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DNA sequences of cloned histone coding sequences and
spacers of sea urchin species that diverged long ago in evolu-
tion were compared. The highly repeated H4 and H3 genes
active during early embryogenesis had evolved (in their silent
sites) at a rate (0.5-0.6% base changes/Myr) similar to
single-copy protein-coding genes and nearly as fast as spacer
DNA (0.7% base changes/Myr) and unique DNA. Thus,
evolution in the major histone genes conforms to a universal
evolutionary clock based on the rate of base sequence change.
By contrast, the H4 and H3 coding sequences and a non-
transcribed spacer of the DNA clone h19 of Psammechinus
miliaris show an exceptionally low rate of sequence evolution
only 1/100 to 1/200 that predicted from the clock hypothesis.
According to the classical model of gene inheritance, the h19
DNA sequences in the Psammechinus genome require
unusual conservation mechanisms by selection at the level of
the gene and spacer sequences. An alternative explanation
could be recent horizontal gene transfer of a histone gene
cluster from the very distantly related Strongylocentrotus
drobachiensis to the P. miliaris genome.
Key words: codon selection/spacer DNA/mutational drift/
horizontal gene transfer

Introduction
The isolation of specific gene units (Birnstiel et al., 1966;

Birnstiel, 1967) has made it possible to look at the primary
event of evolution: the changes in the base sequences of genes
and spacers. Recent techniques of gene cloning and DNA se-
quencing have produced a wealth of data on the rate of evolu-
tion of protein-coding sequences (see below) and introns (van
Ooyen et al., 1979) but, curiously enough, no quantitative
measurements have yet been reported for the rate of spacer
evolution.
The DNA sequences coding for even relatively conservative

proteins, e.g., haemoglobins, show rapid divergence by ac-
cumulation of "silent" base substitutions, especially for a
pair of genes in the first 80 million years (Myr) or so (Perler et
al., 1980). Over longer periods the apparent rate of nucleic
acid evolution decreases due to "saturation effects" (Perler et

al., 1980; Holmquist et al., 1981), such as multiple base
substitutions at the same site, back-mutation to the original
base, and constraints due to special nucleic acid sequence
motifs (e.g., exon-intron boundaries).

Rapid gene evolution by accumulation of mutations
yielding synonymous codons was first predicted by Walker
(1968) and King and Jukes (1969), and soon corroborated by
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RNA/DNA hybridization studies and RNA sequencing of
sea urchin histone mRNA and histone gene sequences. A rate
of 3-6 x 10-9 substitutions/codon/year was obtained
(Weinberg et al., 1972; Birnstiel et al., 1973; Grunstein et al.,
1973; Grunstein et al., 1975). Histone genes (in their mutable
base positions, see below) appeared to evolve as fast as the
genes coding for the ephemeral fibrinopeptides and the bulk
of the unique DNA (Birnstiel et al., 1973).

Strong evidence suggests that a percentage of base changes
resulting in synonymous codons are selected against (Fitch,
1980; Miyata and Hayashida, 1981; Holmquist and Pearl,
1980). But comparison of the DNA sequences of a great
many different protein-coding genes shows that the overall
rate of synonymous substitutions even over a large timespan
has proceeded at a remarkably even rate of ".s0.5% base
changes/Myr (Miyata et al., 1981), i.e., the evolutionary
clock of nucleic acid sequences (in their silent sites) seems to
run at a similar rate in all structural genes analyzed to date.
We found that the rate of base substitution in the major

histone gene families of five sea urchin species conforms to
the evolutionary clock hypothesis. However, a DNA clone
h19 of Psammechinus miliaris, a minor histone gene repeat
unit coding for all five types of histones, blatantly violates
this rule.

Results
Evolution of the early embryonic sea urchin H3 andH4 genes
by silent mutation

In all sea urchins analyzed to date the rapid cell division
during embryogenesis is accompanied by high levels of
histone mRNA synthesis, occurring on genes which are many
hundred times repeated in the genome. They constitute the
predominant family of histone genes present in these species
(reviewed by Hentschel and Birnstiel, 1981): e.g., DNA
clones h22 of P. miliaris (Clarkson et al., 1976; Schaffner et
al., 1978); Sp2 and Spl7 of Strongylocentrotus purpuratus
(Kedes et al., 1975; Sures et al., 1978); and Ph70 of Paracen-
trotus lividus (Spinelli et al., 1979).

Strongylocentrotus drobachiensis, a close relative of S.
purpuratus, contains two histone gene maxi-families in a ratio
of v2:1 (unpublished results) which were cloned as Norl and
Nor5 (see Materials and methods). The sequences of these
two clones resemble each other and DNA of clone Sp2/17 of
S. purpuratus (see below); most probably they represent the
early embryonic class of S. dr6bachiensis histone genes.

Figure la and b shows the DNA sequences of clones h22,
Sp2/17, Ph70, and Nor5. They code for identical H3 and H4
proteins, respectively, but differ by silent mutations,
predominantly in the third base of the codons. The TI oligo-
nucleotides of the early blastula H4 mRNA of Lytechinus
(Grunstein and Schedl, 1976) were matched, as far as possible
with the H4 DNA sequences of the other sea urchins (Figure
lb).
The special codon composition of H3 and H4 structural

genes shows that 25% and 2607o, respectively, of all random
base substitutions lead to synonymous codons in these genes.
All other base substitutions, 3/4 of the total, were eliminated
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a H3 gene sequences
10 20 30 40

Ala Arg Thr Lys Gin Thr Ala Arg Lys Ser Thr Gly Gly Lys Ala Pro Arg Lys Gin Lea Ala Thr Lys Ala Ala Arg Lys Ser Ala Pro Ala Thr Aly Gly Gal Lys Lys Pro His Arg Tyr Arg Pro Aly Thr
h22 ATGA CACG TGAACAAGGrARCCCGAGACGCAC CGAGGGC C AGGLGACTACJAAICGIC

50 AG 70 AG 90
Val Ala Leo Amg Glu Ilie Arg Amg Tyr Gin Lys Ser Tor Gin Leo Le Ilie Org Lys Leu Pro PGe Gin Ar2.Leo Gal Amg Glu Ilie Ala Gin Asp. Phe Lys Thr Glu Leu Amg Phe Gin Ser Ser Ala Gal Men Ala

h22 GTG AAAAT CACGAACCGATC TCGA 'FCACI oGGGT-aAGITCAAGA AGCTACGITTTCCAGAIT CCGCTGTIATGGCC

GAG GIG 120 130
Leo Gin Gin Ala Ger Glu Ala Tyr Leo Gal lluePeS Aso Thr Ass Leo Cys Ala IlIe His Ala Lys Amg Gal Thr Ilie Men Pro Lys Asn IlIe Gin Leo Ala Arg Amg Ilie Arg Gly Ala Amg Ala

h22 CIAGIrACAG ACGTG TGG CATT

SP17 CTTCAAGAAGCCAGCGAGGCATACCTIGTTGGCC----GAG CCAACCTGTGTGCCATCCACGCCAAGAGGGTTACCATCATGCCCAAAGACATCCAGCTCGCCCGTCGAATCCGCGGAGAACGCGCCTAG

b H4 gene sequences
io ~~~~~~~~~20)30 4

Gem AbLAmn Aly Lys AlbeGly Lys Aly Leu Aly Los Ale Aly Ala Lys AGin Hiii Ari Lys Val Lea Arg Aso) Asn IlIe Gib Ale ble Ttri Lys Pro Ala IlIe Arg Amg Leu Ala Arg Arg Aly Aly Gal Lys Amg
h22 ATTA IGAGACAGITGAAG GGCACTACCAGITCAAACTCIGACCAGCGATCIGC -----------GA

L.mRNA CGTCATCG GTTCTACG GACAACATCCAAGGI4TCACI GCJ4TCCG GTCAAUAI
SO n6l 70 AS 9G

ble Gem Aly Leu Ilie TyrSISIGlGuTtrimrGinlSI Val Leu Lii I~a. PNe Lenu5 Gisr Val IlIe Agin Asp Ala Sal Ttri Gym Lys Ala His Ala Lys Agin Lys Timr Gab Thr Ala Met Ann Gal Gal Tym Aba Len Lys
h22 ACCGTTACAGIAAAGGITCGAGCTIGAATTACGGTCGCCTCGGGAGC*JAATTAACAGAGGTTTCCGA
SP2 ACCGTTACAGAAAAGGTTCGAGCTCGAATTACGGTCGCCTCGGGAGIACAAATTAACAGAGGTTTCC A
h19 ACCGTTACAGAAAAGGTTCGAGCTCGAATTACGGTCGCCTCGGGAGCACAAATTAACAGAGGTTTCCGA
L.MRNA ATCTCTGGTCTCATCTACG GACACG GTACTG GTCTCCTIG GAATG GTCACCTACTG GTCACAGCCATG GITATG

125
Amg Gin Aly Ging Gnri Leu Tom Sly Prir GIl il,

h22 AGICAIGGIGUA CAITGTACGGCTTCGGCGGCTAA
St)2 AGGCAGGGTCGIACATIGIACGGCIICGGCGGCIAA
h19 AGGCAGGGTCGTACAIIGTACGGCIICGGCGGCIAA
L.mTRNA C64ICBTGTACGG12t

C spacer sequences
70 Au 90 Sill 1113 1211 103 145 150 060 170

Sip2 ATATCCGTAIAATGIAGCGTAG TT ATTAAATAAATAATIGT IAGATAAGTAIAATIATAG AIIACGiACACAIATIAAIAATATTAGCC HIATATAH C
NArl ATATCCGTIAhAAIGTAGCGI'AGITI TTAAATAAA AA GIATAAIGAAIAIAIEIT GAIAWIAAAGAIIAACACAIT A IAATITIAGCC ATATATATATEC
NGr5 ATATCCGTAATAATGTAGCGTAGCITTTTTU TTAAATAAATAATGI GTATAATGAAIATAAIGAGIAIIGCAAAAGAIAIGAIAAAGAIIACACAAIAAIAIGGAACAAIATTAGCC~~ATATATATA CTC
h19 ATATCCGIAATAATGTAGCGIAGCITTIIIIT AIIAAATAAATAAIGT GTATAAIGAAIATAAIGAGTAIIGCAAAAGAIATGATAAAGAIIACACAAIAAIAIGGAACAAIATTAGCC ATATATATAT CTC

AG 90 ii Ii 1211 I iii 1i4i li 1061 170 000 n90 2 011

5805 01 200 2111 22211 (i 1411 2-01 260 270 28G 290 3011 310

SiD2 TCACTCI3ATAAATCTAGACAJGCATIAIAGTGTAGTCAIGATGG GGAAGGAAGACGAAAATAGTIGATTAAITAAAIAA GAA AIAIAAIICGAGAIGGCAACAIGICCIAA GAIAI GCAI
Nonl TCACICT AIAAATCTAG AGGICAIAACGIGTAGICAIGAIG AAGGAAGACGAAAAIAGTCGATTAAAIAAAAAA IAIATAAATTCGAGATGGCAACATGTCCAT GA TA GCAT
Nor5 ICACTCT AIAAAICIAGA IGGGCATAACGTGTAGTCATGAIGGTTGGAAGGAAGACGAAAAIAGICGATIAAATAAAAAA GAA ATATAATTCGAGATGGCAACATGTCCIAATTGAT ATGCAI
h19 TCACTCT AIAAAICTAGACCAGGGCATAACGTGIAGTCATGATGGTTGGAAGGAAGACGAAAATAGICGATTAAATAAAAAA GAA AIATAATTCGAGAIGGCAACATGTCCTAATTGAT AIGCAI

2 15 22i 25 14 1 2iii VO lii iOu 290 100 310 320

320 " l O 4 i l 0

Sp2 CCIICCTG6AAIGIXXACIGATGCAGGTIAA GIT CTTTTC
Norl CCT CCIT GAAAGGTTGACGAGATICAGGT3AAIITTGATAGTGTCTTTTC
Nor5 CCI CCIC GAAAGGTTGACGAGATGCAGGTTAA GTTGAIAGTGICITITTC
h19 CCGT CCTC GAAAGGTTGACGAGATGCAGGTTAA GTTGATAGIGTCITTIC

330 340 1013 i 37

Fig. 1. A comparison of DNA of sea urchin H3 and H4 coding sequences and of spacer segments between the H2B3 and H3 gene. Single base substitutions and
deletion/insertion events relative to the h19 sequence marked in black. Undetermined nucleotides --in the gene; X in the spacer DNA. Position of the nucleotides
downstream from the termination codon of the 1-2B3 gene given for the spacer sequence of clone Sp2 and hl19 (above and below the line, respectively). Sequencing:
Paracentrotus clone h19 see Materials and methods; Psammechinus clone h22, Schaffner et al. (1978); Psammechinus clone hI9, Busslinger et a!. (1980); h22 se-
quence in the H4 gene from codon 60 to 93, J.C. Irminger (unpublished results); H3 sequence of S. purpuratus clone Spl7 and spacer sequence of S. purpuratus
clone Sp2, Sures et al. (1978); H4 clone Sp2 by Grunstein eta!. (1981). TlI oligonucleotides of early embryonic H4 mRNA of Lytechinus, Grunstein et al. (1976),
were computer matched as far as possible with the H4 DNA sequence.

by selection for the identical, conserved amino acid sequences entire structural gene must be multiplied by a factor of \A
of H3 and H4 which therefore rep)resent the immutable (see Materials and methods). Table T gives obs-erved percepnt
nucleotides. To calculate base substitution as a percentage of divergence for all sites and for mutable bases in the silent sites
mutable nucleotides, the observed percent divergence for the for pairs of structural histone genes and Figure 2b shows the
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Fig. 2. Evolutionary tree for five sea urchin species and their early embryonic histone gene clusters. a, Phylogeny of five sea urchin species by paleontological
classification of Durham (1966). b, and c, Evolutionary relationships between different sea urchin histone gene clusters based on sequence differences in the H3 and
H4 gene b (see Table I) or in the spacer DNA sequence c (see Table It). Approximate percentage sequence divergence between the histone genes ofDNA clone Norl
and those of the other Strongylocentrotus DNA clones Nor5 and Sp2 part b extrapolated from the sequence differences in their spacer DNA (see part c), since no
gene sequence of clone Norl has been determined.

resulting evolutionary relationship of histone DNA clones.
Divergence of the histone-coding sequences in relation to the
time of speciation of the sea urchins
According to the paleontological classification shown in

Figure 2a, Lytechinus belongs to the Temnopleuroida,
whereas Strongylocentrotus, Paracentrotus, and Psam-
mechinus are members of the Echinoida. These two orders
diverged 180 Myr ago (Durham, 1966). The Echinidae, from
which the Strongylocentrotidae separated, occurred in the
Cretaceous period. Therefore, separation of these two
families must have occurred around 65 Myr ago (Durham,
1966). Paracentrotus and Psammechinus, which are more
closely related to one another, can be traced as separate
species for at least 25 Myr (Durham, 1966), whereas S. pur-
puratus and S. drdbachiensis diverged \v5 Myr ago (W.
Durham, personal communication). The family of Strongylo-
centrotidae was restricted to the North Pacific until the
Pliocene ("\5 Myr ago) when S. drobachiensis migrated
through the Arctic to the North Atlantic and Europe, whereas
Psammechinus and Paracentrotus have always been North
Atlantic species (W. Durham, personal communication).

Studies of the thermal stability of heteroduplexes formed
between single copy DNAs of several sea urchin species sup-
port this phylogeny. DNA sequences in the Strongylocentro-
tidae appear to have diverged at 0.50o base changes/Myr in
single-copy DNA (uncorrected for multiple hits, see below)
implying a divergence time of 7 Myr for the two species S.
purpuratus and S. dr6bachiensis (Hall et al., 1980). Hetero-

duplexes formed between Psammechinus single-copy tracer
DNA and Paracentrotus driver DNA suggest a sequence

divergence of 'v24-36% (Busslinger, 1981). At 0.5% base
change/Myr these two species must have diverged 'v24-36
Myr ago.

Since sequences in the mutable bases often diverge quite
widely (Table 1), multiple hits must be frequent. To calculate
the approximate total mutation rates, the observed percent
divergence can be corrected for multiple substitutions (Salser,
1977; Perler et al., 1980; and Materials and methods). The
corrections do not exceed a factor of 2 (Table I) and are
slightly too low since the incidence of base substitutions does
not follow an exact Poisson distribution as assumed in these
calculations (Holmquist and Pearl, 1980; Holmquist et al.,
1981). From the corrected percent divergence (Table I) and
the times of speciation suggested by the paleontological
record, the bases in the silent sites of the sea urchin histone
genes are seen to evolve at 0.2-0.9q% base changes/Myr. In
the H4 gene of Lytechinus and Psammechinus the relatively
low rate of 0.227o/Myr is most probably due to "saturation
effects", because extremely long timespans are involved (see
Introduction); also, only the more conserved oligonucleotides
can be aligned with the Psammechinus sequence and so the
data are biased. The rate of 0.92%o/Myr for Psammechinus
and Paracentrotus could be too high due to the inaccuracy of
the fossil date (see above). Despite these minor differences,
our values compare very favorably with those for the evolu-
tion of globin (0.51%/Myr) and insulin (0.7%o/Myr) genes
(Perler et al., 1980; Miyata et al., 1980).
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Table I. Evolution of sea urchin histone genes.

Compared histone Observed percentage Observed percentage Corrected percentage Rate of
coding sequences divergence divergence for mutable divergence for mutable silent

for all sites bases in the silent sites bases in the silent sites substitutions
H3 H4 H3 H4 H3 H4

h22 Z Ph70
P. miliaris P. lividus 7.2% 28.7%7o 46%o 0.92%/Myr
h22 * * Sp2/17
P. miliaris S. purpuratus 11.4% 10.8% 45.4%0 41.7% 70% 69% 0.54%o/Myr
h22 * Nor5
P. miliaris S. drobachiensis 11.1% 44.5% 70% 0.54%/Myr
h22 Z H4 mRNA
P. miliaris L. pictus 12.5% 45.7%o 78% 0.22%/Myr
Spl7 - Nor5
S. purpuratus S. dr6bachiensis 1.0% 4.0% 6% 0.60%/Myr

h19 * Sp2/17
P. miliaris S. purpuratus 1.30/o 1.3% 5.Oo 5.17o 7%o 7%o (0.050/o/Myr)
hl9 - * Nor5
P. miliaris S. drobachiensis 0.2% 1.00/o 1% (0.0080/o/Myr)

Comparative analysis of sea urchin histone genes based on Figures la and b. Incompletely sequenced codons were omitted from the evaluation of sequence dif-
ferences. Observed and corrected percentage divergences for mutable bases in the silent sites in Materials and methods. Rate of synonymous substitution is the ratio
of the corrected percentage divergence to the corresponding time of speciation (Figure 2a).

By heteroduplex melting Hall et al. (1980) determined that
the unique DNAs of S. purpuratus and S. franciscanus, and
of S. purpuratus and S. dr6bachiensis, show a median se-
quence divergence of 21 0o and 7.7%7o, respectively (Hall et al.,
1980). After correction for multi-hit events (assuming that all
bases are mutable), we obtained a rate of sequence evolution
for sea urchin single-copy DNA of 0.6-0.74%o/Myr.
From our sequence and rate comparisons: firstly, all genes

considered can be assembled into an evolutionary tree (Figure
2b) paralleling the phylogeny of the species and superim-
posable on it (Figure 2a); secondly, the mutation rate of
synonymous substitutions in the major, early embryonic
histone genes of five sea urchin species is in the same range as
the rate of sequence evolution of unique genes and only
slightly less than that of single-copy DNA.
DNA clone h19 of P. miliaris is strikingly similar to a major
histone DNA repeat of S. drobachiensis
The relatively rare DNA clone h19, represented in Psam-

mechinus by 3 - 5 copies/haploid genome, was initially
selected from a collection of lambda-histone DNA recom-
binants on the basis of its unusual restriction pattern, with a
view to studying the structure and expression of histone gene

variants distinguishable from those encoded by the predomi-
nant clone h22 (Birnstiel et al., 1979). The DNA sequences of
clone h19, when transposed into protein sequences (Bussl-
inger et al., 1980), were found to code potentially for H2A
and H2B proteins differing from those predicted from the
h22 DNA sequences (Schaffner et al., 1978). The amino acid
sequences encoded by the DNA clone h19 closely resembled
those encoded by DNA clone Sp2/17 of the Pacific species S.
purpuratus (Busslinger et al., 1980) which suggested that
heterodox evolutionary mechanisms might be at work. More
surprising still, the DNA sequences of genes and spacers of
DNA clones h19 of P. miliaris and Sp2/17 of S. purpuratus
(Sures et al., 1978) were closely similar (Busslinger et al.,
1980). This was a totally unexpected finding since the two sea

urchin species diverged from each other long ago, as confirm-

ed by the very large sequence divergence obtained in DNA
reannealing experiments between the unique DNAs of these
two species (Busslinger, 1981). We have now discovered that
the H3 DNA of the abundant Nor5 DNA of the European
species S. dribachiensis and the rare hl9 clone of Psam-
mechinus are identical apart from a single base substitution
(A-T, codon 24; see Figure la).
To determine whether the extraordinary evolutionary

behaviour of DNA clone h19 was confined to structural
genes, we investigated the spacer DNA lying between the H2B
and the H3 gene in the DNA clones hl9 and Nor5, and
homologous DNA sections of clones Norl and Sp2. The se-
quences (Figure Ic) which are "\300 bases long, map 3' to the
terminal palindromic sequence typical for histone genes
(Busslinger et al., 1979; Hentschel and Birnstiel, 1981), well
clear of the mRNA coding sequences. These non-transcribed
spacer DNA sequences of the P. miliaris clone hl9 are unam-
biguously homologous with the sequences of the Strongylo-
centrotus clones Sp2, Norl, and Nor5, whereas any matching
between spacer partners from other species (not shown) is ar-
bitrary due to the high degree of sequence divergence in the
spacer DNA.
The spacer DNA segment of Nor5 (S. dr!bachiensis) and

Sp2 (S. purpuratus) differ by 6.9% base substitutions (Table
II). Correcting for multiple hits gave a rate of 0.7% base
substitution/Myr in spacer DNA. The hl9 and Nor5 non-
transcribed spacer DNAs differ by only two base substitu-
tions out of 308 bases (0.6%7) and by two small insertions and
are therefore virtually identical. As Psammechinus and
Strongylocentrotus diverged 65 Myr ago this gives a
remarkably low rate of spacer evolution of 0.004%o base
changes/Myr. This high degree of sequence conservation
characterizes not only the H3 and the non-transcribed spacer
segment discussed here but also most, if not all, of the 6.7 kb
histone gene clusters, since to date both hl9 and Nor5 have
closely similar restriction maps. Since these two sea urchin
species have evolved for a very long time, the DNA sequences
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Table H. Evolution of a spacer DNA sequence between the H2B and H3 gene.

Compared Number of Number of Number of Average length Percentage Total percentage
histone DNA substitutions deletions substitutions of compared DNA divergence divergence

+ deletions sequences (substitutions) (substitutions +
(bp) only deletions)

Sp2-Norl 32 15 47 301 10.6% 15.6%
Sp2 -Nor5 21 13 34 304 6.9% 11.2%
Sp2-hl9 23 12 35 301 7.6% 11.6%
Nor5-hl9 2 2 4 309 0.6% 1.3%
Norl-hI9 29 9 38 306 9.5% 12.4%
Nor5--NorI 27 10 37 308 8.8% 12.0%

Comparative analysis of spacer sequences based on the DNA sequence in Figure Ic. Total divergence, last column, obtained by attributing the same weight to each
insertion/deletion event as to a single base substitution.

in h19 and Nor5 seem to have escaped the continuous "ran-
dom walk" of DNA sequences, which suggests that either the
recovery of the DNA clone h19 from P. miliaris was an ar-
tifact or its presence in the P. miliaris genome is due to very
unusual evolutionary mechanisms.
Clone h19 is a genuine component of the P. miliaris genome
That the isolation of DNA clone hl9 from P. miliaris

resulted from a contamination of the DNA preparation by
gonadal tissue of S. drObachiensis, was ruled out by a second
cloning experiment using DNA of a single P. miliaris in-
dividual, when hl9-type DNA clones were found three times,
together with 130 h22-type clones of the predominant gene
family (Rusconi, 1979). Previously, Southern blots using dif-
ferent restriction enzymes had revealed the standard h22
maxi-family in this very same individual and hence clearly
identified this individual as P. miliaris. One of these three
fresh h19' DNA clones, all of which differed from the
original h19 by a small deletion in the spacer DNA between
the H3 and the H2A gene (Rusconi, 1979), was further
characterized by sequencing the spacer DNA lying between
the H2B and the H3 gene; this proved identical with the
original DNA clone hl9 (data not shown).
The presence of h19 DNA in Psammechinus cannot be due

to contaminating S. dribachiensis sperm, at very low concen-
tration in the Psammechinus sperm population, for two
reasons: firstly, P. miliaris spawns in July and S. drnbachien-
sis in January; secondly, the second collection of P. miliaris
was gathered from the Isle of Cumbrae (W. Scotland) where
S. drObachiensis does not occur (W. Finleyson, personal com-
munication) although P. miliaris and S. dr(bachiensis do
share the same habitat on the Norwegian coast line. Further-
more, h19 could not have been cloned as a ubiquitous
laboratory contaminant because h19 and Nor5 are not iden-
tical. Moreover, S. drobachiensis sea urchins were kept in our
laboratory only after work on DNA clone h19 had been com-
pleted.

That DNA clone h19 had been cloned from parasitic
organisms inhabiting both Psammechinus and Strongylocen-
trotus sperm and gonads is also ruled out since this DNA
represents the major repeat unit in S. drobachiensis.
Moreover, the arrangement of histone genes differs
dramatically between species of different taxonomic orders
(Hentschel and Birnstiel, 1981) and yet DNA clone h19 has all
the hallmarks of a typical sea urchin histone clone. Also the
h19 DNA clone has been isolated four times from P. miliaris
DNA and each time a DNA clone has been obtained which

closely resembles Nor5, the representative of the less abun-
dant histone gene cluster of S. drebachiensis, as if Nor5 had
become separated from Norl by "subcloning" into P.
miliaris from which it can now be isolated as hI9.

Discussion
Evolution of spacers and genes in repeated histone gene
families

The histone gene clusters active during the cleavage stages
of sea urchin embryos are classic examples of the parallel
(Birnstiel and Grunstein, 1972; Weinberg et al., 1972) or
tandem (Brown et al., 1972) evolution of multi-gene families
(Smith, 1973). Although within species tandem repeats are
highly homogeneous in sequence, between species the se-
quences of structural histone genes are known to evolve
rapidly (Weinberg et al., 1972; Grunstein et al., 1973). Se-
quencing of representatives of these multi-gene families now
reveals their sequence evolution.

Evolutionary trees based on silent mutations
(predominantly within the third base of the codons) of the
histone DNA sequences and on the fossil record seem to be
superimposable (compare Figures 2a and b) and compatible
with results from reannealing experiments on single-copy
DNA (Hall et al., 1980; Busslinger, 1981). We demonstrate
that each of these histone gene families evolves by a random
walk of their mutable bases, at a rate closely similar to that of
unique genes and single-copy DNA, apparently undisturbed
by any homogenization or "correction processes" which act
on repeated genes within the species. The hypothetical
"master sequences" must be subject to continuing mutational
drift.
The rapid sequence change in genes and spacers allows

analysis of the evolutionary relationship even between recent-
ly diverging histone gene clusters. Thus, within Strongylocen-
trotus, the divergence of Norl and the progenitor of Nor5
and Sp2/17 appears to predate speciation of S. purpuratus
and S. drobachiensis (see Figure Ic). The base substitution of
607 between the structural genes of S. purpuratus DNA
clones Sp2/17 and S. drnbachiensis DNA clone Nor5 (Table
I) suggests a time of divergence of -6 Myr and agrees well
with previous paleontological and biochemical data
(Durham, 1966; Hall et al., 1980).
The degree of divergence between the histone spacers of sea

urchin species is in good accord with the evolutionary clock
of DNA sequences. For point mutations only, which clearly
predominate over deletion/insertions within the spacer seg-
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ment (see Figure Ic), a sequence divergence of 6.9% is obtain-
ed for S. drebachiensis and S. purpuratus DNA spacer se-
quences (Nor5 vs. sp2). In evaluating the sequence divergence
of spacer DNA, the significance of deletions which
are 'v50% as frequent as point mutations, is unclear. If a
deletion mutation is equal to a single base change the value of
divergence is increased to 1107 (see Table II). Both these
values agree well with 7.7% for single-copy sequence
divergence shown by DNA reassociation experiments between
these two species (Hall et al., 1980).
As evolutionary distance between spacer pairs increases,

they appear to be increasingly randomized by small dele-
tions/insertions, while at the same time preserving their
overall lengths (Kedes, 1979), so that any sequence alignment
becomes arbitrary. The pattern of evolution in histone
spacers differs distinctly from that of ribosomal spacers of
Xenopus laevis. In the sea urchin, histone gene cluster spacers
show little sequence repetition, and the sequence change ap-
pears to be more gradual, whereas sequence repetition and
saltation of simple DNA sequences are the main characteristic
of X. laevis ribosomal spacer DNA (Boseley et al., 1979).
Thus, two extreme possible modes of spacer evolution are
revealed.
Classical explanations for the low rate of hJ9 DNA sequence
evolution
DNA sequences are not random; for instance, dinucleotide

frequencies are distinctly skewed in many prokaryotic and
eukaryotic DNAs, the dinucleotide CpG, being, for example,
dramatically under-represented (Russel et al., 1976). Strong
selection of sub-classes of the degenerate codons is evident in
many genes, including those of histone (Elfstratiadis et al.,
1977; Schaffner et al., 1978; Sures et al., 1978). Also, codon
context may be important and may regulate mRNA transla-
tion in both prokaryotes and eukaryotes (Bossi and Roth,
1980). In structural gene sequences there may be selection
against motifs which might be erroneously interpreted as
regulatory signals. There is, indeed, a bias towards the use of
codons differing by more than one nucleotide from the ter-
mination triplets (Shaw et al., 1977). Specific mRNA se-
quences per se may be selected for their secondary structure
or for their ability to bind proteins involved in messenger
transport or packaging.

Measurements of the rate of divergence for many struc-
tural genes show such constraints, which nevertheless do not
prevent gene sequences from evolving at a rapid pace,
although not as fast as single-copy DNA, most of which is
thought not to consist of gene sequences (Crick, 1971).

If h19 has been part of the Echinidae genome since this
family diverged from the Strongylocentrotidae (see Figure
2a), then virtually any base change must be lethal for this par-
ticular DNA. The above mechanisms cannot adequately ex-
plain such a high degree of selection acting over a combined
evolutionary timespan of 130 Myr. It is even less obvious how
similar constraints could apply to the non-transcribed spacer
sequences (e.g., Figure 1c). Moreover, the extraordinary low
rate of sequence evolution of the DNA clone h19 cannot be
ascribed to the repetitive nature of histone genes per se
because, as argued above, the major histone clones evolve at
a speed consistent with the evolutionary DNA clock
hypothesis and no additional constraints can be invoked on
the basis of corrective mechanisms for repetitive genes.
The similarity between DNA clones h19, Nor5, and Sp2/17

cannot result from convergent evolution by a random pro-

cess. Furthermore, the conservation-by-selection model re-
quires a very strange temporal pattern of evolution in the
three different histone DNA clusters. Figures 2b and c show
that the evolution of Nor5 and Sp2/17 conforms to the ac-
cepted rate of DNA evolution. These two clones show a se-
quence divergence consistent with the combined evolutionary
distance of 's10 Myr, during which these genes and spacers
behave like any other structural genes. The evolution of the
h19 DNA sequences does not fit this pattern; thus, the pro-
genitors to both Nor5 and h19 DNA sequences would have
had to evolve extremely slowly after separation of the
Echinidae and Strongylocentrotidae. However, after specia-
tion of S. drobachiensis and S. purpuratus, leading to the ap-
pearance of Nor5 and Sp2/17 DNA, base substitutions in S.
purpuratus gene clusters would have had to increase to about
twice the standard rate of the clock of DNA sequences, while
an exceptionally low rate of sequence change would have had
to persist in Nor5 and h19.
A heterodox evolutionary pattern of h19 DNA sequences

Since h19 appears to be a genuine component of the P.
miliaris genome and classical concepts fail to explain its
presence in that genome, we must consider the possibility of a
horizontal gene transfer of an h19-like gene cluster from S.
drobachiensis to P. miliaris within the last million years or so.
The extent and significance of a horizontal gene transfer can
be assessed by searching for unusual interspecific similarities
between genes against the background of a diversity of other
genes (Wilson et al., 1977). Clones h19 and Nor5 clearly show
such unusual similarity compared with the sequence
divergence of other histone genes and with that of unique
DNA.

Recently, cloning and DNA sequencing techniques have
revealed a surprisingly high incidence of structural gene
mobility within prokaryotic and eukaryotic species, due to il-
legitimate recombination, e.g., I.S. sequences and
transposons in bacteria, and Ty and copia elements in yeast
and in the fruit fly (reviewed by Calos and Miller, 1980).
There is even tenuous evidence for transposable elements in
S. purpuratus (Childs et al., 1981). There are many suggestive
findings that elements potentially capable of promoting the
mobility of genes exist and, there is irrefutable evidence for
the presence of jumping genes. Can such genes jump across
the species barriers of eukaryotes, as has been thought likely
in bacteria (Iida et al., 1981)?
The retroviruses of animal cells may act as vectors for a

horizontal gene transfer. These viruses cross species boun-
daries (Benveniste and Todaro, 1974, 1976) and can mobilize
and extricate defined host genes (reviewed by Bishop, 1981).
Viruses have been found in close association with sea urchin
sperm (J. Wooley, personal communication). There is no in-
formation on retroviruses of the sea urchin, let alone their
species specificity, but viral gene mobilization is an exciting
possibility.
Gene transfer might also be by species hybridization.

However, this seems unlikely since the unique DNA se-
quences of the haploid S. drObachiensis chromosome set can-
not now be detected within the Psammechinus genome
(Busslinger, 1981); also, S. drebachiensis and P. miliaris
spawn at different seasons and sea urchin interspecific
hybrids are not viable in later developmental stages.
The horizontal gene transfer may well be a genuine, albeit

rare occurrence. It may not be limited to repeated genes
although scrutiny of other repeated gene families might help
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reveal similar unusual events. Irrespective of whether the
classical theory of selection of DNA sequences or horizontal
gene transfer ultimately explain the h19 DNA in P. miliaris,
our work calls for new mechanisms and concepts. The theory
of horizontal gene transfer is a salutary challenge to received
views of a totally coherent evolution and orderly transmission
of genes in eukaryotes.

Materials and methods
Isolation of recombinant histone DNA clones
Sperm DNA isolated from a single P. miliaris individual (from the Isle of

Cumbrae, Scotland) was digested with the restriction enzyme HindIII. The
resulting DNA fragments were fractionated according to size by agarose gel
electrophoresis. DNA molecules of 6-7 kb length were eluted from agarose
and then ligated into the HindIII site of the vector pBR322. This ligated DNA
was used to transfect Escherichia coli HBIOI. Ampicillin-resistant colonies
were screened for histone DNA inserts by hybridization with nick-translated
hl9 or h22 DNA. Novel histone DNA clones of the h19 and h22 type were
ultimately identified by comparison of their restriction pattern with that of the
original DNA clones hl9 and h22, previously isolated by Clarkson et al.
(1976). The DNA clones Norl and Nor5 were isolated from sperm DNA of a
single S. dr6bachiensis individual (from the Biological Station, Drobak, Nor-
way) as outlined above, with the difference that the size fractionation prior to
the ligation step was omitted and that the vector pAT153 was used instead of
pBR322.
DNA sequencing

All DNA sequences were determined according to the procedure of Maxam
and Gilbert (1977). The H3 gene was localized on the DNA clone Ph70
(Spinelli et al., 1979) by double digestion with the restriction enzymes PvuII
and BstEII, both of which cut all sea urchin H3 DNAs at conserved positions,
i.e., PvuII at codon 19/20 and BstEII at codon 117/118 (Figure la). The H3
DNA sequence of DNA clone Ph70 and that of DNA clone Nor5 was deter-
mined from each of these two sites in both directions. The spacer sequences of
the DNA clones h19, Norn, and Nor5 were determined from a single XbaI site
(present in the h19 sequence at position 217 -222, Figure Ic). The spacer
DNA sequence of clone hl9 was confirmed by sequencing from a TaqI site
(270-273) and an Alul site (95 -98) towards the H2B gene.
Evaluation of the sequence data

Incompletely sequenced codons were omitted from our comparative
analysis of the structural histone gene sequences. The observed percentage se-
quence divergence, based only on the mutable nucleotides of the H3 and H4
genes, was calculated by categorizing all silent sites by toleration of one, two,
or three different nucleotide substitutions. Assuming that transitions and
transversions are equally probable we scored each of these silent sites as 1/3,
2/3, and 1, respectively. The total number of mutable bases was determined
by summing over all silent sites using the above factors. The observed percen-
tage divergence for mutable bases is defined as the ratio of the observed
number of nucleotide substitutions to the total number of mutable bases in the
two compared genes. Assuming a Poisson-distributed frequency of muta-
tional events, the observed percentage divergence can be corrected for multi-
ple substitutions at the same nucleotide site (Perler et al., 1980; Salser, 1977).
The corrected percentage divergence for mutable bases in the histone genes
was calculated according to the method described in Perler et al. (1980).
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