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RESEARCH ARTICLE

Molecular Evidence for Deep
Precambrian Divergences
Among Metazoan Phyla

Gregory A. Wray,” Jeffrey S. Levinton, Leo H. Shapiro?t

A literal reading of the fossil record suggests that the animal phyla diverged in an
“explosion™ near the heginning of the Cambrian period. Calibrated rates of molecular
sequence divergence were used to test this hypothesis. Seven independent data sets
suggest that invertebrates diverged from chordates about a billion years ago, abaut twice
as long ago as the Cambrian, Protostomes apparently diverged from chardates well
befare echinoderms, which suggests a prolonged radiation of animal phyla. These
conclusians apply specifically to divergence times among phyla; the morphalogical
features that characterize modern animal body plans, such as skeletons and coeloms,

may have evalved later,

Darwin (1} recognized that the sudden
appearance of animal fossils in the Cam-
brian posed a problem far his theory of
natural selection. He suggesred thar fossils
might eventually be found documenting a
pratracted unfolding of Precambrian mera-
z0an evolution. Many paleontalogists today
interpret che absence of Precambrian ani-
mal fossils chat can be assigned to extant
clades not as a preservacional artiface, bur as
evidence of a Cambrian or lare Vendian
arigin and divergence of metazaan phyla
(2-6). This would make the Cambrian the
greatest evolutionary cornucopia in the his-
tory of the Earch. Definitive represencatives
of all readily fossilizable animal phyla {with
the exception of bryozaans} have been
found in Cambrian rocks, as have represent-
atives of several soft-hadied phyla (6). Re-
cent geochronological studies have rein-
forced che impression of a “big hang of
animal evolution™ by narrowing the tempo-
ral window of apparent divergences to just a
few million years (4).

The evidence for a Cambrian explosion
of animal phyla is based on the absence of
fossils of triploblastic metazoans from rocks
predating the Cambrian. This negative ev-
idence is not entirely convincing. Tiny un-
skeletonized animals with no possibility of
preservation in ehe fossil record may have
existed before the Carobrian {7, 8). Even if
larger, soft-badied animals were present,
conditions appropriate for their preserva-
tion may not have existed far much of the
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half-billion years preceding the Cambrian
{6, 8, 9). In particular, the famous Lager-
statten. of the Cambrian (8, 10} resulted
from taphonomic conditions that are ex-
ceptionally rare at other times in the rock
recard (9). Newertheless, some Vendian
erace fossils and body fossils suggese chat
animals with coeloms existed hefore the
Cambrian (6, 8, I{, 2},

Calibrated rates of gene sequence diver-
gence provide another avenue for dating
divergence times between animal phyla
(13). An early study by Runnegar, based on
hemaglobin, suggested Precambrian diver-
gences (14) but was criticized for noc testing
agsumptions of rate constancy (13). A more
recent study based on 18S ribosomal RNA
(rRNA} soughe evidence of rapid diver-
gences in the inability of sequence data to
resolve phylogenetic  relationships  (16).
The burgeoning database of pene sequences
provides an opportunity ro examine the
divergence times of metazoan phyla from
large data sets based on several genes and
many taxa. We present such an analysis
here. Our results cast doubt an the prevail-
ing notion that the animal phyla diverged
explasively during the Cambrian or lace
Vendian, and instead suggest that chere was
an extended periad of divergence during
the mid-Praterazoic, commencing ahouc a
hillion years ago.

Calibrating sequence divergence rates.
Clur approach to estimating  divergence
times between metazoan phyla is hased on
the tendency for nucleatide and amino acid
sequences to diverge over time ([7-]9).
Although rates of sequence divergence vary
through time and among taxa (19, 20}, in
long sequences derived from many phyloge-
netically dispersed taxa, these heterogene-
ities average into a mean rate of divergence
(14, 19, 21). Mean rates of sequence diver-
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gence, calibrated with the use of taxa with
well-escablished divergence times during
the Phanerozaic, can then be used o esri-
mate unknown divergence times (13, 21).

We applied this approach o seven
genes: those encoding adenosine triphos-
phatase {ATPase} subunit 4, cytachrome ¢,
cytachrome ¢ oxidase subunies | and 1,
hemoglobin, NADH dehydrogenase sub-
unic 1, and 185 tRNA. These genes were
chosen for analysis because full-lengeh (ar
nearly full-length} sequences are currently
available from numerous phylogenetically
dispersed metazoans. In addition, they do
not belong ta related gene families, some
are nuclear and others mitachondrial, cheir
final products include both RNA and pro-
teins, they encompass a diversity of bio-
chemical funetians, and they evalve at dif-
ferent rares. Their evolution should there-
fore not be carrelated, and divergence cime
estimates based on each gene should he
independent.

We calculated mean rates of sequence
divergence for each gene from a large num-
bet of taxa (Tahle 1) (22). Diverpence times
were hased on a gene's first appearance in
the fassil recard (23, 24), and grathostame
vercehrates were used for all sequences, wich
the addition of moallusks and echinoderms
for 185 rRNA. Far the six protein-coding
genes, Kimura distances (18) were not sig-
nificantly different from those obtained with
Dayhoff's PAM matrix (25); both measures
are designed w correct far among-site varia-
tion in substitution rate and for multiple
substitutions. The Kirnura distance for nu-
cleotide sequences, which we used for 18S
tRNA, accounts for differential rates of tran-
sieians versus rransversions. We used the re-
lacion between Kimura distance and time to
estimate divergence times (13, 21} between
the calibrating phyla and representatives of
various other metazoan phyla.

Plots af sequence divergence versus diver-
gence cime far the seven genes are shawn in
Fig. 1. Each calibration plot incorporares 107
to 10’ comparisons among species pairs {Ta-
ble 1). For each gene, mean rares of sequence
divergence were estimated as slopes wich
madel T regressian (22, 26). Explained vari-
ation (#*) ranged fram 0.60 to 0.75 (Table
1). Separate calibrations with a and f he-
maglobins (Fig. 1) yielded very similar mean
rates of divergence {Table 1}, although many
of the species used for comparison differed;
this indicates a high degree of repeatability
in the calibration.

Gauging the scatistical significance of,
and confidence limits on, rates of sequence
divergence is problemaric. The rare is esti-
mated from pairwise comparisons of taxa
thar are related by descent, which overesti-
martes the number of degrees of freedom.
We therefore used three rather differenc



approaches. (i} We determined the signifi-
cance of the carrelation between the diver-
gence time and generie distance matrices
with 3 Mantel test, which uses sampled
randomization to test the carrelation be-
rween two similaricy matrices {26). For the
six pratein-coding genes, this cest indicated
a correlation between genetic distance and

ATPase 6

divergence time that is significant at the
P < 00001 level, and for 185 TRNA ar the
P -2 0.004 level {(Table 1). This test dem-
onstrates rigorously what is clear from visual
inspection, namely, thac chere is a strong
positive correlation between sequence di-
vergence and cime. (i) We calculared 95%
confidence limits on the slopes of the ge-
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Fig. 1. Sequence divergence ratas and estimated interphylum divergence timas. We calibrated mean
rates af sequence divargenca (22 by platting pairwise genetic distance vaersus divergence times from
the fassil recard (23, 24). The vertebrate fossil recard was Used to calirate the six protein-cading genes;
vertebrates, echinaderms, and maollusks were used to calibrate 185 rRNA (represented an the plat as
sguares, circles, and diamonds, respectively). For all seven genes, sequence divergence is strangly
corralated with time (Table 1, Mantel test), Hamaglobing e and B diverged just after the origin of
chardates (43), providing a test of repeatability; regression siopes far these paralogous genes are very
sirnilar {see alsg Table 1), Shaded regions indicate the entire range of invertebrate-vertebrate genatic
distances (v axis) and the entire implied range of invertebrate-vertebrate divergence times {x axis). All
estirnated invertebrate-vertebrate divergence times are in the Middle to Late Praterazais, well hefore the
Carmibrian (see alsa Takle 2). The base of the Cambrian periad (4] is marked with an arrowhead,

SCIENCE « MOL 274+ 25 OCTOBER 19934

neticftime divergence plots using maodel |
regression (26), with the degrees of freedom
reduced o the number of taxa {(approxi-
mately the number of nades an a dichoto-
mous rree}. {iii} We bootstrapped amino
actd sequences (200 replicates) with
PHYLIP (27}, compurted a mean slope, and
idencified the range of 99% of the slopes.
Borth the mean hoorstrap slope and the 93%
range corresponded clasely to thase caleu-
laced from our regression approach {Table
1}, which suggests that these are robust
estimates of sequence divergence rates.

Estimating divergence times. For each
gene, we estimated divergence times he-
tween phyla by averaging the Kimura dis-
tance hetween each invertebrate and all the
vertebrates; we then calculated the implied
divergence time from the mean sequence
divergence {13, 21} (Fig. 1). Whenever pos-
sihle, we estimated divergenices as the mean
of several distantly related species per in-
vertebrate phylum. The invertebrate phyla
far which the most sequences are availahle
for comparison with vertebrates are echino-
derms, arthropods, annelids, and mollusks;
cansequerntly, these phyla are the facus of
our analysis. _

All mean divergence time estimates be-
tween these four phyla and chordates, based
on all seven genes, substantially pradace the
beginning of the Carmbrian period (Tahle
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Fig. 2. Estimated divergence times far selected
metazoan phyla. Mean divergence times based
an the seven geres {Tabla 2) ara shawn, with
standard errars indicated by shaded bars. The
three estimated divergence timas nest in agree-
ment with well-carrabarated phylagenstic rela-
tionships (28, 37). The chordate-echinoderm and
chardate-pratostome divergence times are signif-
icantly differant fraom each ather {sea text). Divar-
gence times among the three protostome phyla
wara not estimated in our analysis.
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2). No individual comparisan hetween the
vertebrates and any echinoderm, archropod,
annelid, ar mollusk species for any af the
seven genes implies a divergence during or
after the Cambrian. This alore is signifi-
cant, in that 8% such comparisans were
made. The averaged data {means or medi-

ang) imply divergence times of ~1.0 ta 1.2~

hillion years ago (Ga) between these four
phyla and the Chordata; in contrast, the
base of the Cambrtian era lies abour 0.54 Ga
{4}.

The mean divergence time estimates be-
tween chardares and the three pratastorme
phyla {archropods, annelids, and mallusks)
were all about 1.2 Ga and differed by less
than 5% among phyla (Table 2, lasc col-
umn). These three phyla are expected to
yield similar estimares, given thar they he-
long to a distinet clade, the Protostomia
(28} and should therefare share a commeon
divergence time from chordates (Fig. 2).
The mean echinaderm-chaordate divergence
estimate was more recent, abour 1.0 Ga.
Echinoaderm-chardate divergence estimates
were shallower than the protostome-chor-
date divergence for six genes and were sim-
ilar for 185 (RNA (Table 2). Because echi-
noderms and chardates belong to the same
clade, the Deuterastomia (28), the shallow-
et divergence estimate hetween these phyla
is again consistent with phylogenetic rela-
dionships {(Fig. 2}). The contasc of diver-
gence times from chordares is staristically
significant when echinoderms are compared
with any of the procoseome phyla (P < 001
for acchropads and annelids, P < 0.0% for
tnollusks), but not when any pair of proto-
stome phiyla is compared [Wilcoxon signed-
ranks cest {26)]. Agnachans are estimared ro
have diverged from gnathostarmes about 0.6
Ga (Fig. 2}. This divergence is shallower
than the estimared 1.0 Ga echinoaderm-
chordate divergence. Thus, divergence time

estimates hased on different genes and dif-
ferent taxa are cansistent with each other
and with well-corroborated phylogenetic
relatianships (28).

The divergence time estimates berwesn
chordares and the phyla just discussed poine
to two conclusions. (i) The criploblastic
merazoan phyla had bepun to diverge by the
mid-Proceraeoic, abaut twice as long ago as s
commaonly accepted. Because there is appre-
ciable scdtter among estimates fram different
genes, we consider the general conclusion of
mid-Praterazaic divergences to be rabust bue
the accuracy of the estimated dares to be
relatively paor. (ii) Divergences among phy-
la wete spread over an extended period. In
particular, the mean echinoderm-chordate
dwergence estimate is 172 to 224 million
years (My) later than the three mean prora-
stame-chordate estimates. Again, we consid-
er the trend of the dara to be more compel-
ling than are the exact numerical estimates.
Both econclusions are incompatihle with the
Cambrian explasion hypothesis of rapid,
shallow ineerphylum divergences.

Few sequences of the genes we analyzed
are currently availahle from other inverte-
brate phyla. Nevertheless, limited campar-

isans were possible for [2 addicional phyla,
involving 25 addirional species-gene com-
binations. [n all cases, divergence time es-
timates hetween invertehrares and verre-
brates imply mid-Proterozoic divergences.
I taral, 114 individual invertebrate-verre-
brate divergence time estimates were made,
spanning 16 invertebrate phyla, and each
one indicates a deep Precambrian diver-
gence time.

Uniformity of divergence rates. Al-
though gene sequences inexorably diverge
with time, rates of divergence vary among
clades and over time {19, 20]. [t is crucial
for aur analysis thart rates of sequence diver-
gence are similar within the calibrating
phylum and other merazoan phyla (15). We
tested this asswmption in two ways, For [85
tRINA, several sequences are available from
three phyla with good fossil records: chor-
dates, echinaderms, and mollusks. Genetic
distance wversus divergence time compari-
sons pooled from these phyla form a reason-
ably tight relationship (Fig. 1} with v* =
0.71, and cthe 95% confidence interval on
the slope is small {Table 1}. This suggests
that sequence divergence rates are similac
within the three phyla. Unforcunacely, chis

Table 2. Estimated divergence times, shawn as the maan of the maan dlvergence timas betwaen aach
invertelrate spacies within a phylum and all chardate species.

Civergence time in milions of years accarding to:

. Cyto- Cytar-
Divergence ATPase cﬁ?otg;e chrame  chrome Heano- NADH 188 Mear
& axidase oxidaze . 1 rRNA
| i glokin
Echinadermata—Chardata 746 883 1180 608 1312 971 1288 1001
Arthropoda—Chaordata 887 953 1272 803 1506 1338 1453 1173
Annelida—Chardata 1059 1078 1465 773 1821 1221 1214 1204
Mollusca—Chardata 1045 - 1333 788 1511 1482 1183 1225
Agnatha—Gnathastomata 462 ag5 511 487 =t 638 ~* 599

*Sequence unavailable,

Table 1. Rates of sequence divergence. Shown are calibration statistics for rates of sequence divergence for genes encoding seven different products (with

indepeandent calibrations for o and A hemoglokbing).

Aligred brcaati“c’)n Aegression Bootstrapd MantelT
Gene praduct QOSf'* compar- 2 N Average a Carra-
tians isanat Slope r a5% slope 95% Tation P
ATPase 6 216 G& 000132 046 1.00092 to 0.00132 0.00141 0.00107 t 0.00173 0.80 {0001
Cytochrome ¢ 85 325 0.00026 080 0.00017 to 0.00035 1.00025 0.00013 10 9.00032 0.78 <2{).0001
Cytochrome axidase | 492 120 000018 063 1.00012 to 0.00026 0.00019 0.00015 ta 0.00025 0.82 =0.0001
Cytachrame axidase Il 206 325 0.00067 075 0.00051 to 0.00083 0.00066 0.00051 10 0.00087 0.87 ={1.0001
o Hemoglahin 101 1711 0.00207 083 0.00171 ta 0.00243 0.00208 0.00174 to0.00253 0.83 =0.0001
B Hemoglabin a6 1176 0.00201 0.70 0.00163 to 0.00240 0.00205 0.00158 10 0.00278 0.84 ={1.0001
NADH 1 273 a1 0.00048 049 0.00028 ta Q.00069 0.00049 0.00037 to 0.00062 0.83 =<0.0001
185 rRMNA 1181 274 0.00015 071 0.00014 to 0.00018 NOY NO| 0.74 <{0.0039

*Murnber af unambiguously aligned pasitions (of nuclectides for 185 rRMNA and of aming acids far all athers), excluding all gaps resulting frarm aligrments and missing

data.

replicates with PHYLIP 3.5 {27).

lewels from 10,001 permutations. For 185 rBRNA, values are for chordate species alone.
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Thumber of sequence/divergance time paints uged for calibration and plotted in Fig. 1. For protein-coding genes, calibrations are based an chardates aloneg, far 185 rRNA,
calibration is based an 8 chardates, 21 echingderrns, and 3 mallusk species regression line fit through three independently derived sets of paints).
miadel | regressicn (28), with 95% confidence limits on the glope, assuming degreas of freedom aqual to the number of calibrating taxa.
Tiantel test (26) for significance of & positive relation between genetic distanes and divergence time, with matrix carrelations and significance
[[Mat dare because calibration imvalved cormparisons within thrae phyla,

1Saleulated with the use of
sAwverage slope from 200 bootstrap



kind of comparison was not possible for the
ather geres hecause af the limired numhber
of invertebrate sequences available.

As a more generally applicable ap-
proach, we gauged the uniformity of se-
quence divergence rates amang phyla with
a simple modification of the relative rate
test (29), which compares genetic distances
fram an outgroup species to various ingroup
species (Fig. 3JA}. We used three phyloge-
netically dispersed ronmetazoans as aut-
groups to minimize the possibility that an
idiosyncratic sequence in the reference cax-
on might bias the test. Rate variation, as
indicated by standard errors of means, was
generally low, ranging from 0.5 ta 2.0% of
the mean, depending on the gene (Table 3,
“all metazoans™). In general, calculating rhe
mean interphylum sequence divergences
hetween several species pairs, as we did
wherever paossible, tends to minimize the
effects of rate variation.

Differences between invertebrates and
vertebrates in mean rates of sequence diver-
gence are a particular concern because they
could introduce a sysrematic bias in diver-
gence time estimates. Measured against
nonmerazoan ougroups, mean invertebrare
sequence divergences averaged [.03 times
vertebrate divergences, ranging from 0.88
for cytachrame ¢ to 1.20 far 185 RNA
{Takle 3). These gene-specific rate hetero-
geneities distort invertebrare-chordate di-
vergence estimates hased on the vertebiate
calibration by 149 to +244 My, depending
an the gene and phylum. Fuethermore, if
average interphylum divergences are esti-

b

Monmetazoan

Al invertebrates

All vertabrates

Prokaryote

Yaast

Fungus

Protist

Metaphyte

WVertebrate

Invertehrate
Fig. 3. Relative rate teats. Diagrams illustrate the
scheme used to test for homageneaity of sequence
divergence rates among metazoan phyla (A} and
among eukaryctic kingdoms {B}. The test results
{Tahles 3 and 4) indicate similar branch lengths

and tharefore similar rates of sequence diver-
gence in hoth cases,

mated with an adjustment for gene-specific
rate heterogeneities, they are only 26 ro 63
My shallower {depending on the phylum)
than thase calculated with unadjusted
slopes.

The relative rate test turned up signifi-
cant rate heterogeneities in a few specific
camparisans. We conservatively eliminated
feom consideration those invertebrares that
showed consistently faster rates by che rel-
ative rate test. The mast dramatic case con-
cerned nemarodes: Sequences for all seven
genes are very divergent relative to all other
metazoan phyla, as had been naoted eatlier
for 185 rfBRNA (16). As a result, we did not
estimare a nemarode-chordate divergence
time. Only a few scattered cases of large rate
heterogeneities appeared elsewhere. In sach
case, ather species from the phylum or ather
genes from the same species had more typ-
ical sequence divergences and could be used
to estimare divergence rimes.

These resules suggest thar either the
merazaan phyla began to diverge well he-
fare the Cambrian or exceptionally high
rates  of sequence divergence occurred
throughout the metazoa (but not in ather
groups) for a very brief interval during the
early Cambrian. Several functionally di-
verse genes distributed among the nuclear
and mitochondrial genomes would have
had to experience a very elevated but brief

RESEARCH ARTICLE

burst of sequence divergence simultaneous-
ly and propartionally scaled to the different
rates of divergence for each gene This
would have to have occurred independently
in several merazoan phyla. In addition, this
putative burst of sequence divergence
wauld have ta be at least equivalent to all
subsequent sequence changes during the
rest of the Phanerazoic. Same proponents of
a Cambrian explosion have suggested chart
the metazoan phyla diverged in as little as 8
My (4, 6), which would require sequence
divergence rares in Cambrian and post-
Cambrian times to differ by at least 65-fald.
This is an order of magnitude greater than
those of the mast rate-variable genes knawn
(19).

Thearetical cansiderations aside, the rel-
ative rate test provides empirical evidence
against sharply elevated rates of sequence
divergence during the Cambrian. We com-
puted sequence divergences from a pro-
karyote to various metazoan and nonmeta-
zoan eukaryates for five of the study genes
(Fig. 3B and Tahle 4) (globin and 185
tRNA lack known prokaryotic arthalags).
This test is easily sensitive enough ro detece
a putarive Cambrian spike in sequence di-
vergence rates, for the simple reason thac
merazoan branches would consistently have
to be abour twice as long as ather eukaryore
branches in order to explain away the mid-

Table 3. Relative rate test amang meatazoan phyla. For test scheme, sea Fig. 3A; numbars ara Kimura

distances (18] fram reference taxar.

All metazoans Wartabrates Invertebrates
Reference
texan A Mean  SEM o Mean SEM  n  Mesn  SEM
ATFase 6 .
hetaphyte 22 1.50 0.032 12 1.54 0.034 10 1.60 0.058
‘Yeast 1.75 0.025 1.68 0.030 183 0.087
Eubacterium 1.73 0.030 1.64 0.030 1.82 0.03%
Cytochrome ¢
Metaphyte 41 0.48 0.006 a7 0.50 0.006 14 .44 0.008
Fungus 0.49 0.011 0.52 0.004 0.42 0.003
Eubacterium 077 0.006 0.79 0.008 0.75 g.0M1
Cytochrome oxidase |
Metaphyte 26 0.40 0.003 14 0.43 40.003 10 0.40 0.007
Fungus 0,44 0.004 0.45 0403 042 0.006
Eubhacterium 0.48 0.003 0.47 0.003 0.49 0.008
Cytochrome axidase if
Metaphyte 48 0.75 0,009 bl 0.74 0.007 22 0.76 0.016
Yeaast 0.4 4.013 0.95 0.018 0.86 0.017
Eubacterium 1.20 0014 1,22 0.021 1.17 0417
Hemaglobin
Meatapkrte a5 4,41 0.062 49 4.66 0.084 16 3.21 0.083
Pratist 5.63 0.071 £.34 0.084 6.29 0.475
Eubasterium 3.83 0.060 3.83 0.063 3.83 0.155
MADH 1
hetaphyte 27 0.83 0.021 14 0.76 0.013 13 (.91 0.028
Slime mald 0.87 0.018 0.81 0.010 0.24 0.024
Eubhacterium 1.04 0.021 0.96 0.013 1.13 0.022
183 rNA
WMetaphyte 51 0.3 0.004 a 0.26 0.0 43 0.32 0.003
Fungus 0.3 0.4004 0.26 0.018 0.32 0.003
Alga 0.33 0.007 0.30 0.018 0.34 0.008
SCIENCE « VOL. 274 + 15 OCTOBER 1996 571



Proterazoic divergence time estimates. This
was not the case for any of the five geres
tested {Table 4). Given the consistent in-
terphylum divergence time estimares ob-
tained from seven different genes thac all
seem to have relatively constanr rares of
sequence divergence, the only reasonable
interpteration is that the metazoan phyla
began ro diverge long before the Cambrian.

A second line of empirical support
comes frem molecular phylogenies. Al-
though there are substantial difficulties in
resolving metazoan relationships with the
use of molecular dara {16), the fact chaticis
possible to recover even crude phylogenies
from sequence data should raise suspicions
about the possibility of divergences com-
pressed into as little as 8 My, A Cambrian
explosion would resule in shart internodes
followed by long terminal nodes {branch
length raric ~1:65), well into the “Felsen-
stein 2ane’ fram which it is nearly impos-
sible to reconstruct branch arder (3Q). Yer
phylogenetic analyses of molecular data sets
consistently recover echinaderms and char-
dates as a clade, and typically unite the
protostame  phyla examined here (31).
Variation in rates of sequence divergence,
which are particulatly evident over relative-
ly share intervals of time, would carmpound
the branch length ratio problem, making it
even harder to recover topalogy.

The hypathesis of deep Precamhrian di-
vergences inakes specific testable predic-
tions. In particular, divergence time esti-
mares hased on other genes and taxa should
be comparable ta those presented here. In
addition, new estimates of divergence times
should not violate well-corroborated phyle-
genetic relarienships. Few genes have heen
sequenced at this time in enough species or
fram a sufficiently broad phylogenetic range
to allow estimation of interphylum diver-
gence times. Several genes, however, would
become useful with an additional 10 to 20
phylogenetically strategic sequences. This
places tests of our hypothesis using other
genes within the range of a madest praject.
The hypothesis af deep Precambrian diver-
gences alsa makes predictions about the
fossil recard of merazoans. The strarigraphic
ranges of chordares, echinaderms, arthro-
pads, annelids, and mollusks (and, by im-

plication, many ather phyla) should be can-
siderably expanded (Fig. 2}.

Implications. Deep Precambrian diver-
gence times make interpretations of some
Neoproterozoic bady and trace fossils less
problemaric. These include interprerarions
of Dlickinsonia and Spriggina as coelomate
ciploblasts (11, 12), Arkaruag as an echino-
derin (32), Parvancorina and Diplichnites as
arthropods (16, 33), varigus carbonaceous
compressions as annelids and pogono-
phorans (34), and certain microfossils as
metazoan fecal pellers {35). Our results are
also compatible with several indirect lines
of evidenice that paint to Precambrian di-
vergences atnong metazoarn phyla (8, 36).
For example, the earliese erilohite fossils fall
into distinct biogeagraphic provinces (37)
and have morphologies that on well-re-
solved cladagrams place them as highly de-
rived arthropads {38).

The existence of an extended but cryptic
Precambrian history of metazoans also has
some  interesting implications for under-
standing the origin and diversification of
arimal body architeceure. In parricular, the
rapid appearance of diverse skeletonized
taxa in the fossil record during the middle
Early Cambrian may reflect an exceptional
periad of simultanequs morphological inno-
vation within distinct lineages rather than a
rapid branching of phyla. It has [ong seemed
likely, for example, that mineralized skele-
tons evolved independently in several phyla
at this time (39). [t is unlikely, however,
that all “body plan” features evolved during
the Cambrian. A cephalized, hilaterally
symmetrical bhody composed of three germ
layers predates the protostome-deutera-
stome split (28, 40, 41) and thus probably
evalved much earlier than is generally rec-
ognized. Coeloms are shared by the two
deuterastome phyla we examined and may
predate the Cambrian by several hundred
million years {the coelams aof protostomes
may have an (ndependent origin, and dat-
ing their appearance will require more in-
formation about the divergence rimes of the
various protostome phyla).

The genetic regulatary apparatus that is
sa strikingly and extensively shared by pro-
rostomes and deuterostomes must also have
evolved long befaore the Cambrian. This

Table 4. Relative rate test among eukaryotic kingdarns, For test scheme, see Fig. 38, numbers arg

Kimura distances (18) fram reference taxon.

. Meta- Chat- Eching-

Gene praduct Yeast Fungus Protist phite date Insect derrm
ATPase & 1.38 1.24 4.05 a.82 1.5¢ 1.79 1.84
Cytachrome ¢ .90 0.93 0.89 0.90 0.84 0.90 .81
Cytachrome oxidase | 0.60 0.45 1.05 0.39 .48 (.48 .46
Cytachrome axidase 1l 0.98 1.18 1.97 1.01 1.16 1.05 1.13
MNALHH 1 1.27 0.85 0.93 a.71 1.08 1.18 1.17
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includes the cluster of Hox genes that are
responsible for regional specification along
the anteroposterior axis (40}, as well as
many ather genes responsible for patterning
and specifying cell fares in various organ
systems {41}, The antiquity of these genetic
regulatory circuits suggests thac cheir ap-
pearance was nor sufficient to rrigger the
maorphological diversification that gceurred
during the Cambrian, as recently suggested
{42}, although their presence may have
heen a necessary precondition.
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