UC Irvine
UC Irvine Previously Published Works

Title
Dating the Tree of Life

Permalink
https://escholarship.org/uc/item/48c4n8m7|

Journal
Science, 300(5626)

ISSN
0036-8075

Authors

Benton, Michael |
Ayala, Francisco ]

Publication Date
2003-06-13

DOI
10.1126/science.1077795

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,

availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/48c4n8m7
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

zZ
O
[
O
w
(%]
]
<
1)
w
o
%]

1698

TREE OF LIFE
VIEWPOINT

Dating the Tree of Life

Michael ). Benton'* and Francisco J. Ayala?

The relative merits of molecular and paleontological dates of major branching points
in the tree of life are currently debated. In some cases, molecular date estimates are
up to twice as old as paleontological dates. However, although it is true that
paleontological dates are often too young (missing fossils), molecular dates are often
too old (statistical bias). Intense study of the dating of major splits in the tree of
mammals has shown rapprochement as fossil dates become older and molecular

dates become younger.

The reconstruction of segments of the “tree of
life” has long been a driving force for sys-
tematists. Since the mid-1980s, there has
been an exponential growth in the number of
phylogenetic papers published each year (7).
The tree of life project, whose end point is the
construction of the single phylogenetic tree
linking all species living and extinct, prom-
ises to be a substantial, international research
program involving thousands of biologists.
The scientific aim is the same as that set out
by Darwin (2): to understand where life came
from, the shape of evolution, and the place of
humans in nature and to determine the extent
of modern biodiversity and where it is threat-
ened (3, 4).

A key concern in this project is the
calibration of phylogenies against time.
This surfaced in the 1960s with the first
attempts to estimate divergence dates in a
phylogenetic tree from molecular evidence.
Since then, the value of the molecular and
morphological or paleontological ap-
proaches (5—7) has been recognized. How-
ever, some commentators indicate that, in
cases of dispute, molecular dates should
generally (8—10) or always (I, 12) be
preferred. We suggest that there are no such
simple solutions. First, more morphological
or paleontological and molecular trees and
dates agree than disagree. Second, although
paleontological dates by definition are al-
ways underestimates (providing specimens
are correctly identified), it may be that
molecular dates are always overestimates.
Third, close study and care of calibration
points can lead to rapprochement, where
apparently disputed ages eventually con-
verge on an agreed date.

Early Origins of Major Clades

In some noted cases, the molecular age esti-
mates for origins of groups are about twice as
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old as the oldest fossils. The range of molec-
ular estimates for the origin of metazoans is
600 to 1500 million years ago (Ma) (9, 13—
16), with many recent estimates narrowing it
down to 700 to 1000 Ma (15, 17-19). There
is fossil evidence of Precambrian metazoans
but nothing before about 600 Ma. The new
molecular consensus, however, is that basal
splits among major animal clades happened
about 1000 Ma and that the modern phyla,
such as molluscs, arthropods, brachiopods,
and echinoderms, diverged about 600 to 800
Ma (Table 1). There are three reasonable
explanations for these discrepancies (20): (i)
the molecular and paleontological dates may
mark different events (16, 21), for example,
the genetic divergence of lineages (molecular
date) and the acquisition of hard skeletons
(paleontological date); (ii) the fossil dates
could be too young (8, 9, 13) as a result of an
absence of fossils from much of the Precam-
brian, because either they lacked skeletons,
they were microscopic, they did not become
incorporated into the rocks, or they have been
missed by paleontologists; or (iii) the molec-
ular dates could be too old as a result of
unaccounted-for variations in the rates of mo-
lecular evolution, incorrect calibration points,

or inadequate correction for other biases (14,
22, 23).

The first vascular land plants are found
as fossils in the Silurian, and earlier evi-
dence from possible vascular plant spores
may extend the range back to the Ordovi-
cian, 475 Ma (24), considerably younger
than a molecular estimate of 700 Ma (25).
A similar gap exists for angiosperms, with
the oldest generally accepted fossils being
from the Early Cretaceous (120 to 130 Ma)
(24). DNA sequence evidence places the
divergence of angiosperms in the Mid Ju-
rassic, 140 to 190 Ma (26), but the date
could be much older, Carboniferous (290
Ma) (27), if it turns out that the sister group
of angiosperms is the gymnosperms.

For modern birds, molecular estimates
place the split of basal clades and modern
orders at 70 to 120 Ma (12, 28, 29). Although
many supposed Cretaceous representatives of
modern bird orders have been cited (28, 29),
most have been disputed, generally because
the fossils are isolated elements (30). The
oldest uncontroversial fossils of modern bird
orders date from the Paleocene (60 Ma),
much younger than most molecular estimates
of origins.

The dating of the radiation of modern
placental (eutherian) mammals also seemed
to be an example of unusually early molecu-
lar dates. The paleontological view (31) is
that placentals split from marsupials some
time in the Early Cretaceous (144 Ma). The
first molecular dates (8, 12, 32) seemed much
older: origin of eutherians in the Late Jurassic

Table 1. Estimated ages (Ma) of branching points in lower parts of the tree of Metazoa (animals).
Metazoa are all animals, including sponges (Porifera). Bilateria are essentially all metazoans except
sponges and coelenterates (for example, corals, sea anemones, and hydroids). Deuterostomia are
echinoderms, chordates (backboned animals and relatives), and some smaller groups. The data
sources [G, “"gene” (DNA or RNA); and P, protein or amino acid] are noted, and numbers of nuclear
genes, or use of MtDNA and rRNA (ribosomal RNA) or enzymes (E) are in parentheses. Ref,
reference number; est., estimated; and min., minimum. Blank entries indicate unavailable data.

Metazoa Bilateria Deuterostomia
Data source (Chordata- (Chordata- (Chordata- Ref.
Porifera) Arthropoda) Echinodermata)
G (8G) 1200 * 100 1001 * 100 (13)
P (64 E) 930 = 115 790 * 60 590 (17)
G (4G) 940 = 80 700 * 80 (15)
G (18 G) 670 + 60 600 * 60 (14)
G (22 G) 830 = 55 (18)
G (50 G) 1350 + 150 (est) 993 * 46 (57)
G (22 G) 659 = 131 (22)
P (10 E) 627 = 51 (19)
G (MtDNA; 588 min 586/589 min. (20)
185 rRNA)
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(150 to 170 Ma), split of major placental
groups in the Early Cretaceous (100 to 130
Ma), and split of modern placental orders in
the mid- to Late Cretaceous (80 to 100 Ma).
The oldest fossil representatives of modern
mammalian orders dated from the Paleocene
and Eocene (50 to 65 Ma).

A survey of recent literature suggests that
such examples are not typical and that most
paleontological and molecular dates agree.
This is true for intraphylum splits in many
animal groups (19, 33), the origin and diver-
gences of major insect clades (34), early
(Paleozoic) splits among basal vertebrates
(35) and tetrapods (2, 32), and most intraor-
dinal splits among birds (28, 29) and mam-
mals (32, 36, 37). Furthermore, in a compar-
ison of 206 trees of mammals founded on
molecular and morphological data (38), con-
gruence was commoner than noncongruence.
Morphological trees were nearly twice as
good as molecular trees in terms of matching
between the rank orders of branching points
(nodes) and oldest fossils, whereas morpho-
logical trees were 10% better than molecular
trees in terms of stratigraphic consistency of
the nodes. Among the molecular trees, those
developed on the basis of DNA or RNA data
were better than those developed on the basis
of protein sequences, at least in rank order of
nodes and stratigraphic consistency of nodes.
Protein trees, however, were best in terms of
minimizing the proportion of ghost range (the
postulated minimum missing fossil record
implied by a tree). Fossil and molecular data
are not always at odds, but both approaches
have drawbacks.

Under- and Overestimating Dates

Fossils can only underestimate actual dates.
Paleontologists will never find the first mem-
ber of a clade, so by definition the oldest
fossil must be younger than the origin of its
group. Diagenesis, metamorphism, and ero-
sion remove rocks (and included fossils) from
the record and paleontologists cannot sample
the earth’s surface exhaustively, so much is
missed (39). Fossil occurrence may be close-
ly correlated with the vicissitudes of rock
preservation (40, 41).

The importance of these factors has long
been debated (/). According to a pessimistic
view, the fossil record is so tied to the rock
record that posited mass extinctions, even the
Cretaceous-Tertiary boundary (K-T) event,
could be artifacts of the rock record (41). A
more optimistic view is that the K-T event
and other mass extinctions are real and that
the statistical manipulations used to throw
doubt on them must be so crude as to be
themselves doubtful (4). Indeed, the order of
fossils in the rocks is more often in agreement
with the implied order of branching events in
cladograms than not (42—44). These assess-
ments have been made with the use of new
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age and clade metrics (42—44) that allow
assessment of the reliability of fossil records
and trees. The time difference between lin-
eage divergence and the acquisition of a rec-
ognizable synapomorphy may be important
biologically but unimportant geologically;
disputes are measured in millions and tens of
millions of years, not thousands.

It is often proposed that molecular dates
are correct (with error bars) and that methods
exist to correct for error (8—10, 12). Howev-
er, critics have pointed out several pervasive
biases that make molecular dates too old.
First, if calibration dates are too old, then all
other dates estimated from them will also be
too old (22). The commonly used date for the
initial divergence of the bird and mammal
lines based on fossils (310 Ma) may be ac-
curate (3/) or marginally too
old (22), but other divergence

A third source of bias relates to polymor-
phism. Two species often become fixed for
alternative alleles that existed as a polymor-
phism in their ancestral species. If so, the
divergence time estimated from the DNA
sequences corresponds to the origin of the
polymorphism, which predates the diver-
gence of the species (46). It is hard to judge
the impact of this, but in cases of balanced
polymorphisms estimated dates could be mil-
lions of years too old. Extreme cases of this
are the human lymphocyte antigen and major
histocompatability complex genes (47).

A fourth biasing factor is that molecular
time estimates show asymmetric distribu-
tions, with a constrained younger end but an
unconstrained older end. A typical plot of age
estimates from different genes is right-
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cannot be older than the fun-
gal-metazoan date (1100 Ma),
because the first branching
point is higher in the tree than
the second. The choice of
maximal dates such as these
merely promulgates maximal
estimates, all of which are
probably too old. To use any
of these dates injects circular-
ity into the procedure, and to
use several does not help be-
cause they are not indepen-
dent of each other (14, 20).

A second biasing factor is that undetec-
ted fast-evolving genes could bias esti-
mates of timing. Empirical and statistical
studies of vertebrate sequences suggest that
such non-clock-like genes may be detected
and that they do not affect estimates of
dating (32). Others, however, have found
that the statistical tests commonly used to
exclude such sequences have unacceptably
low power and could produce consistent
overestimations of dates of divergence (/4,
16, 20, 24). This is because they cannot
reliably reject short molecular sequences that
show higher-than-normal rates of evolution,
and hence the calculated time since diver-
gence is higher than it should be. This prob-
lem may be avoided by using longer concat-
enated sequences and appropriate correction
factors (45).

15 35 55 75 95

115 135 155 175 195 215
Divergence time (x 100My)

Fig. 1. Skewing and age bias in estimating molecular dates.
(Inset) Tree topology for lineages A, B, and C. tc and t;
represent, respectively, calibration and target times. The main
panels shows a frequency distribution of 1000 estimates of the
divergence time between lineages C and AB in the inset, set to
have occurred 3000 Ma ago and obtained with the use of a
short (75 residues), slow-evolving (one replacement per site
per 10 years) protein and with the use of the split between
A and B, set to 300 Ma ago, as a calibration point. T and M
represent target (3000 Ma) and estimated mean (4084 Ma)
times. [Modified from (48)]

skewed, with a large number of values at the
left-hand (younger) end and a long tail of
ever-older values to the right (Fig. 1). This
is because rates of evolution are con-
strained to be nonnegative (so the lower
boundary is nonelastic), but the rates are
unbounded above zero (so the upper bound-
ary is elastic) (48). Simply taking an arith-
metic mean of the estimated divergence
times on the basis of all possible rates of
evolution consistently overestimates the
true date. This overestimation becomes
more marked as the rate of molecular evo-
lution decreases and/or the sequences be-
come shorter. The overestimates also grow
as target times become increasingly remote,
so this could be a particular problem for
estimates of dates in the Precambrian, for
example, for the diversification of life, the

7
0
m
0
>
-
7
m
0
=
@)
p

1699



SPECIAL SECTION

TREE OF LIFE

plant-fungi-animals splits, and the radiation
of animal phyla (45, 48).

The common assumption that molecular
dates will improve as molecular data sets
become larger (8, 13, 45) may not be born out
(49, 50). Estimated dates may indeed con-
verge, but they may converge on consistent
overestimates (48). Careful choice of genes
may be a more appropriate strategy, with a
focus on long and fast-evolving (yet align-
able) sequences. The discrepancy between
fossil and molecular dates for ancient parts of
the tree of life may, however, always remain
because of a combination of nonpreservation
of critical early fossils and overestimation
biases that cannot readily be corrected in the
molecular dates.

Rapprochement and Prospects

In attempting to reconstruct the single tree of
life, systematists have access to three essen-
tially independent data sets (42—44): fossils,
morphological cladograms, and molecular
trees. Some parts of the tree of life are begin-
ning to show a rapprochement as older fossils
and younger molecular dates converge on a
single conclusion.

A good case is the timing of the basal
splits in the tree of modern mammals. The
debate was polarized by rather loose state-
ments that contrast the fossil record, where
modern orders of mammals appear in the
fossil record only after 65 Ma, in the Tertiary,
with molecular dates that posit entirely Cre-
taceous (before 65 Ma) origins (8, 10, 12).
However, further analysis of the nodes in the
tree has revealed that fossil and molecular
evidence are in accord for 14 of the 18 mam-
malian orders differentiated after the end of
the Cretaceous [Supporting Online Material
(SOM) Text, table S1, fig. S1].

Rapprochement is to be expected; only
one tree and one set of dates can be correct.
But how does it happen? In the case of the
ape tree, some early molecular dates were too
young, and the fossil dates were too old. The
paleontological error was partly a result of
misclassified and missing fossils. New finds
have filled the gap back to 6 to 7 Ma on the
human line, but there are no fossils yet on the
chimp line. In the case of the splitting of
modern mammal orders, some early discus-
sions were misinformed: Taxonomic grades
were confused, and certain Cretaceous fossils
were ignored. New finds have filled some
gaps (51), and other gaps are highlighted for
further fossil hunting, especially in the Late
Cretaceous of Africa and South America.

Are the congruent results better? Pale-
ontological tree-making has improved

1700

methodologically since the 1960s by the
widespread use now of cladistic methods.
Some of the earlier disagreements followed
from confused claims about identifications
of fossils on the basis of sloppy character
definition. Among molecular practitioners,
there is a debate about whether one should
use the maximum number of genes (12, 32)
or select only those that may retain a strong
phylogenetic signal (16, 28). In the case of
metazoan origins (Table 1), molecular
dates that approach the fossil dates have
been achieved more by adjusted calibration
dates and different statistical filtering pro-
cedures [compare with (13, /4)] than by
the use of different kinds of protein or
DNA-RNA data. In the case of mammals
(table S1), analyses published after 2000
seem to give more dates in agreement with
fossil dates than earlier analyses, but there
is no clear trend. Earlier analyses with
discrepant human-rodent dates were mainly
on the basis of mitochondrial DNA
(MtDNA) sequencing (52-54), but recent
analyses including MtDNA genes (37, 53,
56) offer dates more in line with paleonto-
logical estimates. The changes could have
as much to do with filtering and statistical
processing of the data as with the choice
of genes. There is no regular matching of
age estimates and numbers or types of
genes, but this will be a fruitful area for
further consideration.

In the quest for the tree of life, it is arid to
claim that either fossils or molecules are the
sole arbiter of dating or of tree shape. It is
more reasonable to accept that both data sets
have their strengths and weaknesses and that
each can then be used to assess the other.
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