epitheliochorial Villous Cotyledonary [74]
Tragelaphus angasii Epitheliochorial Villous Cotyledonary [74]
Taurotragus oryx Epitheliochorial Villous Cotyledonary [74]
Syncerus caffer Epitheliochorial Villous Cotyledonary [74,86]
Saiga tatarica Epitheliochorial Villous Cotyledonary [74]
Raphicerus campestris Epitheliochorial Villous Cotyledonary [74,87,88]
Pseudois nayaur Epitheliochorial Villous Cotyledonary [74]
Ovis vignei Epitheliochorial Villous Cotyledonary [74,89,90]
Ovis aries Epitheliochorial Villous Cotyledonary [74,89–93]
Oryx gazella Epitheliochorial Villous Cotyledonary [74]
Oryx dammah Epitheliochorial Villous Cotyledonary [74]
Oreotragus oreotragus Epitheliochorial Villous Cotyledonary [74]
Neotragus pygmaeus Epitheliochorial Villous Cotyledonary [74]
Naemorhedus goral Epitheliochorial Villous Cotyledonary [74]
Naemorhedus crispus Epitheliochorial Villous Cotyledonary [74]
Madoqua kirkii Epitheliochorial Villous Cotyledonary [74,94,95]
Litocranius walleri Epitheliochorial Villous Cotyledonary [74]
Kobus megaceros Epitheliochorial Villous Cotyledonary [74]
Kobus defassa Epitheliochorial Villous Cotyledonary [74,96]
Kobus ellipsiprymnus Epitheliochorial Villous Cotyledonary [74,87]
Hippotragus niger Epitheliochorial Villous Cotyledonary [74,87,88,97]
Hippotragus equinus Epitheliochorial Villous Cotyledonary [74]
Hemitragus jemlahicus Epitheliochorial Villous Cotyledonary [74]
Hemitragus hylocrius Epitheliochorial Villous Cotyledonary [74]
Gazella thomsonii Epitheliochorial Villous Cotyledonary [74]
Gazella subgutturosa Epitheliochorial Villous Cotyledonary [74]
Gazella spekei Epitheliochorial Villous Cotyledonary [74]
Gazella soemmerringii Epitheliochorial Villous Cotyledonary [74]
Gazella leptoceros Epitheliochorial Villous Cotyledonary [74]
Gazella granti Epitheliochorial Villous Cotyledonary [74]
Gazella dorcas Epitheliochorial Villous Cotyledonary [74]
Gazella dama Epitheliochorial Villous Cotyledonary [74]
Gazella cuvieri Epitheliochorial Villous Cotyledonary [74]
Damaliscus lunatus Epitheliochorial Villous Cotyledonary [74]
Connochaetes gnou Epitheliochorial Villous Cotyledonary [74,87,97]
Cephalophus silvicultor Epitheliochorial Villous Cotyledonary [74]
Capra ibex Epitheliochorial Villous Cotyledonary [74]
Copra hircus Epitheliochorial Villous Cotyledonary [89,90,98]
Capra falconeri Epitheliochorial Villous Cotyledonary [74]
Capra cylindricornis Epitheliochorial Villous Cotyledonary [74]
Budorcas taxicolor Epitheliochorial Villous Cotyledonary [74]
Bubalus depressicornis Epitheliochorial Villous Cotyledonary [74]
Bubalus bubalis Epitheliochorial Villous Cotyledonary [74,99–103]
Boselaphus tragocamelus Epitheliochorial Villous Cotyledonary [74]
Bos taurus Epitheliochorial Villous Cotyledonary [74]
Antidorcas marsupialis Epitheliochorial Villous Cotyledonary [74,77]
Aepyceros melampus Epitheliochorial Villous Cotyledonary [74,104]

Bradypodidae Bradypus griseus Endotheliochorial Labyrinthine [74,105–108]
Bradypus variegatus Endotheliochorial Labyrinthine [60,74,109]
Bradypus tridactylus Endotheliochorial Labyrinthine [60,74]
Bradypus torquatus Endotheliochorial Labyrinthine [60,74]

Camelidae Vicugna vicugna Epitheliochorial Trabecular Diffuse [74]
Lama pacos Epitheliochorial Trabecular Diffuse [74,110–112]
Lama guanicoe Epitheliochorial Trabecular Diffuse [74,113]
Lama glama Epitheliochorial Trabecular Diffuse [74,113–116]
Camelus dromedarius Epitheliochorial Trabecular Diffuse [74,116–120]
Camelus bactrianus Epitheliochorial Trabecular Diffuse [74,116]

Canidae Vulpes vulpes Endotheliochorial [121]
Canis lupus Endotheliochorial [74,122]

Castoridae Castor canadensis Hemochorial Labyrinthine [74,123–125]



Appendix. (continued)

Family Species Interhemal Membrane Venous Pattern Placental Shape References

Caviidae Kerodon rupestris Hemochorial Labyrinthine Discoid/Bidiscoid [126,127]
Hydrochaeris hydrochaeris Hemochorial Labyrinthine Discoid/Bidiscoid [74,127,128]
Galea musteloides Hemochorial Labyrinthine Discoid/Bidiscoid [129,130]
Cavia porcellus Hemochorial Labyrinthine Discoid/Bidiscoid [74,127,129,131,132]

Cebidae Saimiri sciureus Hemochorial Trabecular Discoid/Bidiscoid [74]
Saguinus geoffroyi Hemochorial Trabecular Discoid/Bidiscoid [133]
Leontopithecus rosalia Hemochorial Trabecular Discoid/Bidiscoid [74]
Cebus albifrons Hemochorial Trabecular Discoid/Bidiscoid [74]
Callithrix jacchus Hemochorial Trabecular Discoid/Bidiscoid [134,135]
Callimico goeldii Hemochorial Trabecular Discoid/Bidiscoid [74]

Cercopithecidae Trachypithecus obscurus Hemochorial Trabecular Discoid/Bidiscoid [136]
Trachypithecus francoisi Hemochorial Trabecular Discoid/Bidiscoid [74]
Semnopithecus entellus Hemochorial Trabecular Discoid/Bidiscoid [74]
Pygathrix nemaeus Hemochorial Trabecular Discoid/Bidiscoid [74]
Papio hamadryas Hemochorial Trabecular Discoid/Bidiscoid [137–139]
Nasalis larvatus Hemochorial Trabecular Discoid/Bidiscoid [74]
Miopithecus talapoin Hemochorial Trabecular Discoid/Bidiscoid [74]
Mandrillus sphinx Hemochorial Trabecular Discoid/Bidiscoid [74]
Macaca silenus Hemochorial Trabecular Discoid/Bidiscoid [1]
Macaca mulatta Hemochorial Trabecular Discoid/Bidiscoid [74,140–144]
Erythrocebus patas Hemochorial Trabecular Discoid/Bidiscoid [74]
Colobus angolensis Hemochorial Trabecular Discoid/Bidiscoid [74]
Chlorocebus aethiops Hemochorial Trabecular Discoid/Bidiscoid [145,146]
Cercopithecus lhoesti Hemochorial Trabecular Discoid/Bidiscoid [74]
Cercocebus torquatus Hemochorial Trabecular Discoid/Bidiscoid [74]

Cervidae Rangifer tarandus Epitheliochorial Villous Cotyledonary [1,147]
Pudu puda Epitheliochorial Villous Cotyledonary [74]
Odocoileus virginianus Epitheliochorial Villous Cotyledonary [74,148]
Hydropotes inermis Epitheliochorial Villous Cotyledonary [74]
Elaphurus davidianus Epitheliochorial Villous Cotyledonary [149–152]
Elaphodus cephalophus Epitheliochorial Villous Cotyledonary [74]
Dama dama Epitheliochorial Villous Cotyledonary [74,152,153]
Cervus unicolor Epitheliochorial Villous Cotyledonary [74]
Cervus timorensis Epitheliochorial Villous Cotyledonary [74]
Cervus nippon Epitheliochorial Villous Cotyledonary [74,152]
Cervus eldii Epitheliochorial Villous Cotyledonary [74]
Cervus elaphus Epitheliochorial Villous Cotyledonary [74]
Capreolus capreolus Epitheliochorial Villous Cotyledonary [74,153]
Axis calamianensis Epitheliochorial Villous Cotyledonary [74]
Axis axis Epitheliochorial Villous Cotyledonary [74,152]

Cheirogaleidae Microcebus murinus Epitheliochorial Villous Diffuse [155,156]
Chinchillidae Lagostomus maximus Hemochorial Labyrinthine [74,130,157]

Chinchilla lanigera Hemochorial Labyrinthine [74,130,158,159]
Chrysochloridae Chrysochloris asiatica Hemochorial Labyrinthine Discoid/Bidiscoid [160]
Cricetidae Phodopus sungorus Hemochorial Labyrinthine Discoid/Bidiscoid [74]

Peromyscus maniculatus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Ondatra zibethicus Hemochorial Labyrinthine Discoid/Bidiscoid [74]
Microtus xanthognathus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Mesocricetus auratus Hemochorial Labyrinthine Discoid/Bidiscoid [162–164]
Lemmus lemmus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Dicrostonyx groenlandicus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Myodes rutilus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Myodes glareolus Hemochorial Labyrinthine Discoid/Bidiscoid [161]
Calomys callosus Hemochorial Labyrinthine Discoid/Bidiscoid [165]
Arvicola terrestris Hemochorial Labyrinthine Discoid/Bidiscoid [166]

Ctenodactylidae Ctenodactylus gundi Hemochorial Labyrinthine Discoid/Bidiscoid [167]
Cuniculidae Cuniculus paca Hemochorial Labyrinthine Discoid/Bidiscoid [127–129,168–170]
Cyclopedidae Cyclopes didactylus Hemochorial Trabecular Discoid/Bidiscoid [171]
Cynocephalidae Cynocephalus volans Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Dasypodidae Tolypeutes matacus Hemochorial [38,61]

Dasypus novemcinctus Hemochorial Trabecular Discoid/Bidiscoid [38,61,76,172,173]
Dasypus hybridus Hemochorial Trabecular Discoid/Bidiscoid [38,61]
Chaetophractus villosus Hemochorial Trabecular Discoid/Bidiscoid [38,61]
Cabassous chacoensis Hemochorial [38,61]

Dasyproctidae Dasyprocta leporina Hemochorial Labyrinthine Discoid/Bidiscoid [127,128]
Dasyprocta azarae Hemochorial Labyrinthine Discoid/Bidiscoid [127,128,174,175]

Daubentoniidae Daubentonia
madagascariensis

Epitheliochorial Villous Diffuse [74,176]

Delphinidae Tursiops truncatus Epitheliochorial Trabecular Diffuse [74,177]
Sotalia fluviatilis Epitheliochorial Trabecular Diffuse [178]
Orcinus orca Epitheliochorial Trabecular Diffuse [74,179]
Lissodelphis borealis Epitheliochorial Trabecular Diffuse [74]
Cephalorhynchus
commersonii

Epitheliochorial Trabecular Diffuse [74]
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Dinomyidae Dinomys branickii Hemochorial [74]
Dipodidae Zapus hudsonius Hemochorial Labyrinthine Discoid/Bidiscoid [180]

Jaculus jaculus Hemochorial Labyrinthine Discoid/Bidiscoid [180]
Echimyidae Proechimys setosus Hemochorial [1]
Elephantidae Loxodonta africana Endotheliochorial Labyrinthine Zonary [74,181–184]

Elephas maximus Endotheliochorial Labyrinthine Zonary [74,185]
Emballonuridae Taphozous melanopogon Endotheliochorial Labyrinthine Discoid/Bidiscoid [186,187]

Saccopteryx bilineata Endotheliochorial Labyrinthine Discoid/Bidiscoid [187]
Equidae Equus kiang Epitheliochorial Trabecular Diffuse [74]

Equus grevyi Epitheliochorial Trabecular Diffuse [74]
Equus caballus Epitheliochorial Trabecular Diffuse [74,188,189,190]
Equus burchellii Epitheliochorial Trabecular Diffuse [191]
Equus asinus Epitheliochorial Trabecular Diffuse [74,188,192]

Erethizontidae Erethizon dorsatum Hemochorial Labyrinthine Discoid/Bidiscoid [74,193]
Erinaceidae Erinaceus europaeus Hemochorial Labyrinthine Discoid/Bidiscoid [194]
Felidae Panthera tigris Endotheliochorial Labyrinthine Zonary [74]

Panthera leo Endotheliochorial Labyrinthine Zonary [74]
Felis catus Endotheliochorial Labyrinthine Zonary [74,195–197]

Furipteridae Furipterus horrens Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Galagidae Otolemur crassicaudatus Epitheliochorial Villous Diffuse [198]

Galago senegalensis Epitheliochorial Villous Diffuse [199–202]
Geomyidae Thomomys bottae Hemochorial Labyrinthine [203]

Geomys bursarius Hemochorial Labyrinthine [203]
Giraffidae Okapia johnstoni Epitheliochorial Villous Cotyledonary [74]

Giraffa camelopardalis Epitheliochorial Villous Cotyledonary [204]
Heteromyidae Perognathus parvus Hemochorial Labyrinthine [1]

Microdipodops
megacephalus

Endotheliochorial Labyrinthine [1]

Dipodomys panamintinus Endotheliochorial Labyrinthine [205]
Dipodomys ordii Endotheliochorial Labyrinthine [205,206]
Dipodomys merriami Endotheliochorial Labyrinthine [205,206]
Chaetodipus fallax Hemochorial Labyrinthine [26]

Hippopotamidae Hippopotamus amphibius Epitheliochorial Trabecular Diffuse [74,208,209]
Hexaprotodon liberiensis Epitheliochorial Trabecular Diffuse [74]

Hipposideridae Rhinonicteris aurantia Endotheliochorial [187]
Hipposideros bicolor Hemochorial [210]

Hominidae Pongo pygmaeus Hemochorial Villous Discoid/Bidiscoid [74]
Pan troglodytes Hemochorial Villous Discoid/Bidiscoid [74]
Pan paniscus Hemochorial Villous Discoid/Bidiscoid [74]
Homo sapiens Hemochorial Villous Discoid/Bidiscoid [1]
Gorilla gorilla Hemochorial Villous Discoid/Bidiscoid [74]

Hyaenidae Crocuta crocuta Hemochorial Labyrinthine Zonary [74,211–215]
Hylobatidae Hylobates moloch Hemochorial [1]
Hystricidae Hystrix cristata Hemochorial Labyrinthine Discoid/Bidiscoid [83]

Hystrix africaeaustralis Hemochorial Labyrinthine Discoid/Bidiscoid [83]
Atherurus africanus Hemochorial Labyrinthine Discoid/Bidiscoid [26,216]

Indriidae Propithecus verreauxi Epitheliochorial Villous Diffuse [74]
Indri indri Epitheliochorial Villous Diffuse [217]

Iniidae Inia geoffrensis Epitheliochorial Trabecular Diffuse [178]
Lemuridae Varecia variegata Epitheliochorial Villous Diffuse [74]

Lemur catta Epitheliochorial Villous Diffuse [74]
Eulemurfulvus Epitheliochorial Villous Diffuse [74]

Leporidae Oryctolagus cuniculus Hemochorial Labyrinthine Discoid/Bidiscoid [74,218]
Lorisidae Nycticebus pygmaeus Epitheliochorial Villous Diffuse [74]

Loris tardigradus Epitheliochorial Villous Diffuse [219]
Macroscelididae Petrodromus tetradactylus Hemochorial Labyrinthine Discoid/Bidiscoid [220]

Rhynchocyon petersi Hemochorial Labyrinthine Discoid/Bidiscoid [221]
Rhynchocyon chrysopygus Hemochorial Labyrinthine Discoid/Bidiscoid [222,223]
Elephantulus rufescens Hemochorial Labyrinthine Discoid/Bidiscoid [224]
Elephantulus myurus Hemochorial Labyrinthine Discoid/Bidiscoid [224]

Manidae Manis tricuspis Endotheliochorial Trabecular Diffuse [74]
Megadermatidae Megaderma lyra Hemochorial Labyrinthine Discoid/Bidiscoid [225]
Megalonychidae Choloepus hofftnanni Endotheliochorial [60,74,108,226]

Choloepus didactylus Endotheliochorial [60,74]
Mephitidae Spilogale putorius Endotheliochorial [227]
Molossidae Tadarida brasiliensis Hemochorial Labyrinthine Discoid/Bidiscoid [228–230]

Molossus ater Hemochorial Labyrinthine Discoid/Bidiscoid [231–233]
Chaerephon plicata Hemochorial Labyrinthine Discoid/Bidiscoid [234]

Monodontidae Delphinapterus leucas Epitheliochorial Trabecular Diffuse [74]
Mormoopidae Pteronotus parnellii Hemochorial Labyrinthine Discoid/Bidiscoid [1,235]

Pteronotus davyi Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Mormoops megalophylla Hemochorial Labyrinthine Discoid/Bidiscoid [1]

Moschidae Moschus moschiferus Epitheliochorial Cotyledonary [74]
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Muridae Rattus norvegicus Hemochorial Labyrinthine Discoid/Bidiscoid [74,236]
Mus musculus Hemochorial Labyrinthine Discoid/Bidiscoid [74]
Meriones shawi Hemochorial Labyrinthine Discoid/Bidiscoid [206]
Bandicota indica Hemochorial Labyrinthine Discoid/Bidiscoid [237]
Acomys cahirinus Hemochorial Labyrinthine Discoid/Bidiscoid [161]

Mustelidae Mustela vison Endotheliochorial Labyrinthine [238]
Mustela putorius Endotheliochorial Labyrinthine [239–241]
Gulo gulo Endotheliochorial Labyrinthine [242]
Enhydra lutris Endotheliochorial Labyrinthine [74,243]
Aonyx capensis Endotheliochorial Labyrinthine [74]

Myocastoridae Myocastor coypus Hemochorial Labyrinthine Discoid/Bidiscoid [74,130,244]
Myrmecophagidae Tamandua tetradactyla Hemochorial Trabecular Discoid/Bidiscoid [60,245–247]

Myrmecophaga tridactyla Hemochorial Trabecular Discoid/Bidiscoid [60,74,248]
Myzopodidae Myzopoda aurita Endotheliochorial Labyrinthine Discoid/Bidiscoid [249]
Natalidae Natalus tumidirostris Endotheliochorial Labyrinthine Discoid/Bidiscoid [1]
NoctUionidae Noctilio albiventris Hemochorial [233,250,251]
Ochotonidae Ochotona princeps Hemochorial Labyrinthine Discoid/Bidiscoid [1,252]
Octodontidae Octodon degus Hemochorial [74,26,253–258]
Odobenidae Odobenus rosmarus Endotheliochorial Labyrinthine Zonary [74]
Orycteropodidae Orycteropus afer Endotheliochorial Labyrinthine Zonary [74,259–261]
Otariidae Zalophus californianus Endotheliochorial Labyrinthine Zonary [74]

Callorhinus ursinus Endotheliochorial Labyrinthine Zonary [74]
Arctocephalus pusillus Endotheliochorial Labyrinthine Zonary [262]

Pedetidae Pedetes capensis Hemochorial Labyrinthine Discoid/Bidiscoid [74,263–265]
Petromuridae Petromns typicus Hemochorial Labyrinthine Discoid/Bidiscoid [26,254,266]
Phocidae Lobodon carcinophagus Endotheliochorial Labyrinthine Zonary [267–269]

Leptonychotes weddellii Endotheliochorial Labyrinthine Zonary [268,269]
Hydrurga leptonyx Endotheliochorial Labyrinthine Zonary [267]

Phocoenidae Phocoena phocoena Epitheliochorial Trabecular Diffuse [270]
Phyllostomidae Macrotus californicus Hemochorial Labyrinthine Discoid/Bidiscoid [271–273]

Glossophaga soricina Hemochorial Labyrinthine Discoid/Bidiscoid [233,274]
Desmodus rotundus Hemochorial Labyrinthine Discoid/Bidiscoid [74,275,276]
Carollia perspicillata Hemochorial Labyrinthine Discoid/Bidiscoid [250,277–279]
Artibeus jamaicensis Hemochorial Labyrinthine Discoid/Bidiscoid [280]

Pithedidae Pithecia pithecia Hemochorial [74]
Platanistidae Platanista minor Epitheliochorial Trabecular Diffuse [281]

Platanista gangetica Epitheliochorial Trabecular Diffuse [281]
Procaviidae Procavia capensis Hemochorial Labyrinthine Zonary [74,282,283]

Heterohyrax brucei Hemochorial Labyrinthine Zonary [284]
Procyonidae Procyon lotor Endotheliochorial [285–288]

Nasua narica Endotheliochorial Labyrinthine Zonary [74]
Pteropodidae Rousettus leschenaulti Hemochorial Labyrinthine Discoid/Bidiscoid [80,289]

Pteropus giganteus Hemochorial Labyrinthine Discoid/Bidiscoid [290]
Cynopterus sphinx Hemochorial Labyrinthine Discoid/Bidiscoid [291]

Rhinocerotidae Rhinoceros unicornis Epitheliochorial Trabecular Diffuse [74,292–294]
Diceros bicornis Epitheliochorial Trabecular Diffuse [74,294]
Ceratotherium simum Epitheliochorial Trabecular Diffuse [74,294]

Rhinolophidae Rhinolophus rouxii Endotheliochorial Labyrinthine Discoid/Bidiscoid [295,296]
Rhinopomatidae Rhinopoma hardwickei Endotheliochorial Labyrinthine Discoid/Bidiscoid [297]
Sciuridae Xerus inauris Hemochorial Labyrinthine Discoid/Bidiscoid [1]

Tamiasciurus hudsonicus Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Tamias striatus Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Tamias quadrivittatus Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Tamias amoenus Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Spermophilus
tridecemlineatus

Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]

Spermophilus richardsonii Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Spermophilus lateralis Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Spermophilus franklinii Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Spermophilus elegans Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Spermophilus citellus Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Sciurus vulgaris Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Sciurus niger Hemochorial Labyrinthine Discoid/Bidiscoid [1,26]
Sciurus carolinensis Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Marmota monax Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Marmota flaviventris Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Glaucomys volans Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Funambulus pennantii Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Cynomys ludovicianus Hemochorial Labyrinthine Discoid/Bidiscoid [1]
Ammospermophilus
leucurus

Hemochorial Labyrinthine Discoid/Bidiscoid [1]

Solenodontidae Solenodon paradoxus Hemochorial Labyrinthine Discoid/Bidiscoid [298]
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Soricidae Suncus murinus Hemochorial Labyrinthine Discoid/Bidiscoid [299–302]
Sorex minutus Hemochorial Labyrinthine Discoid/Bidiscoid [303]
Sorex fumeus Hemochorial Labyrinthine Discoid/Bidiscoid [314,315]
Sorex araneus Hemochorial Labyrinthine Discoid/Bidiscoid [303]
Blarina brevicauda Hemochorial Labyrinthine Discoid/Bidiscoid [304–306]

Spalacidae Tachyoryctes splendens Hemochorial [307]

Suidae Sus scrofa Epitheliochorial Trabecular Diffuse [74,308–310]
Potamochoerus porcus Epitheliochorial Trabecular Diffuse [74]
Phacochoerus africanus Epitheliochorial Trabecular Diffuse [74,209]

Talpidae Talpa europaea Endotheliochorial Labyrinthine Discoid/Bidiscoid [311]
Scalopus aquaticus Epitheliochorial Villous Zonary [312,313]

Tapiridae Tapirus terrestris Epitheliochorial Trabecular Diffuse [314]
Tapirus indicus Epitheliochorial Trabecular Diffuse [74,314]

Tarsiidae Tarsius spectrum Hemochorial Trabecular Discoid/Bidiscoid [315]
Tayassuidae Catagonus wagneri Epitheliochorial Trabecular Diffuse [74,316]
Tenrecidae Tenrec ecaudatus Hemochorial Labyrinthine Discoid/Bidiscoid [1]

Setifer setosus Hemochorial Labyrinthine Discoid/Bidiscoid [317]
Potamogale velox Hemochorial Labyrinthine Discoid/Bidiscoid [318]
Oryzorictes hova Hemochorial Labyrinthine Discoid/Bidiscoid [43]
Micropotamogale lamottei Endotheliochorial [319]
Microgale cowani Hemochorial Labyrinthine Discoid/Bidiscoid [43]
Limnogale mergulus Hemochorial Labyrinthine Discoid/Bidiscoid [43]
Hemicentetes semispinosus Hemochorial Labyrinthine Discoid/Bidiscoid [320,321]
Echinops telfairi Hemochorial Labyrinthine Discoid/Bidiscoid [74,322,323]

Thryonomyidae Thryonomys swinderianus Hemochorial [324,325]
Thyropteridae Thyroptera tricolor Hemochorial Labyrinthine Discoid/Bidiscoid [326]
Tragulidae Tragulus javanicus Epitheliochorial Villous Diffuse [74,327,328]
Trichechidae Trichechus inunguis Endotheliochorial Labyrinthine Zonary [329]
Tupaiidae Urogale everetti Endotheliochorial Labyrinthine Discoid/Bidiscoid [330,331]

Tupaia tana Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaiapicta Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia palawanensis Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia montana Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia minor Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia longipes Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia javanica Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia gracilis Endotheliochorial Labyrinthine Discoid/Bidiscoid [330–332]
Tupaia glis Endotheliochorial Labyrinthine Discoid/Bidiscoid [74,330–332]
Dendrogale murina Endotheliochorial Labyrinthine Discoid/Bidiscoid [330,331]

Ursidae Ursus maritimus Endotheliochorial Labyrinthine Zonary [333]
Ursus arctos Endotheliochorial Labyrinthine Zonary [237]
Ursus americanus Endotheliochorial Labyrinthine Zonary [334]
Melursus ursinus Endotheliochorial Labyrinthine Zonary [74]

Vespertilionidae Pipistrellus mimus Hemochorial [335]
Myotis lucifugus Hemochorial Labyrinthine Discoid/Bidiscoid [229,336,337]
Miniopterns schreibersi Hemochorial Labyrinthine Discoid/Bidiscoid [233,338–342]

Viverridae Viverra civettina Endotheliochorial Labyrinthine Zonary [1]
Paradoxurus hermaphroditus Endotheliochorial Labyrinthine Zonary [1,343]
Arctictis binturong Endotheliochorial Labyrinthine Zonary [1,344]
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