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Suiformes (Artiodactyla) traditionally includes three
families: Suidae, Tayassuidae, and Hippopotamidae
but the monophyly of this suborder has recently been
questioned from molecular data. A maximum parsi-
mony analysis of molecular, morphological, and com-
bined data was performed on the same set of taxa
including representatives of the three Artiodactyla
suborders (Suiformes, Ruminantia, and Tylopoda) and
Perissodactyla as outgroup. Mitochondrial (cyto-
chrome b and 12S rRNA) sequence comparisons sup-
port the monophyly of Suina (Suidae and Tayassuidae)
and Ancodonta (Hippopotamidae) but not the mono-
phyly of Suiformes. Inversely, our preliminary morpho-
logical analysis supports the monophyly of Suiformes
whereas relationships among the three families are
not resolved. The combined data set does not resolve
the relationships between Suina, Ancodonta, and Rumi-
nantia. These results are discussed in relation to mor-
phological characters and paleontological data. Some
improvements are suggested to clarify the morphologi-
cal definition of Suiformes and relationships among

them. ©1998 Academic Press

INTRODUCTION

According to traditional systematics, the suborder
Suiformes Jaeckel, 1911 is included in the order Artio-
dactyla together with Ruminantia (cows, deers, chevro-
tains, and others) and Tylopoda (camelids). Suiformes
includes extant members of the families Suidae (pigs
and hogs with five genera), Tayassuidae (peccaries with
three genera) and Hippopopotamidae (hippos with two
genera), in addition to several other fossil families (see,
for example Viret, 1961). Among living Suiformes,
Simpson (1945) recognized two infraorders, Suina (suids
and tayassuids) and Ancodonta (hippopotamids).

Although these three families are thought to be
phylogenetically related, their representatives testify
to a rather old evolutionary history. Extant Suiformes

are nonruminant and they exhibit dental and skeletal
characters that are very primitive among Artiodactyls
(e.g., Gentry and Hooker, 1988; Pickford, 1993; Du-
crocq, 1994; Ducrocq et al., in press), making their
phylogenetic relationships difficult to establish from a
morphological point of view. Close relationships be-
tween Suidae and Tayassuidae are supported by paleon-
tological data (Viret, 1961) and molecular data (Gatesy
et al., 1996; Randi et al., 1996; Montgelard et al., 1997,
Gatesy, 1997). The position of Suina with respect to
Hippopotamidae is more debated. From morphological
and paleontological data, hippopotamids are alterna-
tively regarded as relatives to tayassuids (Pickford,
1993) or to an extinct artiodactyl family, the Anthraco-
theriidae (Gentry and Hooker, 1988). However, recent
molecular studies suggest that hippopotamids could be
more closely related to cetaceans (whales and dolphins)
than to suids and tayassuids (Irwin and Arnason, 1994;
Gatesy et al., 1996; Randi et al., 1996; Montgelard et al.,
1997; Gatesy, 1997; Shimamura et al., 1997). These
results indicate that Suiformes may constitute a para-
phyletic suborder defined on homoplastic dental and
osteological characters.

The scope of this study was to test, simultaneously
from molecular and morphological characters, the valid-
ity of the Suiformes clade as well as relationships
between the three extant families Suidae, Tayassuidae,
and Hippopotamidae. Molecular and morphological data
were analyzed on the same set of taxa by the maximum
parsimony approach. Our survey includes living repre-
sentatives of the three families of Suiformes and also of
the two other suborders of Artiodactyla (Ruminantia
and Tylopoda). Cetaceans were not included in this
analysis because they present too much divergence in
features for morphological comparisons. Molecular stud-
ies are based on the two mitochondrial cytochrome b
and 12S rRNA genes (Montgelard et al., 1997), and
morphological analyses, although preliminary, include
dental and skeletal characters.
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MATERIAL AND METHODS

Molecular analysis of cytochrome b and 12S rRNA
sequences. Eleven taxa were represented: (1) Suifor-
mes: Sus scrofa (Suidae), Tayassu tajacu (Tayassu-
idae), Hippopotamus amphibius, and Hexaprotodon
liberiensis (Hippopotamidae); (2) Tylopoda: Camelus
bactrianus and Lama guanicoe; (3) Ruminantia: Tragu-
lus napu (Tragulidae), Bos taurus, and Cervus nippon
or Cervus unicolor (Pecora); and (4) two Perissodactyla
(Equus grevyi and Diceros bicornis or Ceratotherium
simum) used as outgroups. Sequence references can be
found in Montgelard et al. (1997).

For both genes, all analyses were based on low-
saturing events. For the 12S rRNA gene, transversions
only in loops and both transition and transversion
events in stems were conserved (Springer and Douzery,
1996) whereas indels were omitted. For cytochrome b
low-saturating events are Conservative Nucleotide Sub-
stitutions (as defined in Arnason and Gullberg, 1996).

Morphological analysis. Seven living lineages were
characterized: (1) the three families of Suiformes (Su-
idae, Tayassuidae, and Hippopotamidae); the subor-
ders Tylopoda (Camelidae) and Ruminantia (Bovidae
and Tragulidae); and (3) the Perissodactyla lineage
Hippomorpha was used as outgroup. Forty cranioskel-
etal characters were defined; most of them are issued
from the analysis of Gentry and Hooker (1988). The list
of characters and the morphological matrix are avail-
able on the MPE web site or from S.D. upon request.
Analyses were conducted using nonordered character
states.

In both molecular and morphological analyses, the
phylogenetic content was tested with the g, statistic
(Hillis and Huelsenbeck, 1992), estimated by generat-
ing 10° trees with the random-trees option in PAUP
Version 3.1.1 (Swofford, 1993). Phylogenetic tree search
was conducted with PAUP using the branch-and-bound
search with TBR branch-swapping option. Robustness
of the nodes was assessed by the bootstrap method
(Felsenstein, 1985) after 1000 replications (bootstrap
option with heuristic search in PAUP) and the decay
index (DI, Bremer, 1988) using topological constraints
enforced in PAUP. DI corresponds to the number of
extrasteps either to remove a grouping (DI positive) or
to constrain the monophyly of the clade considered (DI
negative).

The level of incongruence between data sets (between
the two genes and between molecular and morphologi-
cal data) was tested with the program ARNIE included
in the Random Cladistics package (Siddall, 1996).
ARNIE used the incongruence length difference (ILD)
test with the parsimony approach (Farris et al., 1995).
One-thousand randomizations were performed with
unordered characters, multiple equally parsimonious
trees (mh), and branch-swapping (bb) options. Invari-
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ant sites were removed from analyses (Cunningham,
1997).

RESULTS

Molecular Analysis

The number of analyzed sites represent 1137 posi-
tions (287 variable and 241 informative) for the cyto-
chrome b and 866 sites (219 variable and 150 informa-
tive) for the 12S rRNA. The cytochrome b and 12S
rRNA sequences appeared fully congruent (P > 0.05
with 506 variable positions).

As already noted from a more complete data set
(Montgelard et al., 1997), DNA sequences from either
separate genes or genes in combination produced signifi-
cative skewed tree-length distribution (g; = —1.16 for
the cytochrome b, g; = —1.21 for the 12S rRNA, and
g1 = —1.27 for the two genes in combination; P < 0.01
in the three cases). Lower consistency and retention
indices are obtained for the cytochrome b (length of the
most parsimonious tree (L) = 550, Cl = 0.47, and
Rl = 0.49) relative to the 12S rRNA (L = 309, Cl = 0.53
and Rl = 0.57); the two genes in combination (Fig. 1A)
producing intermediate values (L = 866, Cl = 0.49,
and RI = 0.51).

All analyses based on separate or combined genes
indicate a strong support (BP = 100%, DI = +21 to
+58) for the monophyly of Hippopotamidae. A moder-
ate to strong support (63 to 97% BP, DI = +3to +13) is
given to the monophyly of Suina (Suidae and Tayassu-
idae). Alternative hypotheses (Suidae + Hippopotami-
dae or Tayassuidae + Hippopotamidae) are poorly sup-
ported (BP range 0—2%, DI = —22 to —9).

Suiformes always appeared paraphyletic because
Suina are either grouped with Ruminantia (BP = 61%)
in cytochrome b analysis or external (BP = 60%) to the
remaining Artiodactyla with the 12S rRNA, whereas
the combined data set do not clearly resolve relation-
ships between the four lineages (Suina, Hippopotami-
dae, Ruminantia, and Tylopoda). The monophyly of
Suiformes received negligible support in all analyses
(BP < 10%, DI = —4 to —2).

Morphological Analysis

The morphological matrix (40 variable and 30 infor-
mative characters) produced skewed distribution al-
though the significance level is close to 5% (g; = —0.59,
0.05 > P > 0.01). Two most parsimonious trees (L = 72,
Cl = 0.68, and Rl = 0.54) were recovered (Fig. 1B).

Suiformes appears monophyletic with strong support
(BP = 90%, DI = +4) whereas relationships among
other Artiodactyla are poorly resolved (50% BP for
Ruminantia). Among Suiformes, Suidae either clus-
tered with Tayassuidae or with Hippopotamidae but
with a very low support. The alternative Suidae +
Tayassuidae hypothesis appeared in 24% of bootstrap
replicates. When nonhomoplastic characters (with
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FIG. 1.

Most-parsimonious trees recovered with: (A) combined cytochrome b and 12s rRNA sequences (506 variable and 291 informative

characters; L = 866, Cl = 0.49, Rl = 0.51); (B) morphological analysis (40 variable and 30 informative characters; L = 72, Cl = 0.68,
RI = 0.54); (C) molecules and morphology in combination (546 variable and 321 informative characters; L = 891, Cl = 0.65, Rl = 0.32).
Bootstrap proportions from 1000 replicates are indicated above the branches and decay index values are reported below.

Cl = 1) are considered, Suiformes are characterized by
a single synapomorphic change of the character amas-
toidy. Other unambiguous changes correspond to rever-
sions with respect to character states defined in the
hippomorpha outgroup. Among them, we found the

character bunodonty which was the traditional dental
character used by morphologists to define Suiformes (Gen-
try and Hooker, 1988). Suidae appears to be characterized
by numerous autapomorphies while several reversions
appeared in the branch leading to Hippopotamidae.
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Combined Analysis

Because combining incongruent data sets can reduce
phylogenetic accuracy (Cunningham, 1997), our molecu-
lar and morphological partitions were tested for incon-
gruence before combination. The taxonomic sampling
was reduced to seven taxa (Sus, Tayassu, Hippopota-
mus, Bos, Tragulus, Camelus, and Equus as outgroup)
which are common to morphological and molecular
studies. Our data were partitioned in three data sets
including the cytochrome b (287 variable sites), the 12S
rRNA (219 variable positions), and the 40 morphologi-
cal characters. The test reveals no significant incongru-
ence between data partitions (P > 0.05).

The phylogenetic content of the whole data set was
significant (g; = —0.49; P = 0.01). The most parsimoni-
ous tree (L = 891, Cl = 0.65, Rl = 0.32) recovered from
the combined analysis is presented in Fig. 1C. In-
versely to the molecular analysis, Suiformes appeared
monophyletic but with a low support (BP = 38,
DI = +1). Suina (Sus and Tayassu) and Ruminantia
(Bos and Tragulus) appeared strongly supported
whereas the associations Tayassuidae—Hippopotami-
dae and Suidae—Hippopotamidae are not (BP = 0% and
1%, DI = —20 and —18, respectively).

DISCUSSION

The two mitochondrial genes provide strong support
for the monophyly of the infraorders Suina and An-
codonta, as already noted in numerous studies on
mitochondrial (Irwin et al., 1991; Irwin and Arnason,
1994; Douzery and Catzeflis, 1995; Randi et al., 1996;
Montgelard et al., 1997) or nuclear genes (Gatesy et al.,
1996; Gatesy, 1997). By contrast, the suborder Suifor-
mes (Suina + Ancodonta) appears either paraphyletic
or at least its monophyly is very weakly supported.
With the mitochondrial cytochrome b gene (Irwin and
Arnason, 1994; Randi et al., 1996; Hasegawa and
Adachi, 1996; Montgelard et al., 1997), Suiformes are
clearly paraphyletic due to the association between
Hippopotamidae and Cetacea. This unexpected group-
ing is also supported by the nuclear B and k casein
(Gatesy et al., 1996) and v-fibrinogen genes (Gatesy,
1997). With other available molecular data, such as the
mitochondrial 12S rRNA (Douzery and Catzeflis, 1995;
Montgelard et al., 1997), amino acid sequences of seven
nuclear polypeptides (Miyamoto and Goodman, 1986),
the pancreatic ribonuclease (Beintema et al., 1988), and
the « and B hemoglobins (Hasegawa and Adachi, 1996),
neither the association Hippopotamidae + Cetacea nor
the monophyly of Suiformes is supported. Moreover, a
recent work on SINES retroposons (Shimamura et al.,
1997) make also Suiformes paraphyletic because it
supports the monophyly of whales, hippos, and rumi-
nants to the exclusion of pigs and camels.

According to our preliminary morphological study,
Suiformes appears monophyletic but defined by a single
nonhomoplastic synapomorphy: the amastoidy. This
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character is however known to occur in other living
(Tubulidentata, some Cetacea and Carnivora; Grassé,
1955) and fossil (Anthracotheriidae, Entelodontidae;
Pearson, 1927) groups and the question of its phyloge-
netic validity must be clarified.

Relationships among Suiformes appear controver-
sial. According to Pickford (1989, 1993), Hippopotami-
dae could be issued from an Old World Tayassuid stock
and hence should be more related to Tayassuidae than
to Suidae. According to Gentry and Hooker (1988),
Hippopotamidae could have originated from the extinct
family Anthracotheriidae, with Suidae and Tayassu-
idae being more closely related to each others. In our
morphological analyses, although the association Hip-
popotamidae-Tayassuidae represents the less sup-
ported grouping (24% BP), the two other associations
Suidae—Tayassuidae or Suidae—Hippopotamidae are
equally supported (38% BP). Relationships among other
Artiodactyla appeared also unresolved: Ruminantia
are not clearly defined (50% BP). However, the level of
resolution is strongly character dependent. The addi-
tion of two soft-tissue characters (thick skin and com-
partmented stomach; data not shown) allowed a good
definition of Ruminantia and favor the cluster Suidae—
Hippopotamidae. In the combined analysis, Suiformes
appeared monophyletic with a low support whereas
Suina remains strongly supported, which is consistent
with an anthracothere ancestry for hippos.

However, it must be mentioned that our morphologi-
cal study is rather preliminary and several modifica-
tions could be introduced to improve the morphological
resolution. (1) It will be necessary to increase the
number of morphological characters and to strengthen
the analysis concerning homology of characters (for
example, amastoidy or bunodonty).

(2) A further analysis will need inclusion of paleonto-
logical data. The fossil record of Suidae and Tayassu-
idae goes back to at least the Late Eocene or even
earlier (i.e., 45 myr; Ducrocq, 1994; Ducrocq et al., in
press), whereas the oldest true hippos are known in
deposits not older than the Late Miocene (about 8 myr;
Pickford, 1993). Because of this gap between the record-
ing of fossil Hippopotamidae and the long history of
others living Suiformes (about 45 myr), it is clear that
further studies need to include fossil Suiformes. The
Anthracotheriidae lineage appeared as a clue taxon to
resolve the question of the ancestry of Hippopotamidae
and also the question of the monophyly of Suiformes.
Cetaceans represent another group to include because
of the increasing body of molecular results in favor of
the Cetartiodactyla (Montgelard et al., 1997) clade.
Despite recent progresses achieved in the paleontology
of cetaceans (e.g., Thewissen and Hussain, 1993), the
guestion of a possible association between Hippopotami-
dae and Cetacea will be more difficult to settle from a
morphological point of view, due to the very derived and
specialized conditions of cetaceans. Nevertheless, it
could be possible to include primitive cetacean fossils
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such as Pakicetus (Gingerich and Russell, 1981) and
others Archaeocetes displaying less-derived characters
(Thewissen, 1994). Mesonychidae should not be ne-
glected because of the phylogenetic implications of the
Hippo-Cetacea clade on the Cete (mesonychians and
Cetacea; Thewissen, 1994) monophyly (see discussion
in Gatesy et al., 1996). Furthermore, the addition of
taxa will reduce the possible bias of phylogenetic
reconstructions based on too few taxa (Philippe and
Douzery, 1994).

Finally, the choice of the outgroup remains an impor-
tant question because Suiformes are anatomically the
most primitive among Artiodactyla. We used Hippomor-
pha but it presents numerous derived characters
whereas Suiformes have retained a lot of plesiomor-
phies. So, Hippomorpha might not be an appropriate
outgroup because it implies too many reversions in the
Suiformes lineages. We performed analyses in which
the outgroup was represented by an hypothetical ances-
tor possessing ancestral states for all characters (data
not shown). In this case, the clade Suidae-Tayassuidae
is the most sustained association among Suiformes
whereas the monophyly of Suiformes is not supported.
In a data set including extinct forms, the fossil peris-
sodactyla Hyracotherium could hence represent an appro-
priate outgroup allowing polarization of characters.
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