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Rates of DNA Sequence Evolution Differ 
Between TGconomic Groups 

The mutation rates of DNA sequences during evolution 
can be estimated from interspecles DNA sequence differ- 
ences by assaying changes that have little or no effect on 
the phenotype (neutral mutations). Examination of avail- 
able measurements shows that rates of DNA change of 
different phylogenetic groups differ by a factor of 5. The 
slowest rates are observed for higher primates and some 
bird lineages, while faster rates are seen in rodents, sea 
urchins, and drosophila. The rate of DNA sequence 
change has decreased markedly during primate evolution. 
The contrast in rates of DNA sequence change is probably 
due to evolutionary variation and selection of biochemical 
mechanisms such as DNA replication or repair. 

T HE EVENTS OF SPECIATION AND THE TIMES AT WHICH THEY 

have occurred are of central interest in the study of evolu- 
tion. Clear molecular evidence of systematic relationship is 

valuable both for the identification of these events and for interpola- 
tion of dates where the fossil record is incomplete. For example, the 
determination of DNA sequences of homologous regions for a 
series of species should disclose many nucleotide substitutions and 
rearrangements, and the pattern of occurrences can be used to 
establish the relatedness of the species. Even closely related species, 
such as man and chimpanzee, differ by almost 2 percent in their 
nuclear DNA sequences (1-3), and thus there are about 60 million 
sequence differences, most of which have little or no effect on the 
phenotypes. Human individuals probably differ from each other at 
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as many as 5 million sites (4 ) ,  and new genomic differences appear 
by the hundreds with every birth ( 5 ) .  The rate of occurrence, fate, 
and significance of these DNA mutations are of interest. As more 
sequences are measured and compared the differences should resolve 
questions regarding speciation and the process of evolution. 

The constancy of the rate of DNA sequence change requires 
examination in order to make full use of the measurements and 
determine how many time calibrations are needed. In this article, 
many measurements of DNA sequence differences spanning the 
period since the mammalian radiation are examined. Although good 
time calibrations are difficult to find and the individual dates are 
relatively imprecise, clear conclusions can be drawn. 

DNA sequence changes (substitutions, insertions, deletions, and 
rearrangements) are the likely source of phenotypic variation in 
evolution since they can affect genes or their regulation and 
influence biochemistry, development, morphology, and behavior. 
However, the majority of changes appear to be neutral; that is, they 
have little or no effect on the phenotype. The mutation rate 
(underlying or basal rate of DNA sequence change) may be esti- 
mated from the interspecies DNA sequence differences that result from 
the fixation of neutral changes in the genomes of different species. 

Interspecies DNA Divergence 
The number of interspecies comparisons of primary DNA se- 

quences is rapidly growing but is still severely limited. Most of the 
comparisons are for gene regions in which only a small number of 
neutral substitutions can be identified, and the statistical uncertainty 
is large. However, there is a fair number of interspecies DNA 
hybridization measurements, and (as shown below) the two meth- 
ods give closely similar results. The combination of the results of 
both methods is required for a full view of the pattern of interspecies 
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differences. In the hybridization method, average or median DNA 
sequence differences can be estimated from the thermal stability of 
interspecies DNA-DNA duplexes formed in vitro between radioac- 
tively labeled single-copy DNA and an excess of unlabeled DNA 
from different species (1, 2, 6). Various calibrations show that a 1 

Flg 1 Fractlon of nucleotldes substituted as a functlon of tune smce last 
common ancestor, from Tables 1 and 2, corrected for the probabhty of 
mult~ple changes at the same nucleotlde C~rcled letters are averaged 
dvergences based on prlmary sequence comparisons for den t  subsututlons 
m codmg reglons Numbers are thermal stabhty measurements of mterspe- 
cies hybr~ds of angle copy DNA, expressed as me lan  divergence IT50R of 
(1, 2 ) ] ,  where medlan has ~ t s  customary meanmg, that IS, 50 percent of the 
smgle-copy DNA has less than the medan dvergence m an mterspecles 
comparison The medan d~vergence allows for the reduced formation of 
interspecles DNA hybr~ds as well as the reduction m thermal stabhty of the 
hybr~ds that do form, and 1s calculated from the temperature at which 50 
percent of the labeled DNA remams In duplex. Where both measurements 
have been made, the average dvergence for d e n t  subst~tuuons m codmg 
reglons is very slm~lar to the medan dvergence based on thermal stabhty, 
probably because both measure neutral drlft of DNA sequences The upper 
line represents the average of the dvergences observed for sequence and 
thermal stablllty measurements for sea urchm, drosophlla, and rodent 
compansons. The lower hne 1s the average of the h~gher prunate compari- 
sons and b ~ r d  comparisons (1) 

percent sequence difference reduces the melting temperature by 
about 1 Celsius degree (7, 8). 

The disadvantage of the hybridization data compared to primary 
sequence information is that specific substitutions and rearrange- 
ment events cannot be identified. While rearrangements have an 
uncertain effect on thermal stability, they are not so frequent as to be 
decisive (9). The advantage of the hybridization method is that the 
median divergence of all of the single-copy DNA can be estimated at 
once. In contrast, DNA sequences of many genes must be compared 
in order to estimate the average DNA divergence (for a pair of 
species) since the number of silent substitutions appears to differ 
between individual genes (Fig. 1). 

Primary sequence comparisons for silent substitutions in coding 
sequences are identified by letters and thermal stability data by 
numbers (Fig. 1 and Tables 1 and 2). It appears obvious that very 
different rates of DNA divergence have occurred in different system- 
atic groups. The upper and lower straight lines (Fig. 1) indicate the 
fastest and slowest rates of DNA sequence change that can be 
identified in this set of measurements. Their slopes differ by a factor 
of 5. The lower line shows the rate of change previously identified 
for primate and bird DNA (I ) ,  increased slightly since all the 
divergence data in the table and figure have been corrected for 
estimated multiple substitutions at the same site. The upper line 
shows the average of the rates for the drosophila, rodent, and sea 
urchin measurements, including both sequence and hybridization 
data. The abscissa of Fig. 1 is the time since the presence of the last 
common ancestor of the species being compared (rather than the 
total evolutionary time which is twice as large). Thus calculated rates 
are halved to obtain the percentage substitution per million years of 
evolution. The two slopes are 0.66 percent per million years for the 
upper line and 0.13 percent for the lower (6.6 and 1.3 X per 
year, respectively). These two lines were drawn to show that large 
differences exist and are averages among different phylogenetic 
groups. They do not imply that the rates have been constant or that 
the rates are the same among the groups that have been averaged. 

Certainty of the Rate Differences 
First the accuracy of the sequence comparison and divergence 

estimates is considered, and then the interpretation of the dates is 
discussed. In several cases, totally independent hybridization mea- 
surements from several different laboratories are included, and good 
consistency is shown in each set. For example, all of the thermal 
stability measurements of the divergence between man and the Old 
World monkeys are within 0.5 degree of 7.4 degrees. The effect of 
differences in conditions of hybridization and assay are essentially 
eliminated by the use of the median divergence (1, 2, 9) described 
(legend to Fig. 1). The median divergence is an approximately linear 
measure of typical DNA sequence change out to fairly large DNA 
sequence differences. Even with this method the typical divergence 
since the time of the mammalian radiation cannot be accurately 
estimated, since the degree of hybridization is too small (for 
example, the unplotted comparison of man and rat: item 9, Table 1). 
This problem is examined below. 

A series of comparisons (Fig. 1) shows that the sequence data and 
the hybridization data are in good agreement. Therefore it is 
appropriate to combine the results as has been done in this analysis. 
For example, the silent substitution differences between rat and 
mouse for two genes (points A and B, Fig. 1) are in good agreement 
with DNA hybridization measurements (point 8, Fig. 1) and the 
pseudo-eta globin gene sequence divergences are in excellent agree- 
ment with hybridization measurements for the primate divergences 
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(apes, points V, 10, 11; man and New World monkey, points W and 
15; and man and lemur, points X and 19). In fact, sequence data and 
single-copy DNA measurements agree throughout (Fig. 1). These 
agreements indicate not only the accuracy of both methods, but 
together they reinforce the conclusion that &ere are major systemat- 
ic differences in the rate of DNA sequence change. 

Several methods for time estimation have been used (Tables 1 and 
2). The time of the mammalian radiation is plotted at 85 million 
years (my), with an uncertainty stretching from 75 to 110 my. The 
three points at the lower right (points 5 to 7, Fig. 1) show the 
relatively low rates of change of single-copy DNA among the birds 
(1). These time esumates are based on continental drift and 
represent the opening of the Atlantic Ocean and the Tasman Sea. 
Because full isolation might be more recent, the error bar extends 
from 60 to 80 my. In general very conservative error bars have been 
chosen for the time estimates while their precise termini cannot be 
defended since the uncertainties are usually unknown. 

The divergence for Hawaiian drosophila (point 1, Fig. 1) is based 
on volcanic events that created the islands of Kauai and Hawaii, and 
these times are well known. Detailed studies of these species (10) 
leave little doubt that they have remained isolated after rare events in 
which they colonized islands. The other time values depend on 
branching in mouse, rat, sea urchin, and primate evolution, and the 
original ;eports contain references for ;he time estimates. Their 

Table 1. Interspecies DNA sequence divergences based on thermal stability 
of DNA hybrids. For the thermal stability measurements the column 
headings represent: No., identification for Fig. 1; MOD, method of 
estimating time (see below); MY, branching time, million years; NR%, 
percent hybridization for interspecies comparison, normalized to self-hybrid- 
ization; DT, reduction in melting temperature (50 percent of hybridized 
DNA); DM%, percent median sequence divergence (9) equal to T50R (1, 
2) (see legend to Fig. 1); C%, data of previous column corrected for 
expected multiple substitutions at the same site. Some species have been 
abbreviated as follows: Sea urchins: Pm, Psammecbinw miliarir; P1, Pavacen- 

quality is a matter of judgment, but they appear adequate to identify 
the large rate contrasts. 

It has recently been proposed (1) that there is "uniform average 
rate of DNA evolution" across wide ranges of phylogenetic groups. 
The data of Fig. 1 are inconsistent with this concept. To fit the data 
to an intermediate rate it would be necessary to (i) set the Hawaiian 
drosophila, sea urchin, and the rodent times later by a factor of 2; 
(ii) set the higher primate and bird dates earlier by a factor of 2; (iii) 
set the mammalian radiation date at about 150 my; and (iv) make 
some difficult adjustments of the dates for the lemur and other lower 
primates. Such a set of changes appears to be inconsistent with 
modern paleontological knowledge. Thus, there is no generally 
applicable rate of neutral DNA sequence change (1 1 ) . 

Retardation of the Primate Rate of 
DNA Divergence 

The rate of DNA sequence change has itself apparently changed 
during primate evolution. There seems no doubt that the DNA 
divergence among the apes and monkeys (higher primates) has been 
slow compared with that of most other groups shown in Fig. 1. It is 
also likely that the early primate drift rate was higher in the period 
after the mammalian radiation and before the lower and higher 

trotw li~dus; Sp, Strongylocentrotw purpuratw; Sf, Strongylocentrotw fi.anck- 
canw. For column 2 (MOD), the symbols and methods are: KH, the time 
hfference between the creatlon of Kauai and Hawaii (4.8 my); FR, the date 
estimated from the fossll record; NA, the opening of the North Atlanuc; SA, 
the opening of the South Atlantic; TA, the opening of the Tasman Sea; MR, 
the time of the mammalian radiation (now thought to be 75 my, but drawn 
to 110 my as a conservative estimate of the accuracy); V, dates from a variety 
of sources, wlth error bars covering the full range of b e  estimates 
summarlzed by Sibley and Ahlqulst (1). 

No. MOD MY NR% DT DM% C% Species compared Ref. 

Dvosapbila pictzcornwi 
D, hetevoneura 

SplSf (HAP method) 
(HAP S1 method) 
P d S p  
P d P l  
Ostrichlrhea 
NewlOld World passerines 
New Zedand wrens1 

Australian passerines 
Radmouse 
Radmouse 
Hurnadrat 
Madchimpanzee 
Madchimpanzee 
Madchimpanzee 
Madgordla 
Madgorilla 
Madorang 
Madgibbon 
Madgibbon 
ManiOld World monkey 
Madold World monkey 
Madold World monkey 
ManlNew World monkey 
ManlNew World monkey 
ManlNew World monkey 
Madgalago 
Madtarsier 
Madloris 
Madlemur 
Tarsierlloris 
Madtree shrew 
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Table 2. Interspecies DNA sequence divergences based on silent substitutions in coding regions from DNA sequences. The column headings have the same 
meaning as in Table 1, except for columns 4, 5, and 6 which signify: No., the actual number of silent substitutions scored, to estimate the statistical 
uncertainty; Dm%, the divergence as percent of possible silent substitutions; C%, the percent divergence corrected for expected multiple substitutions. 

MOD MY No. DIV% C% Gene Species compared Ref. 

Amylase 
IGC kappa 
Beta globin 
Beta globin 
Beta globin 
Beta globin 
Alpha globin 
Alpha globin 
Alpha globin 
Histone I11 
Four histones 
IGC lambda 
IGC kappa 
Growth hormone 
Prolactin 
Insulin 
Glucagon region 
Glucagon region 
Glucagon region 
Eight-gene average 

Antitrypsin 
Eta globin 
Eta globin 
Eta globin 

Mousetrat 
Mousetrat 
Madcebus 
Mantrabbit 
Madmouse 
Rabbitimouse 
Mantrabbit 
Rabbitlmouse 
Madmouse 
P d P l  
SptPm 
Madmouse 
Madmouse 
Madrat 
Madrat 
Madrat 
Madbovine 
Madhamster 
Hamsteribovlne 
Madrat, mouse, 

rabbit, hamster, 
bovine 

Madbaboon 
Madgordla, chimp 
Madowl monkey 
Madlemur 

primate lineages split, indicating retardation in the rate of DNA 
change during primate evolution. 

Differences in primate rates of DNA divergence have been 
proposed. ~ o n n e r k t  al. (12) have made a set of reciprocal thermal 
stability measurements among the lower primates including com- 
parisons to human DNA (points 16 to 20, Fig. 1) and concluded 
;hat the lemur and higher primate lineages showed a slower rate of 
DNA change than the lorises and tarsiers. Some time ago Goodman 
(13) argued from globin protein sequence comparisons that globin 
evolution had decelerated, and DNA sequence data appear to 
confirm this conclusion (3, 14, 15). More recently an analysis of the 
DNA sequences of several genes (1 6) indicates that the average rate 
of DNA drift over the whole ~r imate  lineage since the mammalian " 
radiation was slower than for the rodents over this same period. 

Recently, there have been three reports on primate sequences of 
the eta globin pseudogene (formerly human pseudo-beta) and its 
evolution. Since this gene was silenced early in primate evolution 
and has apparently not been subject to conversion, it is particularly 
useful. The evidence is convincing that there has been slow sequence 
change for higher primate DNA (3) and indicates that much of the 
deceleration occurred after the branch between the lower and higher 
primate lineages (14). Goodman et al. (15) have suggested that the 
slow rate could be correlated with an improved DNA repair 
mechanism, but they also raise the possibility that DNA sequence 
dependent selection may have been responsible for the reduced rate 
of change in higher primate DNA. While it is likely that a 
deceleration of DNA change occurred about 30 to 50 million years 
ago in the lineage of the higher primates, reconstruction of the 
historv of the rate of DNA change is difficult with the available data. " 
Two questions arise. What have been the rates of change in the 
lineages of the lower primates since they branched from the higher 
primates, and what were the rates of change in the period between 
the mammalian divergence and the branches to the lower primates? 
These questions are taken up in succession in the next paragraphs. 

If the rate of DNA divergence of the lineages leading to the 

modern lower primates had been constant and slow during the 
whole period since the branch between lower and higher primate 
lineages, the pattern would be different from that in Fig. 1. In such a 
case, the measured divergences between human and lower primate 
(tarsier, loris, galago, and lemur) DNA would fall on the lower line 
of Fig. 1. However, these divergences have intermediate values, 
implying that the rate of change of the DNA in the lower primate 
lineages has had intermediate values. This conclusion is primarily 
dependent on measurements of the divergence between different 
lower primates (12) of which an example is given (point 20, Fig. 1). 
The fact that all points in Fig. 1 are averages for two lineages must 
be considered in judging the intermediate values since the two 
lineages may have very different rates (1 7). A reasonable view is that 
the lower primate lineages split off from the higher primate lineage 
before the retardation was complete and thus do not share with the 
higher primates all of the genomic, behavioral, and biochemical 
features that may be related to the slow rate. 

The reconstruction of the early rates of DNA change is difficult 
primarily because the neutral DNA drift cannot be accurately 
estimated over the long period since the mammalian radiation. The 
interpretation is difficult for both the single-copy divergence mea- 
surements and the sequence data, for different reasons in each case. 
When human and rat single-copy DNA are hybridized (Table 1, line 
9) the reaction is only 13 percent; thus it is impossible to calculate 
the median divergence, and the measurement only implies that it is 
very large. The sequence data (Table 1 and Fig. 1) are restricted to 
silent substitutions in coding regions and, although these changes 
do not affect the amino acids, choices among synonymous codons 
are not always free of selection. There is probably a small selected 
residue of unchanged but possible synonymous substitutions at this 
great evolutionary distance. This may account for the wide range of 
the points (Fig. 1, D through I and L through R) and suggests that 
these sequence comparisons may be underestimates of the neutral 
drift for the period since the mammalian divergence. Thus the data 
merely indicate that the neutral drift rate was very large in the period 
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before the retardation of the higher primate rate of DNA change 
and do not give a precise estimate of the rate in this early period. 

The dashed line in Fig. 1 indicates a possible history of primate 
divergence that is consistent with all of the measurements. It is 
constructed on the basis that the rate of very early primate neutral 
DNA sequence drift was about the same as the typical rate for other 
groups (upper straight line), and that the recent rate is established 
by the comparisons between higher primate DNA's. The uncertain- 
ty in the divergence after the mammalian radiation and the uncer- 
tainty of the dates allow many alternative curves, but they should all 
pass through the New World monkey values (Fig. 1, points 15 and 
W) and through the lower primate points. Future measurements 
will be required to establish the true time course of the retardation. 

Neutrality and Drift 
The DNA sequence data (Table 2) have been purposefully 

restricted to silent substitutions in coding regions since they form a 
consistent base of neutral changes. While all synonymous substitu- 
tions may not occur at the neutral rate of drift, many do. If the great 
majority are free of selection then a reasonable estimate of the rate of 
neutral drift can be made from this set of data. The agreement 
between hybridization data and DNA sequence measurements 
shows that there are no large systematic differences between the two 
methods indicating that the majority of changes in the total single 
copy DNA are also neutral. 

The implication that DNA sequence changes in most of the DNA 
have little or no effect is consistent with the fact that coding 
sequences make up only a small part of the total DNA and few other 
regions have been identified where changes might be significant. 
Obviously we do not know the function of most of the DNA or 
even if it has any function that depends on the nucleotide sequence. 
If function is difficult to demonstrate it is reasonable that the bulk of 
the DNA has a neutral drift rate. A part of the single-copy DNA 
sequences, including gene coding regions, are under selection; but, 
since they amount only to 5 or 10 percent of the DNA, they do not 
seriously affect the calculation of the neutral drift rate; but it is 
probable that the estimates made from Fig. 1 are low by at least 5 or 
10 percent. There is no doubt that substitutions occur much more 
rapidly in the total single-copy DNA than do those in coding 
regions that lead to amino acid replacement. It has long been 
recognized that if most changes in the genome were eliminated by 
selection the genetic load would be excessive (18). 

In conclusion, both interspecies comparisons of total single-copy 
DNA and silent substitutions can probably be used to measure the 
rate of change of unselected DNA sequence and we can assume that 
most DNA sequence changes enter populations by the process of 
neutral drift. In other words, chance and random fluctuation 
primarily determine whether the great majority of sequence changes 
are fixed in the genome of species or ultimately lost. 

Lack of Effect of Population Size on the 
Drift Rate 

Population models show that the rate of drift of neutral substitu- 
tions is independent of the population size for a fixed rate of 
mutation per individual per generation and for a steady population 
size (19). Thus primary effects of population history on the rate of 
change of DNA sequences are not expected. However, if there were 
an effect of population on the rate it would weaken the conclusion 
that the underlying rate of mutation has changed and is different in 
different lineages. Therefore a search has been made by computer 

modeling for population conditions that might affect the neutral 
drift rate. 

Two types of model population history have been examined. The 
first includes small and large populations coupled to each other by 
gene flow. In these cases the rate of drift is just the mutation rate per 
individual per generation even for extreme values of the parameters. 
In the second type of model dynamic effects on the neutral drift rate 
were tested with an extreme "boom-and-bust" population model. 
The conclusion is that neither such dynamic population histories nor 
the presence of coupled small and large populations have a signifi- 
cant effect on the average rate of neutral drift. 

Replication and Repair Mechanism Differences 
The identification of the processes that cause the differences in the 

rates of DNA change could be fundamentally important to our 
understanding of the evolution of the genome. The sections above 
indicate that neither selection nor differences in population history 
could be the cause of the observed rate contrasts. The alternative 
causes are differences in the number of germline DNA replications 
per year or in the mutation rate itself. The data of Fig. 1 suggest that 
differences in generation time are not the primary cause of differ- 
ences in rates of DNA change. Sea urchins, rodents, and drosophila 
show fast rates of change; and, while rodents and drosophila do 
have short generation times, sea urchins do not. It takes nearly a year 
for sea urchins to become sexually mature (20); they are still very 
small at that time and achieve the maximum rate of production of 
gametes only several years later (20). Thus sea urchins may have 
longer generation times than do many birds, and the large differ- 
ences in DNA sequence change rate cannot be attributed to 
generation time for these groups (2, 16). However, the number of - - 
DNA replications per year is probably large for sea urchins since 
they produce very large quantities of gametes (up to lo7  per year). 
Thus, a part of the reason for rapid DNA drift among sea urchins, 
rodents, and drosophila could be a larger number of germline DNA 
replications per year than for the other species shown in Fig. 1. 

Evolutionary change in the biochemistry of DNA replication or 
repair and change of other mechanisms including transposons are 
also possible causes of changes in mutation rate. Comparative 
measurements have been made of the DNA repair systems, and the 
effectiveness of repair appears to have increased during the evolution 
of the higher primates (21, 22). Therefore changes in repair 
mechanisms are a likely source of the differences in mutation rates 
and of the retardation in the DNA drift rate that occurred during 
primate evolution (23). 

Evolutionary Significance 
The mutation rate is apparently different in different lineages and 

perhaps at different locations within a single genome (23). A 
reduction of the mutation rate occurred during primate evolution. 
Thus variation and selection have probably influenced one or all of 
the mechanisms affecting the mutation rate, such as DNA replica- 
tion, DNA repair, or transposable elements. During primate evolu- 
tionary history there has been a trend toward increased care of 
individual offspring and reduced birth rate, as well as increased 
generation time and longevity. A selective advantage would have 
resulted if the mutation rate decreased during the same period of 
evolution since the reproductive strategy depends heavily on the 
survival of individual offspring. Thus this reproductive strategy 
might have favored the reduction in mutation rate and vice versa, for 
an extended period of time. On the other hand, a relatively sudden 
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change in the biochemistry of replication or repair could have been 
the cause. More precise examination of DNA divergences between 
existing species may distinguish between these alternatives. 

Variation and selection have probably affected the history of the 
mutation rate-itself a primary mechanism of evolution. The result- 
ing feedback reduces the simplicity of scenarios of natural selection, 
but the theoretical issues probably do not differ in kind from, for 
example, those deriving from major induced changes in the environ- 
ment. Thus, in general, effects of a species' evolutionary history can 
be stored either in the genome or the environment and then 
continue to affect the evolution of the species itself for long periods 
of time. However, for the mutation rates a quantitative record exists 
in the genomes of living species and measurement may permit 
analysis of the underlying mechanisms. 
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