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acid repeat region of the A2AB gene and a 21-bp region of the BRCA1 gene that is repeated
up to four times. The aligned data sets were the following lengths: A2AB (1,164 bp); IRBP
(1,292 bp); vWF (1,251 bp); 12S rRNA/tRNA valine-16S rRNA (2,001 bp); and BRCA1
(2,947 bp). Alignments for the concatenated (A2AB + IRBP + vWF + rRNA) and BRCA1
data sets are available in the Supplementary Information. Phylogenetic analyses included
unweighted and transversion parsimony, minimum evolution (5,708-bp data set) or
neighbour joining (BRCA1 data set) with logdet and maximum likelihood-GTR24

distances, neighbour joining with weighted average (WAVE) maximum likelihood
distances25, and maximum likelihood under the HKY85 (ref. 24) model of sequence
evolution. Gaps were coded as missing in parsimony analyses. Maximum-likelihood
estimates of relative rates and transition to transversion ratios were obtained from
maximum parsimony trees and used in subsequent maximum-likelihood analyses and in
calculating weighted-average maximum-likelihood distances. Bootstrap support values
are based on 500 replications except for maximum likelihood (100 replications).
Maximum-likelihood bootstrap analyses with the BRCA1 data set used the following
backbone constraint, where taxon numbers correspond to the ordering of taxa (top to
bottom) in Fig. 1B: (((1±4), (5, 6), (7, 8)), ((9, 10), 11-14), (15, 16), (17, 18), 19±21,
((((22±24), 25), 26), 27), 28, (29, 30), 31±35, ((36, 37), (38, 39), (40, 41)), ((42, 43), 44),
(45, 46), 47, ((48, 49), 50, 51)). Kishino and Hasegawa tests24 were used to examine a priori
hypotheses and to examine statistically acceptable root locations. In the latter case, we
obtained the best unrooted likelihood tree for each data set and then evaluated all possible
root positions. All phylogenetic analyses and statistical tests were performed with PAUP
4.0b2 (ref. 26), except for neighbour-joining with weighted average distances, where
analyses were performed with PHYLIP 3.572 (J. Felsenstein) and WAVEBOOT (D. King
and C. Krajewski). Maximum-likelihood analyses with rate partitions allowed the
following eight rate partitions with the 5,708-bp data set: third positions of each nuclear
gene; ®rst + second positions of each nuclear gene; RNA stems; and RNA loops. Two rate
partitions, corresponding to ®rst + second and third codon positions, respectively, were
used with the BRCA1 data set. NJ-WAVE analyses used a weighted-average distance
approach25 with the eight partitions indicated above for the 5,708-bp data set and two
partitions (®rst + second codon positions; third codon positions) for the 2,947-bp data
set; each partition was allowed its own rate, base composition, and transition to
transversion ratio. Monte Carlo simulations were performed with Seq-Gen 1.1 (ref. 27)
(Supplementary Information). Molecular dates were estimated using QDATE28

(Supplementary Information).
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The precise hierarchy of ancient divergence events that led to the
present assemblage of modern placental mammals has been an
area of controversy among morphologists, palaeontologists and
molecular evolutionists. Here we address the potential weaknesses
of limited character and taxon sampling in a comprehensive
molecular phylogenetic analysis of 64 species sampled across all
extant orders of placental mammals. We examined sequence
variation in 18 homologous gene segments (including nearly
10,000 base pairs) that were selected for maximal phylogenetic
informativeness in resolving the hierarchy of early mammalian
divergence. Phylogenetic analyses identify four primary super-
ordinal clades: (I) Afrotheria (elephants, manatees, hyraxes,
tenrecs, aardvark and elephant shrews); (II) Xenarthra (sloths,
anteaters and armadillos); (III) Glires (rodents and lagomorphs),
as a sister taxon to primates, ¯ying lemurs and tree shrews; and
(IV) the remaining orders of placental mammals (cetaceans,
artiodactyls, perissodactyls, carnivores, pangolins, bats and core
insectivores). Our results provide new insight into the pattern of
the early placental mammal radiation.

The panoply of morphological, ecological and genomic diversity
among extant mammals offers considerable potential for studies of
speciation, adaptation, molecular evolution, genome organization
and biogeography1±3. Studies on morphology and both mitochon-
drial and nuclear genes have revealed several higher level phylo-
genetic associations2,4±7, but a full resolution of the earliest placental
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divergences has yet to be accomplished. We obtained sequences
from segments of 15 nuclear and three mitochondrial genes (9,779
base pairs (bp)) in 64 placental and two marsupial species (Table 1).
Phylogenetic analyses of the concatenated data set using maximum
parsimony, maximum likelihood and distance based (neighbour
joining) methods all converged on a nearly identical, well supported
topology de®ning four principal eutherian lineages (Fig. 1). The
results af®rm monophyly of traditional placental orders (except
Artiodactyla and Insectivora), and also support some previously
proposed, as well as new, superordinal clades.

Our analyses provide further support for the superordinal clade
Afrotheria4,5,8 (Fig. 1, clade I), and place it as the most basal placental
divergence. Within Afrotheria, our data support a consistently
strong clustering of Paenungulata9(Hyracoidea, Sirenia and Pro-
boscidea) and a nested Tethytheria10 (Sirenia and Proboscidea). The
next basal mammalian lineage in our trees was the Neotropical
order Xenarthra (Fig. 1, clade II), whose monophyly was strongly
supported in all analyses. Within Xenarthra, our data consistently
united sloths (Choloepus spp.) and anteaters (Myrmecophaga,
Tamandua) in the proposed suborder Pilosa6, which was in turn
the sister group to armadillos. Although all of our trees showed the
placental root to be either between Afrotheria and all other
placentals (neighbour joining and maximum likelihood), or
within Afrotheria (maximum parsimony; on the branches leading
to elephant shrews or the tenrec), we could not statistically reject a
scenario with Afrotheria and Xenarthra as sister groups, separated
from all other eutherians by a basal split (P $ 0.07 in Kishino±
Hasegawa (parsimony and likelihood) and Templeton tests).
Furthermore, we could not statistically reject a scenario showing
Xenarthra basal to all other placentals (P $ 0.50 in Kishino±
Hasegawa (parsimony and likelihood) and Templeton tests), sug-
gesting that additional data collection will be required to resolve the
placental root with a high level of con®dence.

After these two basal divergences are two internal superordinal
clades of eutherians (Fig. 1, clades III and IV ), which were found as
sister groups in all of our analyses. Clade III represents a novel group
uniting rodents, lagomorphs, primates, tree shrews (Scandentia)
and ¯ying lemurs (Dermoptera). This is in contrast to molecular
studies that show support for rodents being basal eutherians7,11±13,
which was possibly in¯uenced by incomplete taxon sampling and
extreme rate acceleration in this group. Although bootstrap support
for this clade is not as high as for the other principal clades
(neighbour joining = 93%, maximum likelihood = 85%, maximum
parsimony = 64% and weighted parsimony = 73%), it is consistently
resolved in all of our analyses. Our increased taxon sampling
provides robust support for the monophyly of rodents, as well as

their sister-group relationship with lagomorphs (cohort Glires9,14), a
grouping that had been well established on morphological grounds2

but has been contradicted or unresolved with molecular
approaches13,15,16.

The cohort Glires is, in turn, the sister group of primates, ¯ying
lemurs and tree shrews. Within primates, lemur (Strepsirhini)
and tarsier (Tarsiiformes) were found to be sister taxa (bootstrap
$ 80%) that were separated from anthropoids by a deep divergence.
This contrasts with the widely held view that tarsiers are more
closely related to anthropoids than to Strepsirhini17. Furthermore,
although maximum parsimony and maximum likelihood analyses
consistently supported the monophyly of Primates and the sister-
group relationship between Dermoptera and Scandentia, distance-
based trees suggested primate paraphyly by placing ¯ying lemurs as
the sister group to anthropoids, and by placing tree shrews basal
among the three orders (Fig. 1). Kishino±Hasegawa (parsimony
and likelihood) and Templeton tests failed to reject either of these
hypotheses (P . 0.1 in all cases), which indicates that further
sampling within Dermoptera and Scandentia may be required to
fully resolve the deep, contemporaneous divergence among these
three orders.

Seven remaining placental ordersÐcetaceans, artiodactyls, peris-
sodactyls, carnivores, pangolins, bats, and core insectivores (hedge-
hogs, shrews and moles)Ðcomprise a fourth superordinal lineage
(Fig. 1, clade IV), a grouping that has received support from whole-
mitochondrial genome sequence analysis (although no pangolin
was sampled)7. Our results af®rm the monophyly of Chiroptera
(megabats plus microbats), which has been a topic of debate for over
a decade18. These data also reject (P , 0.0001 for all tests) a direct
relationship of bats with primates, ¯ying lemurs and tree shrews,
which were classically proposed to form the cohort Archonta14. Our
data support the polyphyly of Insectivora4,5,8, with shrews, moles
and hedgehogs forming a monophyletic group provisionally termed
`Eulipotyphla'19, whereas tenrecs clearly cluster within the super-
ordinal clade Afrotheria. We ®nd strong support for the traditional
view of placing hedgehogs in a clade with shrews and moles (boot-
strap $ 99%), which is in contrast to the basal position within
eutherians observed with mitochondrial DNA (mtDNA) genomes20.

The inter-ordinal relationships within clade IV were not fully
resolved with high con®dence, which is possibly due to the very
rapid diversi®cation of this group. However, our parsimony and
maximum likelihood analyses agree with recent mtDNA data7,
suggesting a sister-group relationship between Chiroptera and
Eulipotyphla at the base of this principal clade (see Supplementary
Information). The pangolin (Pholidota) was the sister group to
carnivores in combined (and many of the single-gene) analyses, a

Table 1 Characteristics of nuclear and mitochondrial gene segments

Gene Nucleotides Seq. div.
range (%)

Ident. mouse
vs human (%)

CI-MP No. of species
ampli®ed

Amino acids

No. of bp No. of var. sites No. of PI No. of res. No. of var. sites No. of PI
...................................................................................................................................................................................................................................................................................................................................................................

ADORA3 330 227 191 0.31±37.08 78.5 0.34 63 110 80 62
ADRB2* 834 392 313 0.36±18.06 86.4 0.35 60 278 97 63
APP-39UTR 690 454 299 0.32±31.16 90.5 0.51 63 ± ± ±
ATP7A 690 468 375 0±41.66 87.1 0.41 64 230 167 129
BDNF 558 250 179 0.54±27.52 90.7 0.36 63 186 73 38
BMI1-39UTR 340 175 78 0±16.78 93.4 0.65 56 ± ± ±
CNR1 1,002 398 332 0.41±27.25 89.6 0.30 62 334 55 24
CREM-39UTR 422 302 227 0±28.53 85.1 0.46 65 ± ± ±
EDG1 978 458 365 0.10±19.26 88.5 0.35 58 326 98 62
PLCB4-39UTR 337 290 249 0.33±70.40 78.9 0.44 65 ± ± ±
PNOC* 333 218 173 0±42.55 82.5 0.43 56 111 69 62
RAG1 774 353 303 0.78±23.98 87.1 0.32 56 258 66 47
RAG2* 444 255 203 0.45±23.36 89.2 0.38 62 148 86 54
TYR 426 258 224 0±34.66 85.9 0.36 52 142 83 67
ZFX 204 79 62 0±22.99 93.6 0.41 57 68 14 5
mtDNA 1,417 929 731 0±31.69 81.7 0.25 66 ± ± ±

Total 9,779 5,506 4,304 2,416 963 655
...................................................................................................................................................................................................................................................................................................................................................................

* No outgroup included in comparisons.
bp, base pairs; var., variable sites; PI, phylogenetically informative sites; res., amino-acid residues; Seq. div., percentage of nucleotide sequence divergence (Kimura 2-parameter); CI, consistency index of
most parsimonious tree(s).
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Figure 1 Phylogenetic relationships among 64 placental mammals and two marsupials

based on analysis of 9,779 bp from 15 nuclear and three mtDNA genes. The tree

represents the minimum evolution topology estimated through neighbour joining (NJ),

using maximum likelihood (ML) distances (see Methods). Maximum parsimony (MP) and

ML analyses (see Supplementary Information) produced a similar topology (MP:

TL = 26,422, consistency index CI = 0.34, retention index RI = 0.47; ML: Ln Likelihood =

-95086.03) with differences revolving mostly around short internodes with low bootstrap

support. Numbers indicate per cent bootstrap support from NJ (top), MP (middle) and ML

(bottom), based on 1,000 iterations for NJ and MP, and 100 iterations for ML. ML

analyses were based on a pruned data set (37 taxa marked with asterisks). Terminal taxa

are labelled by their generic designation, except where multiple members of a genus were

included (see Methods). Brackets indicate higher level taxonomic groups observed in

resulting trees (right of tree). A difference between MP/ML and NJ analyses was the

position of the ¯ying lemur (Cynocephalus, double asterisk). MP and ML differed from the

shown tree by supporting primate monophyly and a sister-group relationship between

Dermoptera and Scandentia. Weighted parsimony analyses using only transversions (Tv),

removal of third position transitions (Ts), and a Tv:Ts weight of 2:1 produced topologies

congruent with the shown tree, with differences revolving only around branches depicted

here with low (, 50%) bootstrap support.

© 2001 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 409 | 1 FEBRUARY 2001 | www.nature.com 617

relationship that has also been suggested by previous morphological
and molecular data6,21,22. Although our support for the Carnivora±
Pholidota sister grouping fails statistical tests against alternative
hypotheses (Kishino±Hasegawa (parsimony and likelihood) and
Templeton tests; P $ 0.345), our data do ®rmly place Pholidota
within clade IV, and reject the view of an alliance between pangolins
and the Neotropical Xenarthrans2 (Kishino±Hasegawa (parsimony
and likelihood) and Templeton tests, P , 0.0017). Our data also
consistently indicated a sister-group relationship between
Cetartiodactyla19 and Perissodactyla, albeit with only moderate
bootstrap support (63±72%).

We also performed phylogenetic analyses with the combined
amino-acid sequences from the 11 coding nuclear genes, which
provided medium to high support for the monophyly of most
orders, as well as some superordinal relationships (for example,
Afrotheria, Paenungulata, Glires, and a split between Afrotheria
plus Xenarthra versus other placentals; see Supplementary Informa-
tion). However, these data lacked suf®cient power to resolve the
other basal relationships identi®ed with the nucleotide data set. This
is not unexpected, given that the amino-acid data set contains less
than 20% of the number of variable and parsimony-informative
sites present in the nucleotide data set (Table 1).

Notably, our data set shows consistency of ampli®cation and
phylogenetic signal associated with the four non-coding nuclear
segments (APP, BMI1, CREM and PLCB4) all of which were derived
from 39 untranslated regions (39 UTRs). Whereas the average
percentage of variable sites was expectedly higher for the 39 UTRs
(68% of 1,789 bp, n = 4) versus coding regions (51% of 6,573 bp,
n = 11), the average consistency index was also higher for the
39 UTRs (0.51) compared with the coding regions (0.33). Within the
UTRs, we generally observed conserved blocks of sequence inter-
rupted by variable (yet usually alignable) indels, which were often
phylogenetically informative. It is probable that 39 UTRs will be of
importance in future phylogenetic studies of mammalian orders, as
well as higher level phylogeny within other taxonomic groups.

The molecular resolution of placental mammals into four super-
ordinal clades has been independently corroborated by an accom-
panying analysis23. Estimates for the timing of molecular divergence
indicate that the superordinal diversi®cation occurred 64±104 Myr
ago (median 84 Myr ago24), several millions of years prior to the K/T
boundary which marked the disappearance of the dinosaurs25. The
earliest divergences (Afrotheria and Xenarthra) apparently occurred
in the Southern Hemisphere, probably associated with the geologi-
cal separation of the southern supercontinent Gondwanaland,
followed by dispersal of the ancestors of Clades III and IV into the
northern supercontinent of Laurasia24. The placement of several
primitive insectivorous/generalist taxa near basal positions in each
of the major clades (for example, Tenrecidae, Eulipotyphla and
Scandentia; Fig. 1) is consistent with the early eutherian divergences
preceding their remarkable morphological diversi®cation. Geogra-
phical isolation of these primitive forms in different regions and the
appearance of ecological niches vacated by the dinosaurs may
account for the remarkable parallel adaptive radiations suggested
by Madsen et al.23

From a genomics standpoint, these ®ndings suggest that mouse
and human, the two species at the forefront of genomic sequencing,
are phylogenetically restricted to just one of the four principal
placental lineages identi®ed in our analyses. A broader knowledge
of mammalian genomic organization, function and evolution will be
gained by applying large-scale genome analysis to other species from
each of these principal lineages, particularly Afrotheria and Xenar-
thra. This will achieve a better understanding of the history of our
mammalian ancestors and the uniqueness of our own genome. M

Methods
Taxon sampling, ampli®cation and sequencing

Our data set contains representatives from divergent lineages of all eutherian orders. Order

Xenarthra: Choloepus didactylus (Linne's two-toed sloth), Choloepus hoffmanni
(Hoffmann's two-toed sloth), Tamandua tetradactyla (tamandua), Myrmecophaga
tridactyla (giant anteater), Euphractus sexcinctus (six-banded armadillo), Chaetophractus
villosus (hairy armadillo); Order Insectivora: Erinaceus concolor (European hedgehog),
Sorex araneus (European shrew), Asioscalops altaica (Old World mole), Condylura cristata
(star-nose mole), Echinops telfairi (tenrec); Order Macroscelidea: Elephantulus rufescens
(long-eared elephant shrew), Macroscelides proboscideus (short-eared elephant shrew);
Order Tubulidentata: Orycteropus afer (aardvark); Order Hyracoidea: Procavia capensis
(rock hyrax); Order Sirenia: Trichechus manatus (West Indian manatee); Order
Proboscidea: Loxodonta africana (African elephant); Order Rodentia: Tamias striatus
(eastern chipmunk), Castor canadensis (American beaver), Muscardinus avellanarius
(dormouse), Pedetes capensis (springhare), Mus musculus (mouse), Rattus norvegicus
(brown rat), Cricetus griseus (hamster), Hystrix brachyurus (Malayan porcupine),
Erethizon dorsatum (North American porcupine), Dipodomys heermanni (kangaroo rat),
Heterocephalus glaber (naked mole rat), Cavia tschudii (guinea-pig), Hydrochaeris
hydrochaeris (capybara), Myocastor coypus (nutria), Dinomys branickii (pacarana), Agouti
taczanowskii (mountain paca); Order Lagomorpha: Ochotona hyperborea (pika),
Sylvilagus cf. ¯oridanus (eastern cottontail); Order Dermoptera: Cynocephalus variegatus
(Malayan ¯ying lemur); Order Scandentia: Tupaia minor (lesser tree shrew); Order
Primates: Lemur catta (ring-tailed lemur), Tarsius bancanus (Western tarsier), Macaca
mulatta (rhesus macaque), Ateles fusciceps (brown-headed spider monkey), Callimico
goeldi (Goeldi's monkey), Hylobates concolor (gibbon), Homo sapiens (human); Order
Chiroptera: Rousettus lanosus (long-haired rousette), Pteropus giganteus (¯ying fox),
Nycteris thebaica (slit-faced bat), Artibeus jamacensis (Jamaican fruit-eating bat); Order
Carnivora: Canis familiaris (domestic dog), Ursus arctos (brown bear), Felis catus
(domestic cat), Leopardus pardalis (ocelot), Panthera onca (jaguar); Order Perissodactyla:
Ceratotherium simum (white rhinoceros), Equus caballus (horse), Tapirus indicus
(Malayan tapir); Order Artiodactyla: Lama glama (llama), Sus scrofa (pig), Hippopotamus
amphibus (hippopotamus), Okapia johnstoni (okapi), Tragelaphus euryceros (bongo);
Order Cetacea: Megaptera novaeangliae (humpback whale), Tursiops truncatus (bottlenose
dolphin); Order Pholidota: Manis pentadactyla (Chinese pangolin). For outgroup
comparison we included both Australian (Macropus eugenii, Tammar wallaby) and
American (Didelphis virginianus, opossum) marsupial representatives.

We designed primers as part of an ongoing effort to develop markers with uses in both
mammalian comparative gene mapping and mammalian phylogenetics. The GenBank
and UniGene databases (NCBI) were searched for genes with exons of suf®cient length
(. 200 bp) and variability (80±95% nucleotide identity between mouse and human),
thereby providing adequate variation for the purpose of phylogenetic and somatic cell/
radiation hybrid mapping. We designed primers in conserved stretches of the genes using
Primer 3.0 (Whitehead Institute). Primer design avoided regions showing BLAST
similarity to paralogues of the target gene. Primer pairs were selected by pre-screening
each set in a panel of DNA from 11 individuals, including ten species from different
eutherian Orders and one marsupial, using a touchdown PCR protocol with Taq-Gold
DNA polymerase (PE Biosystems), and either 1.5 or 2.0 mM MgCl2. Only those markers
that showed ampli®cation of a single, intense product of the predicted size in at least nine
of the ten eutherian orders were chosen for the ®nal study. We then chose successful primer
pairs (see Supplementary Information) for ampli®cation in a 96-well format (2 ´ 48
species or 6 ´ 16 species). We ampli®ed remaining species in separate reactions with
appropriate controls. Ampli®cation products and Big Dye terminator (Applied
Biosystems) sequencing reactions were puri®ed using the Psiclone 96-well PCR puri®-
cation system (Princeton Separations), and the 96-well Centri-sep system (Princeton
Separations), respectively. Sequencing reactions were largely performed in a 96-well
format using the ABI-3700 capillary sequencing apparatus, whereas smaller numbers of
reactions were analysed using either an ABI-373 stretch or ABI-377 DNA sequencer.

Our initial data set consisted of . 12,000 bp from 20 nuclear-coding loci. We removed
®ve genes (1,672 bp) owing to inconsistent ampli®cation in . 20% of the species, failure of
key taxa, or ampli®cation of putative paralogous loci in some species. The ®nal set of genes
comprised 10,704 bp of which 925 bp were deleted because of ambiguous alignment,
resulting in the total data set of 9,779 bp. A summary of the genes used and their
characteristics is given in Table 1.

Data alignment and phylogenetic analysis

Phylogenetic analysis was performed on data sets aligned using the computer software
CLUSTAL-X26. We manually inspected and modi®ed alignment output. Regions of the
alignments in which determination of homology was ambiguous were deleted before
phylogenetic analyses. In the ®nal data set, all taxa were represented by at least 11 of the 17
gene segments (see Supplementary Information). Phylogenetic analyses were performed
using maximum parsimony, distance-based (neighbour joining), and maximum like-
lihood methods implemented in PAUP* 4.0b2 (ref. 27), PHYLIP 3.57, (DNAML and
Protdist, J. Felsenstein, Univ. of Washington) and PUZZLE28. PAML 2.0 (Z. Yang,
University College, London) was used for estimating the transition/transversion ratio
(Ts/Tv = 2.0) and the a-parameter for rate variation among sites (a = 0.45). Parsimony
analyses were performed using 50 replicates with random addition of taxa and tree-
bisection reconnection branch swapping.

We performed minimum evolution (neighbour joining) analyses with several distance
measures (Kimura 2-parameter, Logdet and maximum likelihood distances with HKY85
model) to examine effects on topological stability (see Supplementary Information).
Maximum likelihood analyses for the nucleotide data set were performed with DNAML
(assuming equal substitution rates among sites) and with PAUP* (using an HKY-g model
with estimated parameters); maximum likelihood trees for the amino-acid data set were
constructed using PUZZLE (g-corrected JTT model). Reliability of nodes was assessed
using 1,000 bootstrap iterations for the nucleotide maximum parsimony and neighbour-
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joining trees and the amino-acid maximum parsimony phylogenies, and 100 replicates for
the nucleotide maximum likelihood tree and the amino-acid distance-based analyses
(Dayhoff PAM matrix) (see Supplementary Information for additional trees and summary
of bootstrap support). We performed tests of alternative phylogenetic hypotheses using
Kishino±Hasegawa29 (parsimony and likelihood) and Templeton's non-parametric30 tests.
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Most of the 470-million-year history of plants on land belongs to
bryophytes, pteridophytes and gymnosperms, which eventually
yielded to the ecological dominance by angiosperms 90 Myr
ago1±3. Our knowledge of angiosperm phylogeny, particularly
the branching order of the earliest lineages, has recently been
increased by the concurrence of multigene sequence analyses4±6.
However, reconstructing relationships for all the main lineages of
vascular plants that diverged since the Devonian period has
remained a challenge. Here we report phylogenetic analyses of
combined dataÐfrom morphology and from four genesÐfor 35
representatives from all the main lineages of land plants. We show
that there are three monophyletic groups of extant vascular
plants: (1) lycophytes, (2) seed plants and (3) a clade including
equisetophytes (horsetails), psilotophytes (whisk ferns) and all
eusporangiate and leptosporangiate ferns. Our maximum-like-
lihood analysis shows unambiguously that horsetails and ferns
together are the closest relatives to seed plants. This refutes the
prevailing view that horsetails and ferns are transitional evolu-
tionary grades between bryophytes and seed plants7, and has
important implications for our understanding of the development
and evolution of plants8.

Estimates of a phylogeny for the main groups of land plants, each
with highly divergent morphologies, have been many, and all have
been contested. Bryophytes (liverworts, hornworts and mosses) are
consistently shown to be a basal grade, but their relationships to one
another and to vascular plants are controversial1,2,9±13. Most phylo-
genetic analyses of vascular plants consistently reconstruct two
main lines of evolution: the Lycophytina (clubmosses and relatives),
with 1% of extant diversity, and the Euphyllophytina (all other
vascular plants)1,2,10,11,14±17. Extant Euphyllophytina1,2 comprises six
major monophyletic lineages: Equisetopsida (horsetails), Polypo-
diidae (leptosporangiate ferns), Spermatophytata (seed plants),
Psilotidae (whisk ferns; simple plants regarded by some to be
living relicts of the earliest vascular plants7,18), Marattiidae and
Ophioglossidae (eusporangiate ferns). Phylogenetic assessments
based on single genes10,11,14,15,19 and/or morphology1,7,12,17,20 have
provided only weak and usually contradictory evidence for the
relationships among these euphyllophyte lineages. Resolving these
relationships would not only stabilize a pivotal region of vascular
plant phylogeny but is also key to identifying the most appropriate
outgroup for addressing questions related to the evolution of seed
plants.

Recent palaeontological studies1,2,7 attempted to demonstrate that
approaches based solely on living species would have dif®culties
reconstructing relationships among major lineages of vascular
plants. Inadequate taxon sampling, rate heterogeneity across DNA
nucleotide sites among lineages, and inappropriate algorithms also
have been cited as impediments to resolving ancient branching
events21. However, as predicted by recent theoretical studies22,
combined analysis of DNA sequences from multiple loci proves to
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