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08 force for climate cycles, and
insolation is not directly
affected by orbital inclina-
ticn. Second, the 100-kyr
cycle is not evident when £ is
calculated in the usual ref-
erence frame based on the
present orbit of the Earth.
Only when fransformed to
0 the invariable plane (or a
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Comparison of orpital inclination (solid line, lagged by 33 kyr)
and 5'°0 ciimate data (dotted line) from Srecaar®,

reflect the percentage of the Earth's water
frozen in ice. The figure shows 50 (dot-
ted line) for the past 600,000 years from
the SPECMaP compilation of data from
five sea-floar sediment cores®. The figure
aiso shows the orbital inclination (solid
line), calculated by direct integration of
planetary perturbations®, transformed ta
the invarizble plane (the plane of sym-
metry of the Solar System), and shifted to
give the best least-squares {it to the §"D
data. {Oniy three parameters were adjust-
ed, one for the delay and two for the over-
all scale.) For the best fit, i preceded 57%0
by 333 kyr; as this is positive, there is no
causality problem. Similariy, the presence
of a strong variation in / near 400 kyr
solves the Stage-11 probiens.

The existence of the 100-kyr cycle of
orbital inclination does not seem to have
been noticed previously by climatclogists
or astronomers. It may have been missed
for two reasons. Ever since Milankovitch,
the implicit assumption has been that

plane near it) does the 100-

kyr cycle unmix from the

obscuring effect of a strong

70-kyr  orbitai precession

cycle, We note that a 70-kyr cycle has been

reported in 30 data from other sedi-

mentary samples’, and we suggest that this

cycle may be related to orbital precessian.
The only mechanism we have found

that could link orhita] inclipation to

climate is extraterrestrial accretion of

meteoroids or dust. Such material can be

detected in ice and sedimentary rock by

analysis of iridium; Walter Alvarez.has

pointed out that extraterrestrial

cycles could be detected using *He. If this

mechanism s correct, a 100-kyr cycle

should be scen in ice and sediment records

of extraterrcstrial accretion.
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Uncertainty in ancient phylogenies

SIR — Use of phylogenetic methods to

-estimate ancestral phenotypes is becom-

ing widespread in evolutionary biology'.
For example, Jermann ef o/ estimated
and then synthesized ribonucleases of
early artiodactyl ancestors, beautifully
demonstrating the power of these
methods  for  elucidating  molecular
evolution. Essential to and frequently
missing from such studies is a measure of
the statistical uncertainty of estimated
ancestral states needed (o gauge their
retiability. T have used a maximum-likeli-
hood (ML} method to estimate the amino
acid at position 38 of artiodactyl riba-
nuclease, the residue found? to be most
crucial to enzyme catalytic activity',

The method applies the Markov model
of trait evolution?, assuming that the rates
of change lLetween states are constant
through time and over all branches of the
phylogenetic tree. A given trait may have

J. Feisensiain {Universiy ol Washington) has indepandentty
developed 2 similar metnod for estimating  ancestral
nucleotice seauences ar interior noces of a ML phylogeny
and Z. Yang {Pennsylvania State Universey) has recently
Caveioped an ahornative bayesian approach
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two states, / and;. The transition rate from
state 7 to state j over an infinitesimally
short time period is g,. This parameter
and i1s converse, g can be estimated
directly from data on modern species and
their phylogenetic relationships. The ML
estimates for the rates’ are cbtained by
maximizing:
IS S Koy K
The term in parentiieses on the right is
the probability of arriving at the given
trait values § of the m modern species
when trait values at the n interior nodes
{ancestors) are X, X, . ., X, (ref.3). This
cquation can also be used to compute
likelihcods of alternative states for any
single ancestor as the portion of the sum
contributed by each state at the given
node. The state having highest likelihood
is the ML ancestor state, conditional on
the estimated values of gy and g The
ratio of the two likelihoods measures the
level of support for the ML estimate*. The
procedure is stmilar for traits having three
or more states’. The method evaluates

dust -

each ancestor in turn, and while doing sc
assumes that possible states at remaining
nodes have equal prior probability.

To simplify the anmalysis, I modelled
only two states at position 38 cof artio-
dactyl ribonuclease, Gly and Asp (denct-
ed G and D in Fig. 1 of ref. 2), and I
deleted the twa species (nilgai and
impala) having rarer amino-acid residues
{Asn and Ser). This simplification does
not affect ML ancestral states because the
rates of transition between Gly or Asp and
the rarer residues were estimated to be

" smail, such that the likelihood of the rarer

states in the ancestors was also smajl, [:
also does not significantly alter conclu-
sions concerning the levels of suppert for
Gly and Asp in the ancestors .

Computations were carried out using
DISCRETE (ref. 3) and a reduced pro-
gram developed independently. Maximum
likelihood yielded ggiy a5, = 0.0164
and gag, gy = 0.0102. Thus, the half-life
of Gly (the time interval over which a lin-
eage in state Gly has a 50% chance of
changing to state Asp) was 42 Myr, and
the half-life of Asp was 68 Myr. Total tre=
length was 450 Myr (ref. 2); change ar
residue 38 is therefare not expected to be
rare on this tree. These estimates are
derived solely from the data on position
38 in artiodactyls rather than from data on
all sites or for proteins in general®. This
avoids the unnecessary assumption thai
transition rates and states at position 38 of
artiodactyl ribonuclease are typical of sites
on this or other proteins.

Asparagine was estimated to be the
most likely state in all ancestral artio-
dactyls with one exception (the immediate
ancestor to the two camel molecules.
which was estimated ta be Gly). This con-
trasts with the results from parsimony”
which estimated that Gly was the residue
at positicn 38 of the three most ancient
species. More significantly, the uncertain-
ty of the ML estimates for these three
ancient nodes was high; likelihcod ratios
for all three were less than 1.4. By com-
parison, support limits for a ML estimate
{analogous to 95% confidence intervals)
generally encompass all values whose
In(likeiihoods) are within 2 units of 1he
maximum®, corresponding to a likelihood
ratio of e’=7.4. Similarly, a likelihood
ratio of 6.82 (corresponding to a yj=:
In{6.82}=3.841) is required to reject a
statistical null hypothesis®. Consequently.
both states for early artiodaciyls, Gly anc
Asp, are highly compatible with the datz
from contemporary species. In particular
a transition from Gly to Asp between the
ancestors g and h is not supported by th
likelihood analysis.

Variations on the above method an
possible that differ in the degree to whici
likelihoods for a given state are condition
al on the values of additional parameter
in the likelihood model. For example, th.
states of all ancestors may be estimate,
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simultanecusly py choosing the single

.combination of ancestral states making up

the largest portion of the sum, L. Support
for the ML estimate at 3 given node s
then evaluated by comparing its likeithood
with that of the alternative state at the
same node computed using the most likely
arrangement of states at remaining nodes,
The results were similar: Asp was the
most likely state in carly artiodactyls;
likelihood ratios for the thres ancients b, i
and j were <26 [ alsg tried another
procedure in which the transition rates
TGiv.asp 300 gag oy were no longer fixed,
but couid vary depending on the state of
the ancestor of interest, The residue at a
given node was set to Gly, and the ML
vstimates for transition rates were then
recomputed to best accommodate that
ancestral value before obtaining the
corresponding  likelihood, These stepg
were repeated with the same ancestor set
o Asp. Asparagine was again the most
likely state in aj) three oldest ancestors,
Bt the itkelihoods were less than 1.4
tmes better than thoge for Gly.

These results used data from the artio-
dactyls® ajone, whereas the parsimeny
feconstruction includeg information from
older branches’. For example, whales are
the sister taxon to the artiodacryls™® and
the one species surveyed has Gly at posi-
iinn 38 (ref. 7). Adding this species did
wur change the likelihood results for the
virrliest articdactyls, presumably because
A single branch —~s5 Myr provides little
information, Asparagine was again _the
most likely state in the three early antjo-
dactyis and suppert remained Jow (<L7).
The resuits were alsa little changed when
Rorse ang rodents were added ag lower
branches, Addition of these taya confirm
thit rates of change between Aspand Gly
are relatively frequent: the horse hag Gly
whereas rodens include some specics
with Gly and others with Asp (the casir-
d8ua with Gly was deleted from this
analysis), Uncerrainty of states ip early
artiodactyls is thus little diminjshed by the
4ddition of these other taxa. In another
Mnalysis, Pancreatic ribonuclease alone
Wis used, the protein sequence from

OVine seming) Plasma being deleted, ML
Slimates and leve] of support for remain.-
N2 ancestors and j were little affected.

i above calculations assume that the
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phylogenetic tree of relationships among
artiodactyls” is correct, including branch
lengths, but the phylogenetic tree is jtealf
merely an estimate, It should be possibje
to incorporate likelihgods of alternative
ITees into the caleulation of ancestral
states, Such a procedure might produce
ML estimates different from those
presented above, but it js unlikely that
levels of support will be much improved.
Uncertzinties over ancient residues at
position 38 of ribonuclease are high in
large part because of a relatively high rate
of transition between alternative states
coupled with long Spans of time, These
are undoubtedly features of the correct
Phylogenetic tree, since variation at
position ‘38 is seen at all levels of

evolutidnary relationships ameng taxa’,

Perhaps the greatest weakness of the
above method is the assumption that rates
of evolution are constant throughout the
tree. In trnuth, thege may differ from lineage
ta lineage and through time; Its advantage
is that methods can be devised 10 test the
assumption of constant Tates, and also to fit
more complex models in which rates are
allowed 1o vary, although many attempts to
do this kere did not reduce the uncertainty

of ancestor estimates,

These results show that estimates of
ancient ribonuclease sequences are hjghly
uncertain, at Jeast at the most critical
position 38. More generally, they show
that ancient Sequences can be estimated
in a probabilistic framework, and that
uncertainty of estimates can be quantified,
Such information wij] be valuable when
designing studjes 10 reconstruct ancient
molecules or other characteristics of early

ancestors.
Dolph Schiyter

Zoology Deparrment,

University of British Columbia, Vancouver,
British Columpia VBT 124, Canada

BENNER 7 4, REPLY — We agree that
maximum likelihogd (ML) methods are
valuable for [econstructing ancient forms
of life. We do not agree, however, that
such methods are “frequently missing
from such studies”, In 1992, the Computa-
tional Biochemistry Research Group at
the ETH in Ziirjch produced a tool
(DARWIN) that makes automatic ML,
feconstructions®, DARWIN yields prob-

Biochemistry Research at £TH. Tech, Rep, 154
{Departemtent Informatik, 18931),

11. Benner, 5, A., Coben, M, A, Gonnet, 6. H., Berkowitz, D.
B. & Johnssan, K, In The ANA Worid {eds Gesteiand, R,
& Atkins, )} 27-70 {Cold Spring Harbpr Laboratory
Press, New York, 1993),

12. Benner, 5. A, & Eilinglon, A. D. Scisnce 248, 943
{1590). .

13. Benner, 5, A, Ellington, A. D, & Tauer, A. Proe. natn.
Ated. Bci. U5 4, 88, 7054-7058 {1289),

- Hickel, p, 4 & Doksum_ K, A, Malnamalical Statistics 14. Adey. N, 8., Tollefsbel, T. 0., Sparks, A, B,, Edgell, M, H,

& Hutehinson, ¢, A, 1) Proc, natn. Aced. Sei, U.5.4. 91,
1589-1573 {1594),

1
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f Staur, D, Trends £eor, Evol. 8. 141-147 (19g3),
*- Genner, gy Cahen. b5 A & Benner, §_ A, Science

Namblar, K, P, & Benner, 5, 4. FEBS Lert. 262, 104-106
{1990).

56, 14431445 11902y, 18, Malcoim, B. A., Wilsen, K, E, Marthews, &. W, Hirsch, 1.

0 Sinngy G.H. & Benner, 5, A, Computationat
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F. & Wilson, A, C. Nature 345, 8B6-gg {1930).

abilistic ancestral sequences where each
residue is represented as a vector of unit
length in 20 diffensions®. The com-
ponents of the vecter in each dimension
reflect the probability that each of the 20
natural amino acids was present at this
position in the zncestor, We have used
DARWIN to reconstruct some 50,000
amino. acids encoded by the proto-
genome'' (the most recent common
ancestar of archaebacteria, eubacteria and
eukaryotes'), and to propose a model for
the metabolism of this ancestor'®

Nor do we agree that ML “estimates of
ancient ribonuclease sequences are highly
uncertain.” In the ancestral ribonuclease
near the divergence of (he brain,
seminal and pancreatic ribonucieases
(corresponding in the fossil record
approximately to the origin of ruminant
digestion), DARWIN reconstructs a Gly
at position 38 with 99.59;, certainty if all
available ribonuciease Sequences are con-
sidered”.  Over the entire ancestral
fequence, DARWIN assigns 118 of the
124 residues with >959, probability. Oniy
one residue (at position 102) is assigned
with a probability below 509 (ref. 2).
. Why are Schiuter's conclusions differ-
ent from those of DARWIN? It is difficult
lo say from the information available.
Differences in Teconstructions are most
often traced to differen; connectivities in
the underlying evolutionary tree, which
need not he clearly defined. DARWIN
allows maximum [ikelihopod factors to
influence the positions and lengths of
branches of that tree. The ML analysis
discussed by Schluter js only concerned
with the sequence variation, and assumed
a tree generated by parsimony methods.
We are not sure of the implications of
such a hybrid approach. AJl WE can say is
that DARWIN, using a ML approach,
consistently vields an ancestral recon-
struction at position 38 not remarkably
different from those yielded by consistent
application of parsimony, even though
the preferred connectivity of the evoly-
tionary trees differs. if one moves away
from the point of transition (Gly 38~Asp
38), DARWIN places a Gly at position 38
In more ancient Sequences with oniy low
statistical uncertainty and Asp in more
recent sequences, again with low uncer.
tainty. If the remaining uncertainty js
unacceptable, other ancient fequences
could be prepared and studjed (as in ref.
2), or additional data collected to define
the tree more precisely. .

The most important point to be made
by recent work in palaeomolecular bio-

. Sclentific Correspondence

Sclentifi Cerrespondence Is intended to
provide a forum in which readers may
ralse points of a sclentific character.
Prigrity wiil be Eiven to letters of fewer
than 500 words and five references,
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chemistry, however. is that molecular
reconstructions should be the beginning
of an experimental research programme
and not the final goai of an evolutionary
analysis. When reconstructed ancient bjo.
malecules are made and studied in the
laboratory, they can provide information
about ancestral environments'*'®, help
correlate in witre biochemical behavigur
with in vivo physiological function?, and
uncover mechanisms by which arganisms
generaie new biomolecular function.
Steven A. Benner
Thomas M. Jermann
Jochen G. Opitz
1. Stackhouse
Lukas J. Knecht
Gaston H. Gonnet
Department or Chemistry and

the Institute for Scientific Computation,
Swiss Federal Institute of Technology,
CH-8022 Zijrich, Switzerland

A large French
Cretaceous bird

SI— W report the discavery of a frag-
ment of the synsacrum of a large hird in the
continental Upper Cretaceous of south-
vastern France. It s the first hird 10 he
feporied from the Upper Cretaceous of
suithern France. Althcugh no precise
identification is possible, it was apparently
4 bird with an advanced synsacrum,
possibly as large as a modern cassowary or
asirich. This discovery sugaests that some
of the abundant Late Cretaceous fossil
cegs from southern France usuaily assigned
to dinossurs mav in fact be bird eggs.

The 65-mm-iang synsacrum fragment
was discovered by nwo of us (P-M., and
ACMUSY ira Late Cretaceous (probably

Early Maastrichtian') vertebrate locality
in the Fox-Amphoux basin (Var depart-
ment, Provence). Its fairly well preserved
ventral part allows a relatively accurate
placement by comparisan with synsacra of
modern birds. It is broadest anteriorly,
with three laterally and dorsally directed
lransverse processes, which originaily
contacted the ilium, on the right side (only
two are preserved on the left side). In this
region, the dorsal part has a system of

complicated, poorly preserved, bony-

laminae which correspond to the modified
neurapophyses occupying the roof-shaped
space formed by the darsally fused ilia in
modern  birds. More posteriorly, the
ventral part of the specimen becomes
narrower, forming a parallel-sided rod

- with a shallow median furrow. Daorsally,

this part shows the poorly preserved bases
of vertically directed processes. Compari-
son with modern birds shows that this
fragment corresponds to- the posterior
synsacral lumbar vertebrae and anterior
sacral vertebrae® ’

The attribution to a bird is based on the
complete fusion of the vertebral elements,
which is exactly compasable 1o the condi:
tion in modern birds. In theropod
dinosaurs with avian ‘characters, such
as ornithomimosaurs, oviraptorosaurs,
troodontids and dromacosaurids,. vert-
ebral fusion in the sacrum is never 0 pro-
nounced and the limits between the indi-
viduai vertebrae are still visible. Many
primitive Cretaceous. birds® aiso display
incomplete fusion of the synsacral ele-
ments. Although neither a definitjve
identification nor an attribution to one of
the main groups of Cretaceous birds
recently recognized (enantiornithines,
ornithurines  and. “transitional shore.
birds™)* is possible, our specimen appar-
ently indicates a form with an advanced

Synsacrum rrag_mem of‘a bird from the Upper Cretacepus of Fox-Amphoux {(Var, France; deposit-
£d a3l the Musée des Dinosaures, Espéraza) in ventral (8), dorsai (5) and right lateral (¢) views.
;Scale bar‘, 5 em. Phot_os by C. Abriai. The sketch (d) shows the approximate position of the
fagment in a bird pelvis, seen in ventral view (based on a flamingo pelvis, although no special
TeI3lonshing with flamingoes are implied). Drawing by G. Le Roux.
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~of 1.80 m), and differently buil. COTI][_‘—?i

synsacrum resembling that of mes
birds, It is the first bird skcletal elemenr;
be described from the Upper Cretace:
of France and one of a very few b,
known ffom the European Upper Cie
ceous. Bones from the Maastrich::
of Transylvania once referred to b
are now considered as those of s
theropods. Bird fragmenis from
Chaik of Seandinavia do not inci.
sacral eléments. ’
Although it is difficult 10 estimate
total length of the synsacrum. because -
proportions of this element van au:

o

_Widely among birds, the great breac:

(maximum breadth, as preserved. 40 e
and robustness of the specimen ..
remarkable. The sacrum of the Fr
Amphoux bird was mare rabust than 1,
of Hesperomis regaiis (hitherto the largs
known Cretaceous bird, with a total ler

isons with recent birds suggest that ot
synsacrum from Fox-Amphoux was in @
size range of the CassOWary or gven g
ostrich (although there are no S
morphological resemblances with vy
ratites). The specimen is also somewh
reminiscent of the giant Eocene Mightic
bird Diatryina, Although the proportio:

- of the complete skeleton cannar be rece

structed, there is no doubt that it w

indeed large, especiailv by Creraceo

standards. -‘Whether i1 was a flving

flightless form cannot he determined,
The discovery of a furge bird m i

Upper Cretaceous of Provence b,

implications for the interpretation of ;!

abundant fossil eges from the Upp

Cretaceous of southern France, which bz

usuaily been attributed 1o dinosaurs”. >

embryo or neonatal remains have ver be

found in association with these eggs. a1

the occurrence of a Jarge bird in<he Upp

Cretaceous of Provence suggests that sar

of them may in fact be bird cags, This

turn implies that strasigraphical or palac

biciogical speculations based on 1

assumption that all those cggs are dinpsa

eggs should be treated with cauntjon.
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