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Summary. To investigate molecular evolution in
a mammalian order with a comprehensive fossil
record, we have constructed a-globin-like gene clus-
ter maps for members of the order Perissodactyla.
Although the arrangement of genes is the same in
the five Equidae examined, the tapir and rhinoceros
differ from each other and the horse in the position
and number of their { genes, but not in the arrange-
ment of their « and 8 genes. In contrast to morpho-
logical work, a dendrogram derived from restriction
site maps associates the tapir with the horse rather
than with the rhinoceros; however, this phylogeny
is not statistically significant. Among the Equidae,
Equus caballus emerges as an outgroup, in agree-
ment with data from other disciplines.
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Introduction

Living tapirs, horses, and rhinoceroses comprise the
six genera in the order Perissodactyla, which has an
extensive fossil record stretching back to the early
Eocene (Radinsky 1969; Savage and Long 1986;
Carroll 1987). The order’s initial radiation is thought
to have occurred in the late Paleocene [about 55
million years ago (Myr ago)]. A general consensus
exists on the phylogeny of the Perissodactyla as based
on fossil evidence; there is a basal dichotomy into
two clades, one comprising Hyracotherium plus oth-
er members of the Equidae, and the other compris-

Offprint requests to: J. Flint

ing Homogalax, the Tapiroidea, and the Rhinocero-
toidea. Division of this latter clade occurred some
time after the appearance of Heptodon in the middle
to late Eocene (Carroll 1987), one lineage leading to
the modern Tapiridae and the other to the Rhinoc-
erotoidea. According to Radinsky (1969) the Rhi-
nocerotoidea may be polyphyletic, but there is no
argument that modern Rhinocerotidae derive from
Hyracodontidae, one of the Rhinocerotoidea fam-
ilies (Prothero et al. 1986). The origin of the modern
Equidae is also well documented and is indeed one
of the classic examples of morphological evolution
(Simpson 1951; McFadden 1988). Few biochemical
data from extant species are available to comple-
ment these morphological analyses.

New techniques, making it possible to obtain in-
formation about DNA sequences, have allowed the
construction of molecular phylogenies that, in some
cases, have revised phylogenies based on anatomical
data (Wilson et al. 1987). To provide molecular data
on the perissodactyl relationships, we have con-
structed a-globin gene cluster maps of one species
of tapir and rhinoceros, and of five species of Equi-
dae. Using these data, we have investigated the evo-
lutionary history of individual genes in the cluster
over the last 55 million years, and compared phy-
logenies derived from nuclear restriction maps with
those based on morphology.

Methods

DNA Sources. High molecular weight DNA was obtained from
the peripheral leucocytes of 40 domestic horses (Equus caballus),
4 Grevy’s zebras (Equus grevyi), 2 onagers (Equus hemionus on-
ager), and 1 specimen each of Hartmann’s mountain zebra (Equus
zebra hartmannae), donkey (Equus asinus), southern white rhi-



noceros (Ceratotherium simum simum), and Malay tapir (Tapir
indicus).

Map Construction. Twenty-eight kilobases of the horse {~«
gene clusters of both BI and BII a-globin haplotypes have pre-
viously been cloned in phage (A L47.1) and subcloned into a
variety of plasmid vectors (Clegg et al. 1984; Clegg 1987a; Flint
et al. 1988). Using multiple digests of these plasmids a detailed
map with a resolution down to 100 bp was constructed for 10
enzymes (Bgl II, Bam HI, Eco RI, Xba I, Hind 1I, Hind III, Pvu
I1, Pst I, Sst I, and Nco I). This map was confirmed and extended
on genomic DNA by Southern blotting (as described in Old and
Higgs 1983) using six probes: an Eco RI-Pst I fragment containing
500 bp 5’ to the { gene and 200 bp of the first exon, the entire ¢
gene in a 1.6-kb Bam HI fragment, a 300-bp Hind III-Bgt 1I
fragment containing the ¥{ gene, an Nco I-Xba I fragment con-
taining the a2 gene, a Pst I-Eco RI fragment containing the 3’
end of the o1 gene, a Pst I-Eco RI containing the § gene, and a
Hind IT1-Bgl II fragment containing a noncoding sequence 3’ to
the 6 gene. A search has previously been carried out for poly-
morphic sites in the horse a cluster (Clegg 1987a). Having es-
tablished a complete 10-enzyme map for the horse and dem-
onstrated that only 3 of the 20 sites examined were polymorphic,
we constructed maps for the remaining four equid species by
Southern blotting. All combinations of nine enzymes were em-
ployed (Bgl II, Bam HI, Eco RI, Xba I, Hind II, Hind III, Pvu
IL, Pst I, and Sst I) using end-labeled Hind III-digested A phage
as a size marker, Three probes were used initially: the Bam HI
{-gene-containing fragment, the Nco I-Xba I a2-gene fragment,
and the Pst I-Eco RI f-gene fragment. Where differences were
detected at the 3' and 5’ ends of the complex, the 3' Eco RI-
Hind III and 5’ Pst I-Eco RI fragments were used as hybridization
probes to resolve the differences more accurately. Complete maps
thus were constructed for two Grevy’s zebras, two onagers, one
Hartmann’s zebra, and one donkey. Partial maps were also ob-
tained for two other enzymes: Dra I and Sph I. DNA from all
five equids was digested with four more enzymes (Taq I, Ava |,
Rsa I, and Eco RV), run in adjacent lanes, and hybridized with
the a2-gene probe alone. The position of these sites was not
mapped with double digests. The presence of a few sites could
not be confirmed in all species because where a species-specific
site occurs, sites for the same enzyme beyond the specific site
cannot be visualized by the same probe; thus, the presence in the
donkey of a secand Sst I site 5’ to the ¥{ gene cannot be confirmed
with the available { probes. With the exception of the extreme
ends of the complex, this problem does not apply to the horse
because cloned DNA allowed the construction of a complete map.

A similar procedure was employed in constructing maps for
the rhinoceros and tapir. Double digests of eight enzymes were
used (Bgl II, Bam HI, Eco RI, Xba I, Hind II, Hind III, Pvu II,
and Pst I) in conjunction with the {-, a-, and 6#-gene-specific
hybridization probes described above. Filters were washed at
65°C and 55°C in order to detect genes with similar sequences to
the a-like globin genes. The maps obtained indicated that only
a few restriction size fragments were shared with the Equidae.

Calculations. The percent sequence divergence was calculated
by the iterative method of Nei (1987); differences due to the
presence of a polymorphic site in one species but not another
were ignored. Sites occurring in insertion/deletion regions were
not counted in interspecies comparisons. Previous work has shown
that in the Equidae duplicated « and { genes have maintained
homology through gene conversion (Clegg 1987a; Flint et al.
1988). The identical restriction maps of the duplicated « genes
in the tapir and rhinoceros imply the same has occurred in these
species. For this reason sites occurring in duplicated genes were
only counted once. The great majority of the interspecies differ-
ences thus obtained were present in only one or another of the
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species examined. This meant that the sites were not informative
for parsimony analysis and a distance matrix method was em-
ployed for tree construction (Nei et al. 1983; Sourdis and Krimbas
1987; Sourdis and Nei 1988).

Results

Structural Comparison

An alignment of the tapir, rhinoceros, and horse
maps is shown in Fig. 1, and of the Equidae in
Fig. 2.

a-Globin Genes

All species have duplicated « genes; in the Equi-
dae and the rhinoceros these genes are 4.6 kb apart,
but only 3.8 kb in the tapir. Comparison of the
restriction sites indicates that the difference in size
can be accounted for by an insertion/deletion event
occurring between the Hind II and Pvu II sites in
the tapir (Fig. 1). The tapir also differs in that hy-
bridization at lower stringencies {35°C) revealed a
third a-like gene which has an internal map quite
unlike that of the a-gene pair and is impossible to
tie into the complex with any of the enzymes em-
ployed. These features suggest that the gene may be
unattached to the cluster and may have moved as
a processed pseudogene.

# Genes

In the Equidae and the rhinoceros the § gene can
be exactly located with respect to the al gene be-
cause of an internal Pst I site, The intergenic distance
is then 4 kb in the rhinoceros and 2.0 kb in the
horse. The maximum distance in the tapir from al
to 8 is 2.5 kb, but we have assumed that it is the
same as in the horse (see Fig. 1).

¢ Genes

There is greater variability in the 5’ than the 3’
end of the cluster. The horse has a complete 5’ {2
gene, 11 kb from a ¢{1 gene, which is truncated in
the first intron. The latter is 2 kb from the o2 gene.
All equids have this {-gene arrangement, but there
are two insertion/deletions, one near each { gene.
One of 200 bp lies between the a2 and y{ genes
and (regarded as a deletion) occurs in horses but not
in other species; the other is 300 bp, lies 300 bp 5’
to {2, and occurs only in Hartmann’s zebra (Fig. 2).
The rhinoceros has a single { gene, 5 kb from «2,
whereas the tapir has two, 11 kb apart and 4 kb
from the a2 gene. Mapping with both 3’ and 5’
{-gene-specific probes shows both tapir { genes to
be intact, but the internal maps and sizes of the two
genes differ. Assuming the Bgl II sites to be ho-
mologous, the 3' { gene is a minimum of 1.8 kb long;
the size of the 5’ {2 gene is delimited by two Bam
HI sites that are 1.45 kb apart. These differences
and the analogy of nonfunctioning 3’ { genes in other
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Fig. 1.

Alignment of the tapir, rhinoceros, and equid maps. Insertions have been placed to align all genes and, where possible, two

or more restriction sites. The equid map includes sites common 1o three or more of the Equidae (see Fig. 2). Sites specific to one
species (and not included in this map) were not found in the tapir or rhinoceros. The equid map also includes data from mapping
cloned DNA; not all the sites between the { genes could be visualized with the probes used, but they have been included in case they
were found in other species. Sites held in common are marked in bold typeface. The position of introns is known for E. caballus from
sequencing studies (Clegg 1984, 1987a,b; Flint et al. 1988) and is indicated by open boxes in the genes. It is not yet known where the

introns occur in the rhinoceros and tapir genes, and they have therefore been omitted from the genes represented here.
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Fig. 2.

Alignment of the five equid maps: sites held in common between all species are shown in the top map; sites that differ are

shown in the species-specific maps below. Length differences are shown as insertions, and their size is given in base pairs. Only sites
visualized by the probes used are shown. A more complete map for E. caballus is given in Fig. 1. Introns (shown as open boxes in
the genes) are assumed to be in equivalent positions to those of E. caballus. Species abbreviations used: EC = E. caballus; EG = E.

grevyi; EHO = E. hemionus onager; EZH = E. zebra hartmannae; EA = E. asinus.

species (primates and horses) suggest that the tapir
{1 gene may be a pseudogene.

Comparison of Perissodactyl Restriction Maps

In order to see whether restriction sites were shared
it was necessary to take into account deletion/in-
sertion events that may produce different-sized elec-
trophoretic bands, even when the sites involved are
homologous. Insertions have been placed to align
all genes and, where possible, two or more restric-
tion sites. The shared sites are not randomly dis-
tributed over the whole cluster. Table 1 shows the
percentage of shared sites found within 200 bp of
coding regions (assuming the size of the genes is

similar to the horse for which this information is
known from sequencing). Averaging across all three
species, 60% of genic sites are shared, whereas only
15% of sites outside genes are shared. In the com-
parison of the five equid species, for which 835 sites
were mapped, 17 sites were different between species;
only one such difference occurred in a coding region
(Fig. 2).

A limited search for polymorphisms in the equid
species other than the horse failed to detect the Pvu
IT and Eco RI polymorphisms described previously
in horses (Clegg 1987a); however, one Pst I poly-
morphism appeared in the single Hartmann’s zebra
analyzed. The Eco RI site 3’ to the @ gene is linked
in the horse to one of the two common haplotypes
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Table 1. Position of shared sites in perissodactyl comparisons Table 2. Estimates of percentage sequence divergence between
the horse, rhinoceros, and tapir
% No. Total
shared shared no. Horse Tapir Rhinoceros
Tapir Genes 60 12 21 Horse 17.60 (3.27) 25.06 (5.36)
Intergenic 16 8 50 Tapir 13/353/9 23.24 (4.91)
Horse Genes 63 10 16 Rhinoceros 7/29 1/4 8/28 1/6
Intergenic 18 9 50 -
. The lower left half of the matrix shows the number of shared
Rhinoceros Genes 64 7 11 . . . .
. sites over the average number of sites examined; the first fraction
Intergenic 11 4 38

The first column gives the percentage of sites present in one
species and also present in either of the other two species. This
figure is divided into two according to whether the shared sites
occur within genes or not. The second column gives the number
of shared sites, and the third column the total number of sites
examined; in each case the figure is again divided according to
the location of sites. The size of each gene was estimated from
the alignment of homologous sites to the horse (for example the
Bgl II site in the horse ¢ gene is 45 bp from the initiation codon;
this is assumed to be the case also for the tapir and rhinoceros).
Sites within 200 bp of initiation and stop codons are counted as
genic

(the BI) (Clegg et al. 1984). All other equid species
apparently possess only one haplotype, which is
analogous to the equid BII, but have the Eco R1I site;
we assume that in the horse the BII haplotype has
lost the Eco RI site.

Estimation of Sequence Divergence and
Construction of Evolutionary Trees

An estimate of nucleotide divergence can be cal-
culated from the fraction of sites shared between
each species (Nei 1987). Results of such calculations
are given in Table 2, where the horse is compared
with the tapir and rhinoceros, and in Table 3, where
all five equid species are compared. The fraction of
shared sites is given in the lower left half of each
matrix and the percentage sequence divergence in
the upper right half. To achieve a fair estimate of
the number of sites examined in the comparisons,
sites were excluded when they occurred in DNA
assumed to be deleted or inserted to achieve align-
ment. Thus, although 71 sites were examined in the
tapir, only 44 could be counted for comparison with
the horse and only 34 for comparison with the rhi-
NOCEros.

Table 2 shows that the horse and tapir are more
similar than either is to the rhinoceros. Among the
equid species (see Table 3), although approximately
2% sequence divergence exists between the horse
and other equids, the zebras, the onager, and the
donkey have less than 1% sequence divergence be-
tween them; however, because of the small number
of differentiating sites, the standard errors of these
estimates are large (Table 3).

In order to draw a phylogenetic tree from the data
in Tables 2 and 3, we have used the unweighted

is for restriction enzymes with a 6-bp recognition sequence, and
the second for Hind II, which cuts GTPyPuAC. The upper right
half of the matrix gives the percentage estimate of nucleotide
substitution calculated by the iterative method of Nei (equation
5.50, Nei 1987). The standard error for this figure is given in
parentheses (Nei 1987)

pair-group method with arithmetic mean (UPGMA),
a distance matrix method of dendrogram construc-
tion. Distance matrix methods have been shown to
be superior to maximum parsimony analysis when
the number of taxonomic units is small and the
number of singular sites is large (in comparison to
the number of sites present in two or more species)
{Sourdis and Nei 1988). Despite the rate constancy
assumption of UPGMA, it performs well in re-
covering the correct topology when there are large
stochastic errors in the genetic distance estimates
(Nei et al. 1983). Our data are therefore probably
best interpreted by a UPGMA method. This has the
additional important advantage of providing a root-
ed tree. The dendrogram is shown in Fig. 3.

The large standard errors of the sequence diver-
gence estimates render the topology of the dendro-
gram unreliable, particularly for the branching points
between the equid species where the standard errors
are larger than the branch lengths. Assessment of
the significance of the horse-rhinoceros—tapir triad
indicates that the probability of the root being below
the rhinoceros is between 0.7 and 0.8. Using a Monte
Carlo simulation of possible triangles (2000 simu-
lations) based on the means and standard errors of
Table 2 gave 76.15% with the root below rhinoceros,
14.15% with the root below horse, and 9.7% with
the root below tapir (Sneath 1986; P. Sneath, per-
sonal communication).

Where paleontological and other information are
available to date the divergence nodes of the den-
drogram, it can be used to calibrate the rate of DNA
evolution. Where the DNA dendrogram agrees with
the morphological, divergence times from the fossil
record can be applied directly, as is the case for the
origins of E. caballus. Horses are known to have
separated from the other equids between 3 and 5
Myr ago (Simpson 1951; McFadden 1988) [mito-
chondrial DNA sequence divergence calculations
estimate 3.7 Myr ago (George and Ryder 1986)].
Using the midpoint of this estimate gives a substi-
tution rate of 2.5 x 1079 bp /year. The relationship
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Table 3. Estimates of percentage sequence divergence between Equidae

EC EG EHO EZH EA
EC 2.07 (0.55) 2.23 (0.57) 1.67 (0.49) 2.39 (0.60)
EG 53/59 2/4 8/9 0.12 (0.12) 0.99 (0.36) 0.74 (0.31)
EHO 52/58 2/4 8/9 59/60 4/4 9/9 0.61 (0.28) 0.49 (0.25)
EZH 52/58 4/4 8/9 57/59 2/4 9/9 59/60 2/4 9/9 1.13 (0.39)
EA 51/58 2/4 8/9 55/58 4/4 9/9 57/59 4/4 9/9 56/59 2/4 9/9

The lower left half of the matrix gives the fraction of shared sites for enzymes that have a 6-bp recognition sequence, those that have
a 4-bp recognition sequence and the enzymes Hind II (recognition sequence GTPyPuAc) and Ava I (recognition sequence CPyCGPuG).
The data come from Fig. 2 for the 6-bp recognition enzymes and for Hind II, and from four unmapped enzymes Eco RV (6-bp
recognition site) Ava I, Taq I, and Rsa 1. The last two enzymes have a 4-bp recognition sequence. The upper right half gives the
estimated percentage sequence divergence and one standard error calculated by the method of Nei (1987). Species abbreviations used:
EC = E. caballus; EG = E. grevyi; EHO = E. hemionus onager, EZH = E. zebra hartmannae, EA = E. asinus

between tapir, horse, and rhinoceros differs in the
molecular and fossil phylogenies. We have taken the
first branch of the DNA phylogeny to represent the
initial radiation of the perissodactyls, thought to
have occurred in the late Paleocene (Radinsky 1969),
which is dated between 60.2 and 54.9 Myr ago (Har-
land et al. 1982). Again taking the midpoint (57.7
Myr ago), the substitution rate estimate is 2.1 X
107? bp/year. The good agreement between the two
figures is evidence in favor of the constancy of DNA
evolution in the perissodactyls, but as the errors
involved in calculating the rates are large, the agree-
ment may well have occurred by chance.

Discussion

Evolution of the Structure of the a Cluster
in the Perissodactyla

Mammalian a-globin clusters have not been inves-
tigated as extensively as the 8-globin clusters. Most
attention has been devoted to the primates (the great
apes and one lemur species; reviewed in Higgs et al.
1989); outside of this group, representatives of only
four different orders of eutherian mammals have
been examined: goat (Wernke and Lingrel 1986),
horse (Clegg et al. 1984; Clegg 1987a; Flint et al.
1988), mouse (Leder et al. 1981, 1985), and rabbit
(Cheng et al. 1987, 1988). In the five mammalian
orders so far studied the a-globin cluster genes vary
in relative position and number (Hardison and Geli-
nas 1986). Three different genes have been discov-
ered: an embryonic {-globin gene, the adult a-globin
gene and a § gene (Clegg 1987b; Fischel-Ghodsian
et al, 1987; Hsu et al. 1988). These genes are ar-
ranged in the order 5'—{—a—#-3' with duplications
and triplications known for a- and {-globin genes
but not so far for the -globin-like gene. The cluster’s
structure is further complicated by the presence of
pseudogenes. The variability in globin gene arrange-
ments, the lack of good fossil evidence linking the
species investigated, and the fact that not all a-like
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8 EHZ 0.48

3.28 EC 099
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Fig. 3. The dendrogram is based on the sequence divergence
estimates in Tables 3 and 4. The branching order was determined
by an unweighted pair group method with arithmetic mean (Nei
1987). Species abbreviations used: EC = E. caballus; EG = E.
grevyi; EHO = E. hemionus onager; EZH = E. zebra hartmannae;
EA = E. asinus.

genes have been mapped for each cluster (for in-
stance the ¢ gene has not been sought in mouse or
goat) has hindered evolutionary analysis (Hardison
and Gelinas 1986). The perissodactyl maps de-
scribed here provide an opportunity to compare di-
rectly the a-gene complex across 55 Myr.

Information on the comparative structure of dif-
ferent mammalian « clusters has suggested that the
ancestral a-globin structure was {—a—a—f (Cheng et
al. 1987). However, sequence similarities between
human, horse, and goat intergenic DNA indicate
that the {-globin gene duplication probably predated
the mammalian radiation (Flint et al. 1988). A
{~{-a—a—0 “‘proto-cluster” is therefore more likely.
Evidence from the perissodactyl comparisons sup-
ports this view. There are shared sites in the inter-
¢ region in tapirs and horses, which indicate that a
single duplication event explains why both species
have two { genes. Unfortunately, it is impossible
based on these data alone to decide whether the
duplication existed before the separation of the rhi-
noceros; the dendrogram deduced from shared sites
(Fig. 3) is equally parsimonious in terms of the num-
ber of {-gene duplications and losses whether there
are one or two { genes in the stem lineage.



However, neither {1 gene in the horse or tapir is
a perfect copy. The horse {1(y{) gene has suffered a
partial deletion and the tapir {1 gene is bigger than
the tapir {2 and has a different restriction map. Cer-
tainly the horse, and possibly the tapir as well, has
a {1 gene. This is particularly intriguing in that the
3’ {1 gene in all mammalian species [with the pos-
sible exception of the rabbit (Cheng et al. 1988)] is
either absent or nonfunctional (Proudfoot et al. 1982;
Hill et al. 1985; Leder et al. 1985; Wernke and Lin-
grel 1986).

In contrast to the variability at the 5’ end of the
cluster, the 3’ end is relatively stable. Thus, all lin-
eages except rabbit possess duplicated « genes and
a single f gene. There is as yet no identifiable protein
product for the 8 gene, and there is still controversy
as to whether it is a functional gene (Clegg 1987b;
Fischel-Ghodsian et al. 1987). One indication that
the gene could play a role is that it has been con-
served in different species, as is found in our map-
ping work. Moreover, it is located in a homologous
position in all the animals studied here (3’ to the «l
gene), and indeed in all mammals in which the gene
has been found. Its conservation and equivalent po-
sition in relation to the al gene through 55 Myr
supports the view that, at least in the Perissodactyla,
it has a function (or had one recently), though prob-
ably not in producing a normal globin protein (Clegg
1987b; Leung et al. 1987).

Perissodactyl Phylogeny

Access to interspecies variation at the DNA level
promises to provide enough differences to distin-
guish homology from analogy between species and
hence to arrive at correct phylogenies. Sequence di-
vergence estimates can be obtained from analysis
of DNA sequences, which so far has been restricted
to comparisons of only a few thousand base pairs
at a single locus, or from restriction maps, which
sample fewer bases, but from a larger stretch of DNA.
Mitochondrial DNA has been used most for restric-
tion enzyme mapping (Brown 1983). Although some
misgivings have been voiced as to the randomness
of variation present in mitochondrial DNA (Adams
and Rothman 1982), the derived phylogenies have
in general supported and refined morphological and
biochemical studies. Nuclear DNA maps have been
used in only a few interspecies comparisons, and
their resolving power has not been fully assessed.
One study of pheasant-like birds appears to confirm
the usefulness of the technique (Helm-Bychowski
and Wilson 1986). The evolutionary tree inferred
from the maps agrees with that from other sources
and the divergence statistics revealed a relatively
constant rate of DNA substitution.

Our comparisons of the DNA maps of the peris-
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sodactyls do not, however, fit so snugly with the
conclusions based on the data from pheasant-like
birds, but instead confirm some of the difficulties
envisaged by Adams and Rothman (1982) in their
critique of the phenetic analysis of restriction en-
zyme data. Firstly, our derived phylogeny breaks
with tradition. Previous morphological work sug-
gested that the first branch was between a lineage
leading to equids and one leading to rhinoceroses
and tapirs (Radinsky 1969; Carroll 1987). DNA-
DNA hybridization data suggest that rhinoceroses
and tapirs are more closely related to each other
than either is to horses, consistent with the conven-
tional interpretation of the fossil data (R. Benvenis-
te, personal communication). Because we estimate
that the phylogeny given here is only about 75%
reliable, we cannot, on these data alone, challenge
the traditional view. The DNA data agree, however,
with other biochemical comparisons (Kaminski
1979; George and Ryder 1986) when they place the
horse as an outgroup.

A second problem raised by the perissodactyl nu-
clear DNA data is that although they may support
the notion of a constant rate of evolution, this rate
(2.3 x 107? bp/vyear) is different from that calculated
from the pheasant data (3.7 x 10~° bp/year) (Helm-
Bychowski and Wilson 1986). There are a number
of possible explanations for this difference. One is
that the assumption of a constant substitution rate
will not hold when comparisons are made between
species with different generation times (as is the case
with pheasant-like birds and perissodactyls). Thus,
in an analysis of synonymous substitution rates of
primates, rodents, and artiodactyls, rodents were
found to have a substitution rate 4-10 times higher
than primates and 2-4 times higher than artiodac-
tyls (Li and Tanimura 1987). Examination of the
substitution rates for a number of genes in primates
has provided evidence for a rate slow-down in hom-
inoid evolution (Britten 1986; Koop et al. 1986;
Miyamoto et al. 1987; Sakoyama et al. 1987), and
this has been attributed to a lengthening of gener-
ation time (Li and Tanimura 1987). Rhinoceroses
and horses are more similar in their generation times
than either is to tapirs. Tapirs become sexually ma-
ture in their second year, but female rhinoceroses
do not conceive until they are between 4 and 6 years
old. Obviously this situation is unlikely to have re-
mained constant through the last 50 Myr of evo-
lution, but the difference may have existed long
enough to affect the calibration of DNA substitution
rates.

Other factors may also be involved. One difficulty
is that as the species diverge, the proportion of shared
sites found within genes (and other conserved re-
gions) increases relative to that in the intergenic
regions. At some point, when no similarities exist
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between intergenic areas, further differences can only
arise in the conserved genic areas. Consequently,
the substitution rate will appear to slow down. This
situation has almost arisen in the rhinoceros/horse
comparison (Table 1).

As the amount of DNA data increases, the dif-
ficulties mentioned here are likely to be resolved.
We can then be more certain of separating analogy
from homology and knowing under what circum-
stances the assumption of a constant substitution
rate is justified, and what that rate may be. The
advent of new techniques for rapidly sequencing
DNA will also allow us to assess how accurate a
picture of sequence divergence the restriction maps
provide.
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