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blue numbers (Fig. 1) appear to follow logi-
cally as we correlate peaks back from GIS 8.
However, this correlation places the begin-
ning of GIS 12 (the end of H5) at 48 ka. Both
GISP2 (25) and GRIP (23) as well two other
high-precision stalagmite records place the
end of H5 at ~45 ka (26, 27). The differenc-
es among stalagmite records [Hulu, Sorel
Cave, Israel (26), and Crevice Cave, Missou-
ri (27)] highlight important regional differ-
ences in past climate at this time. If we take
the end of HS at 45 ka as a tie point, we
obtain the correlation depicted by the brown
numbers. At present, we cannot distinguish
between the two. Beyond GIS 13, the corre-
lation appears straightforward and is consis-
tent with the only other high-resolution spe-
leothem correlation that covers this whole
time range (27). The oldest part of our record
correlates to the end of GIS 21.

The Hulu record identifies a link between
the East Asian Monsoon and North Atlantic
climate and supports the idea that millennial-
scale events first identified in Greenland are
hemispheric or wider in extent (28—32). The
Greenland events have been explained by
changing rates of North Atlantic deep water
formation, resulting in changing heat trans-
port to the North Atlantic (28, 33). The mil-
lennial-scale changes that we observe may
result similarly from massive and rapid
changes in oceanic and atmospheric circula-
tion patterns. The temporal relations between
the Hulu and Greenland deglacial sequences
are consistent with North Atlantic events that
trigger large-scale circulation changes (28).
Regardless of the trigger, our observations
are consistent with the idea that Northern
Hemisphere atmospheric circulation patterns
are more meridional in character during
Greenland interstadials and are more zonal
during stadials. Our data support the idea that
changes in the East Asian Monsoon are inte-
gral to millennial-scale changes in atmo-
spheric/oceanic circulation patterns and are
affected by orbitally induced insolation vari-
ations; however, our data do not show clear
evidence that sea level itself has an observ-
able effect on East Asian Monsoon intensity.
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Resolution of the Early
Placental Mammal Radiation
Using Bayesian Phylogenetics
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Molecular phylogenetic studies have resolved placental mammals into four
major groups, but have not established the full hierarchy of interordinal rela-
tionships, including the position of the root. The latter is critical for under-
standing the early biogeographic history of placentals. We investigated pla-
cental phylogeny using Bayesian and maximume-likelihood methods and a 16.4-
kilobase molecular data set. Interordinal relationships are almost entirely re-
solved. The basal split is between Afrotheria and other placentals, at about 103
million years, and may be accounted for by the separation of South America
and Africa in the Cretaceous. Crown-group Eutheria may have their most recent
common ancestry in the Southern Hemisphere (Gondwana).

Deciphering higher level relationships among
mammalian orders is a difficult problem in
systematics (/—6) and has important ramifi-

Laboratory of Genomic Diversity, National Cancer
Institute, Frederick, MD 21702, USA. 2Department of
Biology, University of Maryland, College Park, MD
20742, USA. 3Department of Biochemistry, University
of Nijmegen, Netherlands. “Department of Biology,
University of California, Riverside, California 92521,
USA. >Queen'’s University of Belfast, Biology and Bio-
chemistry, Belfast, UK. ®Center for Reproduction of
Endangered Species, Zoological Society of San Diego,
San Diego, CA 92112, USA. "Bioinformatics, Glaxo-
SmithKline, Collegeville, PA 19426, USA. 8Institute for
Systematics and Population Biology, Amsterdam,
Netherlands.

*These authors contributed equally to this work.
To whom correspondence should be addressed. E-
mail: mark.springer@ucr.edu (M.S.S.) or obrien@
ncifcrf.gov (S.).0.)

cations for evolutionary biology, genomics,
and biomedical sciences (7, 8). Studies based
on different, multikilobase molecular data
sets (9, 6) independently resolved placental
mammals into four superordinal groups:
Afrotheria, Xenarthra, Laurasiatheria, and
Euarchontoglires. However, hierarchical rela-
tionships within these groups and at deeper
levels in the placental tree remain unclear. A
precise resolution of the relationships among
the major groups and elucidation of the root
of the placental tree are critical for interpret-
ing biogeographic patterns and evolutionary
processes involved in the early diversification
of placental mammals.

We combined and expanded the large data
sets of Madsen et al. (5) and Murphy et al.
(6) to yield a 16,397—base pair molecular data
set that includes 19 nuclear and 3 mitochon-
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drial gene sequences for 42 placentals (rep-
resenting all major lineages) and 2 marsupial
outgroups (9). The data set is dominated by
nuclear exons. Among genes that have been
evaluated for resolving deep level mammali-
an relationships, nuclear exons have more
power than mitochondrial genes on a per-
residue basis (/0). Large molecular data sets
have the potential to resolve longstanding
controversies in systematics (3, 6, 11, 12),
especially when they are analyzed with ap-
propriate models of DNA sequence evolution
and with statistically robust estimation proce-
dures that extract the maximum amount of
information from molecular sequence data
(13).

We used a general-time-reversible -+
gamma + invariants (GTR + I' + T) model
of sequence evolution (/4) and likelihood-
based inferential techniques (/J5), including
parametric bootstrap tests (13, 16, 17) and
Bayesian methods (78, 19) with Markov
chain Monte Carlo (MCMC) sampling to as-
sess phylogenetic relationships and examine
alternative positions for the root of the pla-
cental tree. Given enough data and a correct
model of sequence evolution, likelihood
methods are statistically consistent and have
been shown to be powerful tools for resolving
complex phylogenetic problems (/3).

Figure 1 shows an evolutionary tree
with Bayesian posterior probabilities for
individual branches. Three independent
MCMC runs, each starting with random
trees for each of four simultaneous chains,
resulted in concordant joint posterior prob-
ability distributions for the topology and
the estimated parameters of the model of
sequence evolution (/5). This result sug-
gests that the chains were run for a suffi-
cient number of generations and sampled
the same posterior probability landscape.
With the exception of two nodes, the entire
placental superordinal tree is resolved with
posterior probabilities greater than 0.95.
All additional Bayesian analyses that var-
ied taxon and gene sampling (/5) resulted
in well-resolved trees with high posterior
probabilities (/5). Furthermore, an identi-
cal topology was also obtained with maxi-
mum likelihood (ML), strengthening our
confidence in the Bayesian results. For
some nodes, nonparametric ML bootstrap
values were lower than Bayesian posterior
probabilities (Fig. 1), consistent with the
suggestion of Hillis and Bull (20) that non-
parametric bootstrap support may be too
conservative.

Our results firmly place Laurasiatheria
and Euarchontoglires as sister taxa that to-
gether constitute a clade named Boreoeuth-
eria, with a Northern Hemisphere origin
according to the available fossil record (135,
21). Deeper in the placental tree, Xenarthra
and Boreoeutheria are sister taxa. The basal
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split among crown-group placentals is be-
tween Afrotheria versus Xenarthra +
Boreoeutheria (Fig. 1). Previous molecular
studies (5, 6) had suggested three most
likely positions for the root of the placental
tree: (i) the base of Afrotheria, (ii) the base
of Xenarthra, or (iii) the branch that sepa-
rates Xenarthra and Afrotheria from Boreo-
eutheria. Bayesian results and parametric
bootstrap tests reject both the Xenarthra
root (posterior probabilities < 0.01; para-
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metric bootstrap P = 0.01) and the root
between Xenarthra + Afrotheria and
Boreoeutheria (posterior probabilities <
0.04; parametric bootstrap P < 0.01) (Fig.
1) (15).

Within each of the four major clades,
relationships that were previously unresolved
or controversial are also well resolved. There
is now strong support for a basal split be-
tween paenungulates versus other afrother-
ians (aardvark, elephant shrews, and afrosori-
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Fig. 1. Phylogeny of living placental mammals reconstructed using a Bayesian phylogenetic
approach. An identical topology was obtained with maximum likelihood [-In L = 211110.54; see
(75) for methodological details]. The number above each branch refers to the Bayesian posterior
probability (shown as percentages; i.e., 95 represents a posterior probability of 0.95) of the node
derived from 26,250 MCMC sampled trees on the basis of the complete 16.4-kb data. Additional
analyses with the full data set and with data sets that varied taxon sampling (i.e., jackknifing single
outgroup taxa) and character sampling (nuclear only and nuclear coding loci only) produced
similarly high posterior probabilities (75). Values below branches represent percent support in
maximum likelihood (GTR+ T + 1) nonparametric bootstrap. An asterisk indicates nodes con-
strained in the ML nonparametric bootstrap analysis. (A) Bifurcation between Afrotheria and
Xenarthra + Boreoeutheria at approximately 103 million years, which corresponds to the vicariant
event that separated Africa and South America (Fig. 2B). (B) Branch where dispersal from South
America to Laurasia is hypothesized to have occurred (75). Blue, monophyletic Northern Hemi-
sphere group (i.e., Boreoeutheria); red, paraphyletic Southern Hemisphere group (i.e., Xenarthra +

Afrotheria); black, outgroups.
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cidans). Among the latter, afrosoricidans and
elephant shrews were well supported as sister
taxa. Within Euarchontoglires, our molecular
results are the first to render robust support
for the monophyly and internal structure of
Euarchonta (3). Euarchonta is similar to the
morphology-based Archonta hypothesis, but
bats are excluded. Inside Laurasiatheria there
is now strong support for the basal position of
Eulipotyphla and a carnivore + pangolin
clade.

The resolution of the placental root and
the pattern of basal divergences lead to a
plausible biogeographic inference regard-
ing the origin and diversification of this
group. Afrotheria and Xenarthra have
Gondwanan origins in Africa and South
America, respectively. Given their basal
positions in the placental tree, the hypoth-
esis that crown-group eutherians have their
most recent common ancestry in Gondwana
demands consideration. This view is at
odds with a prevalent and long-held view
that crown-group eutherians have their
most recent common ancestry in the North-
ern Hemisphere (22-24). We tested this
hypothesis by estimating molecular diver-
gence dates using the quartet dating (25)
and linearized tree methods (26) for spe-
cific nodes in the placental tree (Fig. 2A)
(15). Our point estimates for the basal split
among living placentals range from 101 to
108 million years ago (Mya) (Fig. 2A) (15),
in agreement with independent molecular
estimates of the split between Afrotheria-
Boreoeutheria representatives at 105 Mya
(27). Tt is striking that this date coincides
with the vicariant event that separated
South America and Africa approximately
100 to 120 Mya (Fig. 2B) (28, 29). We
suggest a causal relationship between the
sundering of Africa and South America and
basal cladogenesis among crown-group eu-
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N N N I I A |
120 110100 90 80 70 60 50 40 30 20 10 O
Million years before present

Laurasiatheria B

Xenarthra

Afrotheria

REPORTS

therians, placing their origin in Gondwana.
Subsequently, a trans-hemispheric dispers-
al event from Gondwana to Laurasia was of
fundamental importance in the early history
of crown-group eutherians (/5). Given the
sister-group relationship between Xenar-
thra and Boreoeutheria, the directionality
of this event was likely from South Amer-
ica to Laurasia. Molecular dates for the
Xenarthra-Boreoeutheria split (88 to 100
Mya) and for basal divergences within
Boreoeutheria (79 to 88 Mya) suggest a
window during the Late Cretaceous during
which dispersal occurred (Fig. 2A) (15).

The suggestion that crown-group placentals
have their most recent common ancestry in
Gondwana does not imply that stem eutherians
also have their origins in Gondwana. Kumar
and Hedges (27) and Penny ef al. (30) suggest-
ed that marsupials and placentals split 173 to
176 Mya on the basis of molecular data. At this
time, Gondwana and Laurasia remained con-
nected and stem eutherians may have estab-
lished a Pangaean distribution before the vicari-
ant separation of Gondwana and Laurasia 160
to 170 Mya (28, 29). Early Cretaceous euther-
ians in the Northern Hemisphere, such as Pro-
kennalestes (31), may be representatives of an
extinct evolutionary radiation in Laurasia that
predates Boreoeutheria.

Foote et al. (32) argued that Cretaceous
molecular dates for the early evolutionary
history of crown-group placentals are in-
congruent with the fossil record. One ex-
planation for the discrepancy between mo-
lecular dates and paleontological data is the
“Garden of Eden” hypothesis (32), which
postulates early placental diversification in
regions with a poorly known fossil record.
Notably, the Cretaceous fossil record for
most of Gondwana fits this description
(32). A second explanation is the phyloge-
netic placement of fossil taxa (32). Foote et

~103 MYA

2350

Fig. 2. Biogeographic scenario for the basal divergence
among crown-group placental mammals. (A) Maximum
likelihood molecular divergence estimates for the early
radiation of placental mammals, estimated with the
quartet-dating (QD) and linearized tree (LT) methods
(25, 26). Open squares, point estimates based on LT;
open circles, median point estimates based on QD; gray
bars, range of 95% confidence intervals based on QD. A

summary of QD and LT methods and results can be found in supplemental material (75). (B) Final
vicariant separation of Africa and South America, approximately 100 to 120 Mya (28, 29), isolates
Afrotheria in Africa and the common ancestor of Xenarthra and Boreoeutheria in South America.

Reprinted with permission from Cambridge University Press (28).
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al. (32) assumed that Cretaceous eutherians
were stem taxa rather than crown-group
eutherians. In contrast, the cladistic analy-
sis of Archibald ef al. (33) suggests that 85-
to 90-million-year-old zalambdalestids and
zhelestids, both from Laurasia, are mem-
bers of crown-group Eutheria and have af-
finities with Glires and archaic ungulates,
respectively. In the context of our molecu-
lar results, zalambdalestids may be early
representatives of Euarchontoglires, and
zhelestids may be an early branch within
Laurasiatheria. ~ Reliable  phylogenetic
placements for these and other Cretaceous
taxa are critical for evaluating whether the
available fossil record is compatible with
Cretaceous molecular dates. The well-re-
solved phylogeny that we have established
for living orders of placental mammals pro-
vides a molecular scaffold (34) that may be
used in cladistic analyses of morphological
characters to examine inter-relationships
among living and fossil forms. Understand-
ing the phylogenetic and biogeographic
patterns connecting extinct and living
mammalian lineages remains one of the
major challenges ahead.
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The Closest Living Relatives of
Land Plants
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The embryophytes (land plants) have long been thought to be related to the
green algal group Charophyta, though the nature of this relationship and the
origin of the land plants have remained unresolved. A four-gene phylogenetic
analysis was conducted to investigate these relationships. This analysis sup-
ports the hypothesis that the land plants are placed phylogenetically within the
Charophyta, identifies the Charales (stoneworts) as the closest living relatives
of plants, and shows the Coleochaetales as sister to this Charales/land plant
assemblage. The results also support the unicellular flagellate Mesostigma as
the earliest branch of the charophyte lineage. These findings provide insight into
the nature of the ancestor of plants, and have broad implications for under-
standing the transition from aquatic green algae to terrestrial plants.

The evolutionary origin of the embryophytes
(or land plants) from their green algal ances-
tor was a pivotal event in the history of life.
This monophyletic group has altered the bio-
sphere and now dominates the terrestrial en-
vironment, but uncertainty as to the identity
of their closest living relatives has persisted
in the literature after more than a century of
scrutiny (/—3). Morphological and molecular
studies have identified two distinct lineages
within the green plants sensu lato, termed
Charophyta and Chlorophyta. The Charo-
phyta comprise the land plants and at least
five lineages (orders) of fresh water green
algae, and are sister to the Chlorophyta,
which consist of essentially all other green
algae. Previous molecular analyses have ver-
ified monophyly of most of the charophyte
orders (4—6), but branching patterns among
these lineages have been only weakly sup-
ported, with results that were sensitive to
taxon selection and method of phylogenetic
reconstruction. Similarly, analyses of mor-
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phological and genome structural data have
clarified some relationships (7—10), but have
been limited by the number of characters
available, uncertain homology assessment,
and a lack of character independence.

Identifying the closest living relatives of
land plants has been difficult. Roughly 470
million years of evolution since the coloniza-
tion of the land, coupled with rapid radiation
and numerous extinction events (2, 3, 11),
has resulted in an inherently difficult phylo-
genetic problem, with much information
from the early, common history of evolution
obscured by subsequent evolution in the now
independent lineages (/2).

To investigate the evolutionary origin of
land plants and identify the closest living
relatives of this group, we analyzed DNA
sequence data from four genes representing
three plant genomes: atpB and rbcL (plastid),
nad5 (mitochondrial), and the small subunit
(SSU) rRNA gene (nuclear). The data set
used for phylogenetic analyses excludes in-
trons and unalignable regions for a total
length of 5147 base pairs [Appendix 1 (/3)]
(14). We sampled 34 representative charo-
phytes, including eight land plants, and six
outgroup taxa [Appendix 2 (/3)]. The data
were analyzed with Bayesian inference (BI),
maximum likelihood (ML), maximum parsi-
mony (MP), and minimum evolution with
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two distance measures [LogDet (ME-1d) and
maximum likelihood (GTR+I+I"; ME-ml)
distances] [Appendix 3 (/3)]. Both BI and
ML are probabilistic methods that utilize ex-
plicit models of sequence evolution to test
phylogenetic hypotheses. Advantages of BI
are that it is relatively fast and provides prob-
abilistic measures of tree strength that are
more directly comparable with traditional sta-
tistical measures than those more commonly
used in phylogenetic analyses (/5, 16). To
measure phylogenetic stability, posterior
probabilities (PP) as inferred by BI were
calculated and bootstrapping was performed
for the ML, MP, and ME analyses.

Using Bl and ML on the combined four-
gene data set (Fig. 1), we found the order
Charales sister to the land plants with
strong statistical support (PP = 1.0, ML =
94) and a monophyletic Coleochaetales sis-
ter to the Charales/land plant clade (PP =
1.0, ML = 59). The MP and ME analyses
[Appendix 4 (13)] also support the result
that Charales have a closer relationship to
land plants than do Coleochaetales (MP =
80, ME-1d = 97, ME-ml = 92). The overall
structure of the best tree is consistent with
previous work in that the classically recog-
nized orders were also recovered (land
plants, PP = 1.0, ML = 100, MP = 100,
ME-Id = 100, ME-ml = 100; Charales, PP
= 1.0, ML = 100, MP = 100, ME-ld =
100, ME-ml = 100; Coleochaetales, PP =
1.0, ML = 62, MP = <50, ME-Id = 75,
ME-ml = <50; Zygnematales, PP = 1.0,
ML = 99, MP = 93, ME-1d = 68, ME-ml
= <50; and Klebsormidiales PP = 1.0, ML
=100, MP = 100, ME-1d = 100, ME-ml =
100). There was also support for placement
of the enigmatic filamentous alga Entran-
sia (6) with the Klebsormidiales (PP = 1.0,
ML = 77, MP = 77, ME-1d = <50, ME-ml
= 64). The rare, monotypic genus Chlo-
rokybus was found sister to the remainder
of the unambiguous charophytes, while all
analyses strongly support the inclusion of
Mesostigma within the Charophyta (PP =
1.0, ML = 97, MP = 100, ME-ld = 100,
ME-ml = 100).

The phylogenetic placement of Me-
sostigma, a unicellular, scaly green flagellate
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