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SUMMARY

The comparatively good fossil record of post-Palacozoic echinoids allows rates of morphological change
to be estimated over the past 260 million years and compared with rates of molecular evolution.
Parsimony analysis of morphological data, based predominantly on skeletal characteristics, and
parsimony, distance and maximum likelihood analyses of molecular data, from the first 380 bases from
the 5" end of the 285 rRNA molecule, for 10 species of echinoid produce congruent phylogenies. The
molecular sequence chosen is demonstrably far from saturation and sister groups have divergence times
ranging from about 15 to 260 Ma. Parsimony analysis allows the great majority of molecular and
morphological apomorphies to be placed in one of 18 independent geological time intervals, providing a
direct measure of rates of evolution for periods in the geological past.

Because most molecular fixed point mutations in our sequences cannot be polarized unambiguously by
outgroup comparison (making the outgroup states effectively random), distance and parsimony analyses
both tend spuriously to root the echinoid tree on the longest internal branch. A topology identical to that
derived from morphological data is, however, obtained using Maximum Likelihood and also parsimony
analysis where outgroup rooting is restricted to more conserved regions. This is taken as the correct
topology for assessing rates of evolution.

Overall, both morphological and molecular changes show a moderately strong correlation with time
elapsed, but a weaker correlation with one another. Statistically significant differences in evolutionary
rate are found between some, but not all, pair-wise comparisons of sister lineages for both molecular and
morphological data. The molecular clock rate for echinaceans is three times faster than that for cidaroids
and irregular echinoids. Spearman’s rank correlation test, which requires only relative magnitude of
changes to be known, suggests that morphological change has a slightly better correlation with time than
does molecular change, averaged over all ten species. However, when just echinaceans are considered an
extremely good correlation is found between the number of molecular changes and time elapsed,
whereas morphological change remains poorly correlated. Thus, molecular rates approximate to a clock-
like model within restricted echinoid clades, but vary significantly between clades. Averaging results over
all echinoids produces a correlation that is no better than the correlation between morphological change
and time elapsed.

(Gammelin ef al. 1990). Despite the popularity of this
approach there has been continuing debate about
variation in rates of molecular evolution and the
causes of such variation (Cockburn et al. 1990,

1. INTRODUCTION

Ever since Zuckerkandl & Pauling (1962) suggested
that molecules can be used as ‘documents of evolution-
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ary history’, differences in protein or nucleic acid
sequences have become increasingly utilized for recon-
structing phylogenies of organisms. Such studies cover
diverse time-spans, ranging from the study of pro-
karyote relationships among groups which diverged
over 2 billion years ago (Lake 1989, Woese 1989), to
the divergence of humans from other primates, less
than 10 million years ago (Gonzalez et al. 1990, Koop
et al. 1989, Holmquist et al. 1988) and the emergence
of human Influenza A virus some 150 years ago

Krajewski 1990, Springer & Kirsch 1989, Koop et al.
1989, Li & Tanimura 1987, Gillespie 1986, Britten
1986). There is also debate as to the best method for
deriving phylogenies from molecular data (see review
by Swofford & Olsen (1990)).

Ribosomal RNA (rRNA) has in recent years been
used for establishing phylogenetic relationships at
various distances (e.g. Hedges et al. 1990, Gonzalez et
al. 1990, Ratto & Christen 1990, Christen e al. 1991,
Larson & Wilson 1989, Hillis & Dixon 1989, 1991,
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366 A. B. Smith and others

Ghiselin 1989, Lake 1989, Woese 1989, Raff et al.
1988, to cite but a few). Although its precise mechan-
ism of evolution remains poorly understood, rRNA is
considered to be largely independent of morphological
selection pressures and may be expected to conform to
a clock-like rate of evolution. However, the secondary
structure of rRNA defines regions which are under
greater or lesser selective constraint and which there-
fore vary in the rate at which point mutations become
fixed. Additionally, the rate of rRNA evolution in
homologous domains clearly varies between major
taxonomic groups, since ‘fast-clock’ and ‘slow-clock’
branches can be identified (Gonzalez ¢t al. 1990) and
may prove a significant problem for phylogenetic
analysis (Felsenstein 1978, Lake 1989).

There have been few comparative studies combin-
ing morphology, molecular sequences and the fossil
record, notable exceptions being the study based on
palms recently published by Wilson et al. (1990) and
the study of evolutionary rates in hominoid evolution
by Koop et al. (1989). Here we investigate the
molecular and morphological evolution of echinoids
(sea urchins), an invertebrate group with a relatively
good fossil record over the past 250 million years,
using partial sequences from the 285 rRNA molecule.

Echinoids are chosen because they have a complex
skeleton that provides a large number of characters for
cladistic analysis. As a predominantly shallow water
marine group they also have a reasonably good fossil
record. The taxonomy of Recent species is almost
entirely based on skeletal characters thus there is
usually little difficulty in integrating fossil and Recent
taxa into a unified classification. This means that fossil
species can generally be placed into their appropriate
stem groups without ambiguity. Divergence times,
although impossible to measure precisely, can be
estimated from the first occurrence of one or other
derived sister taxa and the stratigraphical distribution
of advanced stem group members that can be treated
as putative ancestors.

For molecular data we have selected the 5 end of
the 285 rRNA molecule, because this region appears
to have a rate of evolution appropriate for divergences
over a time span of 250-50 million years (Michot &
Bachellerie 1987).

2. MATERIALS AND METHODS

Eleven species of echinoid (table 1) were collected and
identified by the staff of the marine stations at
Villefranche sur Mer and Roscoff, France, and the
Oceanographic Museum at Monaco. As an outgroup,
12 species belonging to the four other classes of
echinoderm were also obtained from the same sources
(table 1). Partial sequences of the 285 rRNA molecule
were obtained for all 23 species, comprising the first
380 sites from the 5 end following the technique
described by Qu ¢t al. (1983).

RNA was isolated from about 1 g of fresh tissue
from each animal, homogenized with a polytron
homogenizer in 5ml of a solution of guanidinium
thyocianate (4 M) Tris HCI (50 mMm, pH 7.6). EDTA
(4 mm), N-lauryl-sarkozyl (29,), 2-mercapthoethanol
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Table 1. Species analysed in this study (* excluded from
analysis of evolutionary rates)

Echinoids (ingroup)
Subclass Cidaroidea
Cidaris cidaris Linnaeus
Subclass Euechinoidea
Cohort Irregularia (irregular echinoids)
Order Spatangoida
Echinocardium cordatum (Pennant)
Spatangus purpureus Miiller
Brissus unicolor (Leske)
Order Clypeasteroida
* Echinocyamus pusillus (Miiller)
Cohort Echinacea
Superorder Stirodonta
Arbacia lixula (Linnacus)
Superorder Gamarodonta
Order Echinoida
Family Echinidac
Echinus esculentus Linnaeus
Psammechinus miliaris Miller
Paracentrotus lividus (Lamarck)
Family Echinometridae
Lytechinus vartegatus (Leske)
Sphaerechinus granularis (Lamarck)

Echinoderms from other classes (outgroup)
Crinoidea
Antedon bifida (Pennant)
Asteroidea
Asterias rubens (Linnacus)
Asterina gibbosa (Pennant)
Coscinasterias tenuispina (Lamarck)
Echiaster sepositum Gray
Henricia sanguinolenta (Miller)
Marthas’erias glacialis (Linnaeus)
Solaster papposa (Linck)
Opbhiuroidea
Amphipholis squamata (Chiaje)
Ophiotkrix fragilis Ablidgaard
Holothuria
Holothuria forskali Chiaje
Leptosynapta inhaerens (Miiller)

(19%,). Total RNA was then separated from protein by
phenol extraction, repeated three times and followed
by two chloroform washes. Total RNA was then
ethanol precipitated, suspended in sterile distilled
water for measurement at 260/280 mm, reprecipitated
with sodium acetate and ethanol, and finally resus-
pended in sterile distilled water at 2 ug pl~!. Quality
of the RNA extract was examined by ethidium
bromide staining of 19, agarose gels.

RNA sequencing was carried out using reverse
transcriptase elongation of 2P 5’ end labelled syn-
thetic DNA primers, in the presence of chain termina-
tors. Three synthetic primers complementary to con-
served domains located in the 5" end of the 285 rRNA
were used, namely 84-106, 278-302 and 382-404.
These and all subsequent positions mentioned are

numbered by reference to the mouse sequence (Baroin
el al. 1988).
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We initially included all 11 echinoid species in our
analysis. However, the position of the irregular cly-
peasteroid Echinocyamus turned out to be highly unex-
pected, it being grouped not with other irregular
echinoids, but as sister to the regular stirodont Arbacia.
This appears to be a relatively robust pairing, sup-
ported by at least five uncontested synapomorphies.
However, Echinocyamus and Arbacia represent the two
longest branches in the tree and we suspect that the
pairing may be an artifact caused by this, because
Felsenstein (1978) and more recently Lake (1989)
have demonstrated that taxa with long branch lengths
tend to pair together for spurious reasons under
parsimony or distance analysis. Because we are pri-
marily interested in exploring rates of evolution in
molecular and morphological trees that are con-
gruent, for the moment we exclude Echinocyamus from
our analyses, pending its re-sequencing and the addi-
tion of data from other clypeasteroids and arbaciids.

Sequences were aligned by eye, starting with the
most conserved regions and progressively adding more
divergent regions. Alignment between the echinoid
species posed little problem. However, five sites (249~
253, Appendix 2) were ambiguous with a large
number of deletions and more than one equally likely
alignment possible. Analyses were run both with and
without these five variant positions. The first three
sites and all positions beyond position 387 were
excluded from this analysis, because of missing data
within certain taxa. In total, 53 sites were variable
among the ten echinoid sequences out of a total of 379
sites (149,), common deletions to echinoids having
been removed (Appendix 2).

Unrooted trees were obtained using the parsimony
computer program PAUP (Swofford 1990), using the
‘exhaustive’ or ‘branch and bound’ options to ensure
the most parsimonious results were found. Bootstrap-
ping, using 1000 replicates, was used to test the
robustness of the results. Larger data matrices were
also analysed using the computer parsimony program
‘Hennig 86’ (Farris 1988) and produced similar
results. Distance matrix trees were calculated using
the ‘neighbour joining method’ program of Saitou &
Nei (1987). Finally the Maximum Likelihood pro-
gram (pNaML) of Felsenstein (1989) was also used to
derive trees from the molecular data.

A character matrix for morphological data was
drawn up for the 10 remaining species using Morten-
sen (1928-1951), Hyman (1955), Smith 1981, 1984,
1988) and Jensen (1981) as the principal sources for
characters (Appendix 1). There is undoubtedly a bias
towards skeletal characters compared with soft tissue
characters and all larval characters (even skeletal
characters) were excluded. The choice of characters
included is obviously much more subjective than when
dealing with molecular sequences, but we have tried
to be as comprehensive as possible, utilizing all the
characters that previous workers have employed. It is
certain that with further work or a different perspec-
tive, more characters could be included, particularly
species-level autapomorphies, but we assume that our
sample approximates a reasonably unbiased subset of
all possible morphological characters.

Phil. Trans. R. Soc. Lond. B (1992)
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The analysis is based on 81 characters listed in
Appendix 1. Characters were treated as unordered
and the cladogram rooted by reference to an outgroup
composed of Palaeozoic echinoids, with particular
emphasis on Archaeocidaris, as the closest stem group
plesion.

3. RESULTS

(a) Phylogenetic relationships derived from
morphological data

Parsimony analysis of morphological data produced
two equally parsimonious solutions, length 98 steps,
Consistency Index (c1) 0.92, Retention Index (Rrr)
0.89. These can be reduced to a single topology by
treating the three irregular echinoids as a trichotomy
(figure 1). One thousand bootstrap replications gave
high levels of support for a number of branches but
509%, or less support for the Echinocardium|Spatangus and
the Psammechinus|Paracentrotus pairings. There are 18
trees of length 99 and 45 of length 100. Three trees out
of the 18 within one step have irregular echinoids as
sister group to all regulars (including Cidaris), whereas
others either make the three Echinidae paraphyletic
or place Arbacia as sister taxon to Lylechinus plus
Sphaerechinus.

Apomorphies were allocated to branches by the
computer program but were later checked manually,
which led to some minor adjustments.

Cidaris 11650)
» 2 Echinocardium
] kY
100 (o (hand
18 (00 Li— Brissus
©69) ‘ 3 Arbacia
17 13 Echinus
(98) 72)| L Psammechinus
15 8
12 Paracentrotus
8) (‘L‘P 2 Lytechinus
10

(98) Sphaerechinus

Figure 1. Relationships derived from parsimony analysis of
the morphological data (Appendix 1). This is one of two
equally parsimonious cladograms, 98 steps long with a
consistency index of 0.92, and retention index of 0.89. The
alternative tree is identical except that Echinocardium, Spatan-
gus and Brissus form an unresolved trichotomy. Apomor-
phies supporting branches 1-18 are as follows (numbers
refer to characters listed in Appendix 1): branch 1, 8b, 13a,
36b, 39b, 40b, 54b, 55b, 66b. 2, 26b, 29b, 32c, 48b, 81b. 3,
32b, 45b. 4, 16b, 28b, 35b, 50b. 5, 12b, 18b, 20b, 24c, 40b,
53a, 67b, 72b, 73b. 6, 46b. 7, —. 8, 19b, 79a. 9, 19b. 10, .
11, 31a. 12, 59a. 13, 11b, 57b, 60a. 14, 4b, 15b, 58b, 60b,
64b, 72b. 15, 18c, 24b, 55b, 56a, 65b, 73c, 79b. 16, 1b, 2b,
3a, 5b, 7c, 8a, 9b, 10b, 14b, 20b, 21b, 22b, 23b, 25b, 27b,
30b, 33b, 34b, 38c, 41b, 42b, 44b, 47b, 49b, 61b, 62b, 75b,
78c, 80b. 17, 17b, 36b, 43b, 47b, 69b, 70b, 71b, 72b, 74b.
18, 3b, 6b, 7b, 8¢, 37b, 38b, 51b, 52b, 59b, 63b, 68b, 76b,
77b, 78b.

Percentage support from 1000 bootstrap replications is
given in brackets for internal branches. Branch lengths are
proportional to the number of changes along each.
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(b) Phylogenetic relationships derived from
molecular data

(1) Unrooted topology

Very few positions were informative under Lake’s
evolutionary parsimony test (Lake 1987, 1989) and
thus this approach was not applicable. A exhaustive
parsimony analysis on all variable positions for echi-
noids alone found two unrooted trees, length 72, c1
0.86, r1 0.87, which can be expressed as a single tree
with the three spatangoids forming a trichotomy
(figure 2). One thousand bootstrap replications gave
high levels of support for most groupings except the
Echinus|Paracentrotus pairing and the Sphaerechinus|Lyte-
chinus pairing. However, when the five sites (positions
249-253) whose alignment was ambiguous were omit-
ted, a single unrooted tree, length 62, c1 0.89, r1 0.89,
was found with two trichotomies. In addition to the
spatangoid trichotomy found previously the three
species of Echinidae form an unresolved trichotomy
(figure 2). This results from a lack of informative sites
rather than because of conflicting data. Distance
matrix methods gave identical results.

Maximum Likelihood analysis produced the same
topology. Although Brissus and Spatangus are paired
among the three spatangoids, and Psammechinus and
Paracentrotus paired among the three Echinidae,
neither of these groupings is statistically significant (all
other branches being supported at the p <0.05 level)
and both should be interpreted as trichotomies under
this method.

Cidaris
Echinocardium
] 9906) [ o
Brissus
(6792) Arbacia
83(8 4) Echinus
95(92) I—; hinus
91(89) Paracentrotus

2(69 Lytechinus

Sphaerechinus

Figure 2. Relationships derived by parsimony, distance and
maximum likelihood analyses of the molecular data. The
tree shown is based on a parsimony analysis of the molecular
data (excluding positions 249-253 in appendix 1 where
alignment is ambiguous), and is length 62, c1 0.89, r1 0.89.
When these five sites are included Echinus and Paracentrotus
are grouped to the exclusion of Psammechinus. Percentage
support for internal branches derived from 1000 bootstrap
replications is shown; the first number derived from analysis
that excludes positions 249-253, the second (in brackets)
from an analysis of all 53 variant positions. Maximum
Likelihood produced an identical tree with support at the
$<0.05 level for all internal branches but could not resolve
the Echinocardium—Spatangus—Brissus trichotomy or the Echi-
nus—Paracentrotus—Psammechinus trichotomy. Distance matrix
methods also derived the same topology. Rooting is based on
Maximum Likelihood, parsimony analysis of more con-
served sites and parsimony analysis of the full data set after
reweighting characters according to their consistency index.
Branch lengths are proportional to the number of changes
along each.
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(i1) Rooting the echinoid molecular tree

Our initial analyses of echinoids produce trees that
can only be rooted by reference to an outgroup. For
our outgroup we have sequences from 12 echinoderms
belonging to classes other than the Echinoidea (table
1). We used a number of approaches to define the
polarity of molecular changes and thus root the
echinoid tree.

First, the full sequence was used even though
alignment between classes in some parts of the mole-
cule was highly ambiguous. Maximum Likelihood
analysis found a single tree, consistent with morpho-
logical data and rooted on Cidaris (figure 2). Support
for internal branches was at the p <0.01 level.

Under parsimony analysis, using pairs of species
from each class in turn as outgroup, the internal
topology remained more or less stable and consistent
with the unrooted topology. However, this approach
either rooted the echinoid tree on Arbacia (which is
also the longest single branch amongst echinoids), or
left the cidarid, stirodont, five camarodonts and three
spatangoids as an unresolved polychotomy. Distance
analysis also maintained the unrooted topology but
rooted the tree on Arbacia. Only when multiple taxa
from all four echinoderm classes were included did we
obtain the echinoid tree rooted on Cidaris (length 160,
a1 0.63, r1 0.73).

Because alignment with outgroup sequences was
ambiguous in certain regions and thus highly suspect,
we also ran parsimony analyses using only the more
conserved stretches of sequence (Appendix 2). First,
we used those positions that are invariant in the
outgroup or virtually so and whose polarity is in no
doubt (16 in total), to construct an outgroup. All
other sites were scored as unknown. An exhaustive
search found one tree, length 64, c1 0.88, r1 0.88 with
the same topology as before and rooted on Cidaris.
This tree is moderately robust. Although there is one
tree one step longer and six trees two steps longer, all
but one of these differ only in the topology of the five
camarodonts, where there are relatively few charac-
ters. It is only in one of the trees two steps longer that
the unrooted topology starts to break down and
Arbacia is placed as sister group to irregular echinoids
plus camarodonts. A consensus tree from the eight
trees within two steps of the most parsimonious
solution places irregular echinoids, camarodonts,
Cidaris and Arbacta in a basal polychotomy. One
thousand bootstrap replications supported the branch
uniting euechinoids at the 729, level.

A slightly enlarged set of positions, comprising those
sites in more conserved regions (25 positions) was used
in a second set of analyses (Appendix 2). Although
there is no ambiguity in alignment between the
ingroup and outgroup in these partial sequences, the
outgroup polarity is not always obvious for some of
these positions. Ophiuroids, asteroids, holothurians
and the single crinoid all individually rooted the
echinoid tree on Cidaris, although the asteroid out-
group identified a second equally parsimonious tree
which grouped Arbacia and Cidaris as sister taxa.
However, when all four classes were used in combina-
tion to root the tree, parsimony analysis placed
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ophiuroids as sister group to Cidaris within the echi-
noid clade. Reweighting characters according to their
consistency index on this tree and rerunning the
analysis produced the topology of figure 2, with all
outgroups united and the echinoid tree rooted on
Cidaris.

In summary, all approaches identify the same
unrooted topology from our molecular data and both
Maximum Likelihood and parsimony analysis of
conserved regions root this network on Cidaris (figure 2).

(¢) Comparative rates of evolution

As morphological and molecular data give compat-
ible cladograms (figures 1 and 2) the phylogenetic
relationships of the ten echinoid species is not in
dispute. Furthermore, because the fossil record of
echinoids is relatively good, we can use the stratigra-
phical record of first occurrences to give us approxi-
mate times of divergence (Appendix 3). This gives 18
independent intervals of time through the past 250
Ma for which we have data on number of molecular
mutations fixed and number of apomorphies accrued
(figure 3, 1-18; table 2). There are also five major
dichotomies (figure 3, I-V) where rates of evolution of
sister groups can be compared.

(1) Assigning character state changes to specific branches
Parsimony analysis, unlike distance or maximum
likelihood methods, allows inferred nucleotide changes
to be assigned to specific branches of the tree. A few
sites will, however, remain ambiguous, because they
represent differences between the basal sister taxa.
Some of these can be polarized by reference to the
outgroup. For example, in echinoids the basal dicho-
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calibrated tree 1 Cidaris
2 . .
14 Echinocardium
-1 16 I{IB: Spatangus
18 [ Ye—— Brissus
—1 ' 2 Arbacia
6 .
Echinus
LLIV 2 '
| 11 Psammechinus
L A% 8 Paracentrotus
13 2 Sphaerechinus
10 'Lytechinus
ML T ] T T ™
250 200 150 100 50 Ma

Figure 3. Calibrated tree, with nodes dated by reference to
first occurrences in the fossil record (Appendix 3). Dichoto-
mies at which sister groups were tested for equivalence in
evolutionary rate are numbered I to V: the 18 independent
time intervals for which rates of evolution can be estimated
are numbered 1-18.

tomy is between Cidaris and other echinoids (the
Euechinoidea). There are 11 differences between the
Cidaris sequence and the reconstructed ancestral eu-
echinoid sequence. Four of these can be polarized by
outgroup comparison (e.g. site 308 is U in Cidaris and
all non-echinoid echinoderms, but A in euechinoids:
the mutation is clearly from U to A in the stem group
of Euechinoidea). How large a problem unpolarized
sites represents will depend on the topology of the tree,
the relative ‘clock rate’ and the number of taxa
included within the group. The ancestral sequence for
the eleven species of echinoid can be largely resolved,
only seven sites (13%,) remaining unclear. These seven

Table 2. Number of molecular and morphological apomorphies for 18 time intervals, based on the first 410 bases from the 5 end of
the 285 TRNA molecule in ten echinoids, and a morphological data matrix of 81 characters

(Time intervals 1-18 as in figure 3. Durations are given to the nearest 5 Ma. E =epifaunal; I=infaunal;
N = predominantly nearshore (0-40 m); O = predominantly offshore (>40 m).)

number of molecular

number of morphological

time duration changes® changes®
interval (Ma) A B A B ecology
1 255 7-11 ca. 0.93 8 3.1 E, O
2 40 2 1.32 5 12.5 I, N, O
3 40 0 0.00 2 5.0 I, O
4 45 1 0.59 4 8.8 I, 0
5 160 18 2.97 9 5.6 E, N
6 30 2 1.76 1 3.3 E, N
7 15 1 1.76 0 0.0 E, N
8 15 0 0.00 2 13.3 E, N
9 25 2 2.11 1 4.0 E, N
10 25 3 3.17 0 0.0 E, N
11 15 1 1.76 1 6.7 E
12 30 5 4.40 3 10.0 E
13 35 5 3.77 6 17.1 E
14 5 0 0.00 1 20.0 I
15 120 8 1.76 7 5.8 E
16 165 5 0.80 29 17.6 I
17 45 6 3.52 9 20.0 E
18 50 2-6 ca. 2.11 14 28.0 E

* Molecular changes: A = total number in each interval; B=rate of change (number of changes per Ma per site x 10%).
> Morphological changes: A = total number allocated to each interval; B rate of change (number of changes per Ma x 102).

Phil. Trans. R. Soc. Lond. B (1992)
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sites were evenly allocated between the two basal
branches.

We have used no correction factor to accommodate
missing substitutions in lineages with fewer branches,
as recommended by Fitch & Bruschi (1987) and Fitch
& Beintema (1990). This is because we found no
correlation between number of branches and number
of substitutions. The sparsely branched lineage lead-
ing to Arbacia shows more change than any of the
more densely branched lineages. Furthermore,
because the sequence we have chosen to study is far
from saturated in echinoids, reversals and multiple
hits are not a problem and observed number of fixed
mutations must approximate closely to the true
number.

(it) Comparative rates

Durations and numbers of molecular and morpho-
logical apomorphies for each of the 18 time intervals
are listed in table 2. Comparing sister groups, the
expectation is that molecular rates should be approxi-
mately equivalent in the two branches if evolutionary
rates are clock-like. Where multiple routes exist in a
sister lineage the maximum and minimum numbers of
mutations were calculated. A binomial probability
statistic shows that in most cases sister groups do not
deviate significantly from our expectation (table 3).
However, two paired lineages display significantly
different rates of molecular evolution, namely the
cidaroid—-euechinoid dichotomy and the irregular—-
echinacean dichotomy. In both cases a marked differ-
ence in rates exists, significant at the p<0.01 level,
indicating that both cidaroids and irregulars have a
slow rate of molecular evolution in comparison to
echinaceans.

The same approach can be taken with morphologi-
cal apomorphies (table 3) and again differences in
rates occur in some, but not all, pair-wise compari-
sons. Although differences in rates are found between
the same branches as for molecular data there is no
correlation. Morphologically irregular echinoids show
the greatest rate of change, whereas for molecular
data they have a comparatively slow ‘clock-rate’.

To compare rates of morphological and molecular
evolution further we investigated the correlation
between the three variables, ‘duration of geological
interval’, ‘number of molecular changes’ and ‘number
of morphological changes’, using the 18 independent
time intervals identified in figure 3. Bivariate scatter-
plots are shown in figure 4 together with their
correlation coefficients. The Pearson product moment
correlation coefficient, 7, suggests that the strongest
correlation exists between molecular change and time
elapsed and the weakest between molecular change
and morphological change. The correlation between
morphological change and time elapsed is interme-
diate.

However, the assumptions of this parametric test of
correlation may not be valid as they require normal
distribution. Furthermore, although molecular change
can be quantified in an absolute way, both the
divergence time and the number of morphological
apomorphies assigned to each branch cannot. To
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Table 3. Tests for rate differences between sister taxa, using a
binomial probability statistic

(Molecular and morphological rates (number of
mutations per site per Ma) are derived from the
number of changes identified along each branch from
maximum parsimony analysis. Ns = binomial probabi-
lity statistic with a probability of 0.5 not significant at
p=0.05 level. p<0.05, p<0.01 =binomial probability
statistic significant at the p<0.05, p<0.01 levels.
Roman numerals refer to nodal points in figure 3 at
which sister branches are compared. The superscript
letter indicates the branch as in figure 3.)

molecular data

I' - 9 hits; 0.9 x 104

against

11816 911 hits; 0.9-1.1x 10-* NS
[817 — 24-28 hits; 2.5-2.9 x 10~* $<0.01
116 - 5-7 hits; 6.4-9.0 x 10~%

against

I1'7 - 20-23 hits; 2.6-3.0 x 104 $<0.01
I11* - 0-2 hits; <1.3x10-*

against

1114 -1 hit; 5.8 x 105 NS
TV® - 18 hits; 2.6 x 104

against

IV - 14-17 hits; 2.1-2.5x 10~* NS
V12 6-7 hits; 2.6-3.1 x 10-*

against

V13— 7-8 hits; 3.1-3.5x 104 NS
morphological data

I' - 8 apomorphies

against

[18-16 — 45-48 apomorphies $<0.001
['#17 - 33-37 apomorphies $<0.001
II'6 - 31-34 apomorphies

against

I1'7 - 19-23 apomorphies $<0.05
ITI'" - 3-5 apomorphies

against

IIT* - 5 apomorphies NS

1V5 - 10 apomorphies

against

IV - 11-13 apomorphies NS

V% - 4-6 apomorphies

against

V18— 6-7 apomorphies NS

overcome these problems we prefer to use the non-
parametric Spearman’s rank correlation coefficient, 7;
(Tippett 1952). This has the advantage that it
compares ranks rather than absolute values and does
not assume a linear relationship between populations.
Thus we need only the relative magnitudes of time
elapsed since divergence and morphological apomor-
phies accrued, a more realistic goal given the prob-
lems of estimating divergence times and morphologi-
cal change. This approach gives a rather different
picture, suggesting that morphological change is
slightly better correlated with time than molecular
change.
However, the pair-wise comparisons

(table 3)
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Figure 4. Bivariate scatter plots of morphological and
molecular change against time elapsed for the 18 time
intervals shown in figure 3. 7, = Pearson’s correlation coeffi-
cient; 7,=Spearman’s rank correlation coefficient.

demonstrate that molecular rates are significantly
different between major clades, and thus should not
be averaged together. Removing the ‘slow-clock’
cidaroid and irregular echinoid branches greatly
improves the correlation between molecular change
and time elapsed (figure 5), whereas the correlation
between morphological change and time elapsed
remains weak.

4. DISCUSSION

(1) Choice of sequence and taxa

In recent years much effort has been devoted to
refining mathematic treatments designed to obtain
phylogenies from sequence data (Swofford & Olsen
1990, Nei 1987). Clearly this is important but such
methods have become so computerized that it is now
virtually impossible to check assumptions and calcula-
tions by any other way than by comparing the results
of the various methods. This has led to an emphasis on
the quantity of variant sites being analysed rather
than the choice of species or selectivity in the nucleo-
tide sequences analysed (see Ghiselin (1988, 1989) for

similar remarks).
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Figure 5. Bivariate scatter plots of morphological and
molecular change against time elapsed for just echinacean
taxa (branches 5-13, 15, 17, 18 in figure 3). r,=Pearson’s
correlation coefficient; 7,=Spearman’s rank correlation
coefficient.

In our view the choice of the sequence analysed is of
paramount importance. Sequences must not be
approaching saturation and alignment must be unam-
biguous, yet there must be sufficient point mutations
to be able to generate an unambiguous solution. We
therefore chose a molecular region that Michot &
Bachellerie (1987) had previously shown to have an
appropriate rate of evolution for the phylogenetic
question in hand, namely the 5" end of the 28§ rRNA
molecule.
~ In our analysis 149, of sites are variant among the
ten echinoid species. Alignment is unambiguous
except for a very few positions (where additions/
deletions are abundant), and the high consistency
index and the virtual absence of character reversals
demanded by the most parsimonious cladogram pro-
vides good evidence that this part of the sequence
remains far from saturated among echinoids. Only
12.5%, of wvariable sites have more than two
alternative nucleotide bases in the ten echinoid
sequences.

Our conservative approach, however, means that
some trichotomies cannot be resolved from this
domain, because divergences are too recent and/or
rates of change too slow. But domains where sequences
have diverged sufficiently to provide resolution to

" these trichotomies would be too variant to align

among all echinoids and/or too saturated with double
hits and reversals to provide a secure higher level
phylogeny (see Lanyon (1988) for a discussion).
Interestingly, the problems encountered in obtain-
ing a fully resolved phylogenetic reconstruction are
the same for both morphological and molecular data,
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and it is the same regions of the cladogram that are
the least supported in bootstrap testing. Resolution of
polychotomies requires characters that vary among
the ingroup but which can also be homologized and
polarized with respect to the outgroup.

In molecular sequences, portions of the 28§ rRNA
molecule more variable than the present domain
could be used to resolve our two trichotomies. How-
ever, there then arises the problem of alignment and
polarization. More divergent regions we have exam-
ined, such as the D2 domain (located immediately to
the 3’ end of the region discussed here), entail
significant ambiguity of alignment between major
branches of Echinoidea. Thus, although there are a
greater number of variable sites to work with, align-
ment and polarity for these regions, even within
echinoids, can be problematic and no resolution of the
trichotomies is at the moment possible.

For morphological data exactly the same holds true.
There are a number of morphological characters that
vary among the three spatangoids, but because these
are unique to spatangoids and none is present in any
of the other echinoids in this particular study, it is
impossible to polarize them, and thus the trichotomy
remains unresolved.

The solution in both cases is the addition of a close
outgroup (i.e. the Cretaceous stem group for morpho-
logical data or Recent hemiasterid spatangoids or
holasteroids for molecular data). The polarity of most
of these characters could then be determined and the
trichotomy resolved for both morphological and mole-
cular data. Similarly, the secure resolution of relation-
ships among the camarodont echinoids requires the
addition of other camarodont groups, particularly
temnopleurids, to establish polarities.

The taxonomic level at which we have chosen to
investigate comparative rates of morphological and
molecular evolution is also important. Obviously
morphological comparison becomes increasingly diffi-
cult between higher taxonomic groups that have been
separated for longer periods but so also does molecular
comparison, with more and more molecules or
domains within molecules reaching saturation levels as
divergence time increases. This effectively restricts
comparison to only the most highly conserved mor-
phological and molecular data for more distant diver-
gences and greatly reduces the number of characters
available, particularly from morphology. Conversely,
for relatively recently diverged taxa and fast-evolving
domains, the uncertainties in estimating divergence
times from the fossil record start to become much
more significant and can substantially affect estimates
of rate.

(i1) Rooting molecular trees

Our analysis of rates of evolution depends first and
foremost upon our having rooted the molecular tree
correctly, since different rootings can significantly
alter the results. A tree rooted on Arbacia, as found by
using complete sequences from our outgroup, pro-
duces rates of change that are much more uniform
along the various branches. However, there are good
reasons to believe that this rooting is an artifact that
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arises because the outgroup polarity at most positions
is effectively random.

Of the 56 sites that are variant among echinoid
species, some (e.g. positions 308 and 321) are invari-
ant in all echinoderm species in our outgroup and thus
their polarity is completely unambiguous. Other sites
are represented by two or more nucleotides in our
outgroup and determining the plesiomorphic state is
often impossible. Omitting two positions where the
outgroup state was represented predominantly by
deletions, 289, of sites are completely invariant in all
outgroup sequences, 18.5%, are transitions only,
16.5%, are transversions between two nucleotides only,
249, are sites that vary among three nucleotides and
139, are sites at which all four nucleotides are found
in the outgroup. Two positions that are variant in the
outgroup have only a single species where the nucleo-
tide differs and polarity in these cases is also clear.
This means that for about 709, of the positions
outgroup polarity is ambiguous or unknown and
polarity assignment is, in effect, random for most sites.

As Wheeler (1990) has cogently demonstrated, a
random outgroup sequence will join to the longest
branch of the ingroup and the root position is
meaningless. Thus the identification of Arbacia, the
longest branch in our tree, as root is most probably
spurious.

For random outgroup sequences Wheeler (1990)
suggested using asymmetry in the character transfor-
mations within the ingroup to identify the root. Here,
however, we have adopted a simpler approach. When
only those positions for which polarity is unambiguous
are used to root the tree, the topology matches that
found from morphology and maximum likelihood
analyses but implies markedly uneven rates of evolu-
tion between sister groups.

(iii) Rates of evolution

Since both molecular and morphological data pro-
duced a similar cladogram for the ten species (after
removal of Echinocyamus), the two approaches are not
in conflict and the two approaches can be compared
constructively.

Our echinoid data suggest that molecular changes
in 285 rRNA correlate strongly with the length of time
elapsed but only within specific clades. Comparison
between clades indicates that there have been marked
changes in rate through geological time and lineages
differ by a factor of three in their rates of molecular
evolution. At the level of divergence studied here, any
errors in estimating divergence time constitute only a
relatively small portion of the total time since sepa-
ration, and certainly cannot account for a threefold
difference in mutation rate. Martin et al. (1990) have
pointed out that in estimating genetic distance the
coefficient of variation is large when the number of
bases sampled is relatively small (i.e. less than 1000).
Thus the variation in molecular rates of chanee
between echinoid clades might disappear were a
larger data base available, if our results are no more
than a sampling artifact. However, the fact that we
can demonstrate a tight correlation between mole-
cular change and time within a well-defined clade
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(figure 5) suggests that the difference in rate between
subgroups is genuine. Similar marked fluctuations in
molecular rates have been documented from larger
data bases among hominoids (Koop et al. 1989),
carnivores and primates (Wayne et al. 1991), and
tetrapods (our own analysis of the data presented by
Hedges et al. 1990).

It would seem therefore that, among the echinoids
studied and for the portion of the rRNA molecule
analysed, rates of molecular evolution are relatively
clock-like within certain clades, but show significant
rate differences between clades. When molecular rates
are averaged over a range of echinoid clades, however,
the correlation between time elapsed and number of
molecular changes becomes distinctly weaker. Bailey
et al. (1991) have made a similar point with respect to
global versus local molecular clock rates in primates.
Indeed, when averaged over sufficient taxa, morpho-
logical change in echinoids can behave in just as
‘clock-like’ a fashion as molecular data. Thus for our
10 echinoid species, the acquisition of morphological
innovations is as strongly correlated with time as the
fixation of point mutations.

Variation in molecular rates has previously been
ascribed to differences in generation time, mutation
rate or replication and repair mechanisms (e.g. Koop et
al. 1989, Li & Tanimura 1987, Britten 1986, Gillespie
1986, Wilson et al. 1990). Available data on repro-
duction suggests that most echinoids reach sexual
maturity within approximately 1-2 years (Lawrence
1987) and, because none of the species studied here are
brooders, all have a comparably high DNA replication
rate and produce very large numbers of gametes per
year. Nor do irregular echinoids appear to be particu-
larly different from echinaceans in their reproductive
biology (e.g. Guillou 1985). Thus it would appear that
molecular rates show marked fluctation because of
differences in repair and replication processes, or
mutation rate.

In the light of these observations a correlation
between rate of molecular change and habitat may be
significant. It is the three infaunal echinoids and the
deep-sea echinoid that show slower molecular change,
whereas shallow water epifaunal species (with strong
epithelial pigmentation against uv radiation) show
significantly higher rates (table 2). Thus there seems
to be at least a prima facie case for the organism’s
ecology having a strong effect on its molecular rate of
evolution. We can only speculate as to the possible
causes for this. From the above correspondence,
mutation rates would appear to be higher in shallow-
water epifaunal species as opposed to deep-water
epifaunal or shallow infaunal species. Work on com-
paring deep-water and shallow water sister taxa is
underway to test this hypothesis.

The thrust of this paper is not to demonstrate that
molecular data are superior to morphological data for
phylogenetic reconstruction, or vice versa, but to
compare the two constructively. We believe that a
better understanding of evolutionary processes will
only come about through a sensible integration of
molecular and morphological data. We should try to
focus not on areas where the two approaches are in
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discord (although these have their own intrinsic
interest) but where there is concord, as this then
allows broader evolutionary questions to be tackled.
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APPENDIX 1

Morphological characters used. Apomorphic states
that can be polarized unambiguously by reference to
stem group echinoids and/or other echinoderm groups
are shown in bold, unpolarized states are indicated by
a [U]. Note, however, that all characters were treated
as unordered in our parsimony analyses.

Test morphology

Shape
1. a, radially pentameral (0); b, bilaterally syme-
trical (1).

Mouth

2. a, circular and central (0); b, anterior and D-
shaped (1).

3. Buccal notches and pharyngeal expansion sacs: a,
absent (0); b, present (1).

4. Buccal notches when present: a, shallow (0); b,
deep (1).

5. Mouth: a, large relative to test, primordial plates
greatly reduced or lost (0); b, small relative to
test, primordial plates prominent (1).

6. a, Ambulacral and interambulacral plates
migrate from corona to peristome (0); b, no
migration of plates during life (1).

7. a, multiple pore-bearing plates on peristome (0);
b, 10 buccal plates only (1); c, no tube feet on
peristome (2).

Perignathic girdle

8. a, absent (0); b, present — both protractor and
retractor muscles attach to interambulac-
ral apophyses (1); c, present- retractors
attach to ambulacral auricles, protractors
to poorly developed interambulacral apo-
physes (2).

Apical disc

9. a, Encloses periproct (0); b, periproct outside
apical disc (1).

10. a, G5 present (0); b, G5 absent (1).

11. a, Periproct composed of a mass of small plates
with no suranal plate (0); b, periproct with
enlarged ‘suranal’ plate during develop-
ment (1).

12. Periproct: a, not valve-like (0); b, valve-like,
composed of four triangular plates (1).

13. G5 crystalographic c-axis; a, perpendicular (0), b,
tangential (1) [U].

14. a, Apical disc of alternating ocular and genital
plates (0); b, apical disc ethmolytic (1) [U].

15. Oculars I,V: a, exsert (0); b, insert (1) [U].

16. Periproct separated from peristome by: a, five
interambulacral plates (0); b, four interambulac-
ral plates (1) [U].

Ambulacra

17. a, Simple (0); b, compound (1).

18. Compound plating; a, all elements reaching the
perradial suture (0); b, with middle element
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dominant and upper and lower elements occluded
(Arbaciid style) (1); ¢, with lowest element domi-
nant and middle elements occluded (Echinid
style) (2) [U].

19. Compound plates: a, trigeminate (0); b, polyge-
minate (1).

20. Aboral pores: a, simple, no respiratory tube feet
(0); b, conjugate, supporting functionally
specialized respiratory tube feet (1).

21. Phyllodes: a, absent (0); b, spatangoid type (1).

22. Penicillate tube-feet around mouth: a, absent (0);
b, present (1).

23. Pores: a, double (0); b, reduced to single
openings below petals (1).

24. Pores in each ambulacral plate series: a, uniserial
(0); b, in strong arcs throughout (1); c,
uniserial above, broadening markedly ador-
ally (2) [U].

25. Ambulacral IIT pores and tube-feet: a, not differ-
entiated from other ambulacra (0); b, differen-
tiated (1).

26. a, Penicillate tube-feet not developed in ambulac-
rum III adapically (0); b, penicillate tube-feet
developed adapically in ambulacrum III (1).

27. Petals: a, not developed (0); b, present (1).

28. Ambulacra LILIV,V: a, flush (0); b, sunken (1).

29. Ambulacrum III: a, flush (0); b, sunken (1).

30. Subanal penicillate tube-feet: a, absent (0); b,
present (1).

31. Subanal fasciole encloses: a, 3 ambulacral plates
(0); b, 5-6 ambulacral plates (1) [U].

32. Adapically ambulacra (petals): a, parallel-sided
(0); b, lanceolate (1); ¢, expanding adapically (2)
[U]. :

Interambulacra

33. a, Both plates in a column reach peristome edge
(0); b, one plate only reaches peristome (1).

34. a, All five interambulacra similar (0); b, sternal
plating differentiated (1).

35. In posterior interambulacrum, first plate (labral
plate): a, equidimensional (0); b, broad and short
(O [U].

36. Orientation of crystalographic C-Axis relative to
surface of corona: a, perpendicular (0); b, tan-
gential (1).

Spines and tuberculation

37. Sphaeridiae: a, absent (0); b, present (1).

38. Spines: a, heterogeneous, with a primary spine
surrounded by a scrobicule (0); b, with a few
large primary interambulacral tubercles and
spines on each plate and no scrobicular circles (1);
¢, with large numbers of small equal-sized tuber-
cles scattered over plate — spines forming hair-like
coat (2) [U].

39. Spines: a, hollow (0); b, solid (1).

40. Spines: a, lacking cortex (0); b, with cortex (1).

41. Spines: a, simple, needle-like (0); b, small,
spatulate (1).

42. Spines and tubercles: a, undifferentiated around
test (0); b, functionally and structurally dif-
ferentiated (1).
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43.

44.
45.

46.

47.

48.

49.
50.
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Tubercles: a, perforate (0); b, imperforate (1).
Tubercles: a, non-crenulate (0); b, crenulate (1).
Aboral spines and tubercles: a, uniform, not
sunken (0); b, very heterogeneous, with large,
sunken tubercles bearing large spines scat-
tered about (1).

Primary interambulacral tubercle: a, on every
plate (0); b, on alternate plates in a column
(1).

Modified miliaries (clavulae): a, absent (0); b,
present (1).

Inner (aboral) fasciole: a, absent (0); b, present
(1).

Subanal fasciole: a, absent (0); b, present (1).
Peripetalous fasciole: a, absent (0); b, present

(1).

Pedicellariae

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ophicephalous pedicellariae: a, absent (0); b,
present (1).

Triphylous pedicellariae: a, absent (0); b, pres-
ent (1).

Globiferous pedicellariae: a, absent (0); b, present
(1) [U).

Globiferous pedicellariae: poison gland a, exter-
nal, opening not through pore (0); b, internal,
opening through pore in blade (1).
Globiferous pedicellariae: a, without terminal
fang (0); b, with terminal fang (1) [U].
Globiferous pedicellariae: a, without ring of small
teeth around distal opening (0); b, with ring of
small teeth (1) [U].

Globiferous pedicellariae: a, lacking paired lateral
teeth (0); b, with paired lateral teeth (1) [U].
Globiferous pedicellariae: poison glands carried a,
on the valves only (0); b, on the valves and stalk
(1) [U].

Blade of globiferous pedicellariae: a, open mesh-
work (0); b, narrow fused cylinder (1).

Stalk of globiferous pedicellariae: a, unfused mass
of calcite fibres (0); b, fused and tubular (1); c, a
solid meshwork (2) [U].

61. Tridentate pedicellariae: a, with long, narrow
blades (0); b, include rostrate form with
bulbous blades (1).

Lantern

62. Lantern: a, present (0); b, absent (1).

63. Hemipyramids: a, with small foramen magnum

(cidaroid-type) (0); b, with deep v-shaped
foramen magnum (euechinoid-type) (1).
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65.

66.

67.
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Epiphysis: a, without large projection (0); b, with
prominent lateral projection supporting
tooth (1).

Epiphysis: a, not meeting and fused (0); b, fused
above foramen magnum (1).

Rotula: a, hinge-socket type joint (0); b, ball and
socket type joint (1).

Hemipyramids: a, not enlarged (0); b, enlarged
into a processus superalveolaris (1).

Teeth (see Jensen 1981)

68.
69.

70.

71.

72.

73.

74.

a, grooved (0); b, keeled (1).

Central lammellae-needles-prisms (cLNP) com-
plex: a, lacking flabelliform lamellae (0); b, with
flabelliform lamellae (1) [U].

ceNLP complex: a, without tines (0); b, with tines
(1) [U].

cLNP/LLNP (lateral lamellae-needles-prisms) com-
plexes: a, undifferentiated (0); b, the two com-
plexes distinct (1) [U].

Tooth plate: a, umbo-lateral distance less than
umbo-oral distance (0); b umbo-lateral distance
greater than umbo oral distance (1) [U].
Primary tooth plate: a, undifferentiated (cida-
roid) (0); b, arbacioid (1); ¢, echinoid (2) [U].
Secondary tooth plate (lappet): a, a narrow
simple plate (0); b, well developed with a carinal
appendage (1) [U].

Soft tissue anatomy

75.

76.

77.

78.

79.

80.

81.

a, three sinuses (periproctal, perianal and genital)
all separated (0); b, these three sinuses repre-
sented by one small sinus (1) [U].

Syphon on intestine: a, absent (0); b, present (1)
[U]

Circum-oesophageal ring with: a, 5 discrete
spongy bodies (?pollian vesicles) (0); b, a con-
tinuous spongy ring (1) [U].

Mucous glands found: a, throughout the gut (0);
b, in the oesophagus and pharynx only (1); c,
in a small ring at the top of the pharynx
only (2).

Outer marginal duct of the digestive haemal
system: a, without a collateral duct (0); b, with a
collateral duct (1) [U].

Caecum at start of stomach: a, absent (0); b,
prominent (1).

Frontal ambulacrum: a, unmodified for food
collecting (0); b, with modified glandular
spines developed for mucous string feeding

().
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APPENDIX 3

Divergence dates based on Harland e al. (1989),
rounded to nearest 5 Ma.

I. Cidaroid-Euechinoid divergence. Taken as earliest
occurrence of definitive cidaroid: Muocidaris keyserling:
(Doderlein), Ford Reef Formation, Kazanian, Upper
Permian, of Sunderland, northern England (Smith &
Hollingworth 1990). 255 Ma.

II. Irregularia-Echinacea divergence. Taken as ear-
liest occurrence of definitive irregular ‘Plesiechinus’
hawkinsi ~ Jesionek—Szymanska, Sunrise Formation,
Sinemurian, Lower Jurassic, of New York Canyon,
Nevada, U.S.A. (Jesionek-Szymanska 1970). 205 Ma.

ITI. Spatangoid divergence. The three spatangoids
Echinocardium, Spatangus and Brissus are all closely
related genera that appear to have diverged during
the Eocene. Echinocardium is a loveniid and the earliest
confirmed occurrence of a loveniid Lovenia sulcata
(Haime), Upper Eocene, Biarritz, France (Mortensen,
1951, in 1928-1951; BMNH collections). The earliest
confirmed record of Brissus is from the Middle-Late
Eocene of Cuba (Kier 1984). The earliest confirmed
spatangid is Oligocene, but Maretia, from which
Spatangus may be derived through loss of peripetalous
fasciole, occurs from the Middle Eocene onwards. All
three taxa appear to have diverged between 40 and
45 Ma.
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IV. Stirodont-Camarodont divergence. The oldest
definitive Arbaciidae is Glypticus from the late Callo-
vian, Middle Jurassic (155 Ma). The origin of cama-
rodonts remains obscure but no camarodont is known
prior to the Lower Cretaceous. Arbaciids are probably
derived from hemicidarids and thus divergence from
echinaceans could be as far back as 175 Ma. Here we
take the first appearance of true Arbaciids as a
divergence date.

V. Echinidae-Echinometridae divergence. 50 Ma is
the latest divergence date possible because both
families were differentiated by the middle Eocene
(Smith 1989). However, Scoliechinus may be late
Cretaceous (S. K. Donovan, personzl communica-
tion) and would take the divergence back to around
70 Ma. Here an intermediate divergence date of
60 Ma is adopted.

The Echinus—Paracentrotus—Psammechinus divergence.
The fossil record of Paracentrotus and Echinus extends
back only to the late Miocene and thus the latest
divergence is placed at 15 Ma. Psammechinus may be
older but recognition of this genus has proved imposs-
ible from test material alone (Smith 1989). Earliest
divergence within this tricotomy is very poorly con-
strained at between 15 and 50 Ma and is arbitrarily
placed at 30 Ma.

The Lytechinus—Sphaerechinus divergence. The earliest
Lytechinus is L. pictus? from the Upper Oligocene of
Oregon, U.S.A. Divergence is thus placed at 25 Ma.
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