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Do Albumin Clocks Run on Time? 

About 10 years ago, Sarich and Wilson 
(1) presented evidence from modern pri- 
mates that serum albumin proteins 
change at a regular rate, and proposed 
that observed differences in albumins be- 
tween species could be used to estimate 
times of divergence and help reconstruct 
phylogenies. Despite some criticisms (2), 
the approach has become widely accept- 
ed, and current workers cite an impres- 
sive body of evidence from a variety of 
vertebrates [for example, ranid and hylid 
frogs (3, 4), iguanid lizards and crocodyl- 
ians (5), marsupials (4), placental carni- 
vores (6), and primates (7, 8)] that serum 
albumins change at a regular rate, calcu- 

lated to be 0.6 million years (m.y.) per 
immunological distance unit (IDU) (9). 
Demonstration of regularity in albumin 
evolution and calibration of rate of 
change ultimately rest on interpretation 
of paleontological evidence. Contrary to 
published assertions, the fossil record 
provides little evidence for the accepted 
calibration rate, or even for the hypothe- 
sis that serum albumins evolve at a regu- 
lar rate. 

The currently accepted albumin clock 
rate is from Sarich (7), based on com- 
parisons between prosimian and anthro- 
poid primates. A mean immunological 
distance (ID) of about 100 (10) and an es- 

Table 1. Immunological distances and the fossil record. 

ID Estimates from 

Fossil Albumin 
Pai r record clock 

Mean Range divergence rates 
dates (m.y./IDU) 
(my.y) 

Threeprosimiansversus 103 93 to 112 45 to60 0.44to0.58 
three anthropoids (7) 

Six prosimiansversus 125 115 to 131 45 to 60 0.36to 0.48 
five anthropoids (8) 

Eleven ceboids versus 59 43 to 70 35 to 55 0.59 to 0.93 
five catarrhines (7) 

Six cercopithecoids versus 35 28 to 42 20 to 30 0.57 to 0.86 
five hominoids (7) 

Two gibbons versus four 13 12 to 15 No good 
other hominoids (8) evidence 

Homo versus Pan + 8 7 to 9 5 to 20 0.62 to 2.5 
Gorillai (8) 

Four canoids versus 89 69 to 105 37 to 60 0.42 to 0.67 
three feloids (6) 

Canis versus 46 31 to 56 37 to 60 0.80 to 1.30 
six arctoids (6) 

timated time of divergence between 
modern prosimians and anthropoids of 
about 60 m.y. yielded a rate of 1 IDU per 
0.6 m.y. (or 1.67 IDU per m.y.). Two 
years later, Sarich [table 3 in (8)] pre- 
sented data that increased the prosimian 
versus anthropoid mean ID to 125, but 
he retained the original rate of 1 IDU/0.6 
m.y., and that is the rate that all later pa- 
pers cite. I have summarized Sarich's (7, 
8) primate ID data in Table 1, along with 
ranges of estimated times of divergence 
based on current interpretations of the 
fossil record (11), and the resulting esti- 
mated rates of albumin change calcu- 
lated from the mean ID's. The minimum 
likely rate from the latest prosimian ver- 
sus anthropoid comparison (1 IDU/0.48 
m.y.) is higher than the maximum likely 
rates suggested by various higher pri- 
mate comparisons (around 1 IDU/0.60) 
m.y.). A date older than 60 m.y. for the 
prosimian-anthropoid split is highly un- 
likely since at that time (middle Paleo- 
cene), the first primate radiation had just 
gotten under way and modern primates 
arose from a second, later radiation (12). 
Dates younger than the minimum esti- 
mated times of divergence for the vari- 
ous anthropoid comparisons listed in 
Table 1 are highly unlikely, since by 
those times (or very shortly thereafter), 
we have undoubted fossils of the rele- 
vant groups involved. Thus the prosimi- 
an versus anthropoid data suggest a rate 
of albumin change that is in con- 
tradiction with rates suggested by data 
from higher primate comparisons. De- 
spite this internal inconsistency, those 
data remain the cornerstone for the albu- 
min clock calibration. 

The placental carnivore data cited as 
evidence for a rate of serum albumin 
change of 1 IDU/0.6 m.y. are canoid ver- 
sus feloid comparisons (6) that showed a 
mean ID of 89. Given the range of pos- 
sible times of divergence suggested by 
the fossil record (see Table 1), one can 
say only that those data are not in con- 
tradiction with a rate of 1 IDU/0.6 m.y. 
However, a full analysis of the data from 
that study shows within the canoids a 
Canis versus arctoids mean ID of 46. 
That yields a maximum rate (1 IDU/0.80 
m.y.) that is lower than the minimum 
likely rate of the canoid versus feloid 
split (1 IDU/0.67 m.y.). It is highly un- 
likely that canoids and feloids diverged 
earlier than 60 m.y., since at that time 
the miacid radiation that later gave rise 
to modern carnivores was just beginning 
(12), and it is also unlikely that Canis and 
arctoid stocks diverged later than 37 
m.y., since about that time we have the 
earliest members of those groups. Thus, 
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within the carnivore data, as within the 
primate data, there is a contradiction. 

The evidence from marsupials and hy- 
lid frogs for regularity in albumin change 
at a rate of 1 IDU/0.6 m.y. is based on 
comparisons of Australian versus New 
World species that yielded mean ID's of 
103 for the marsupials and 129 for the 
frogs (4). The estimated time of diver- 
gence was taken from plate tectonic evi- 
dence of a South America-Antarctica 
separation dated at about 70 m.y., which 
yields rates of albumin change of 1 IDU 
per 0.68 and 0.54 m.y., respectively. 
However, a geological date for time of 
separation of continents is poor evidence 
for times of divergence of species, since 
speciation may occur in the absence of 
oceanic barriers (that is, before time of 
continent separation), and colonization 
by rafting or island hopping is possible 
for many groups of animals'long after 
continents begin to separate. The poor 
fossil record of early marsupials suggest 
no better bracketing of the divergence 
time of South American versus Austra- 
lian species than about'60 to 100 m.y. 
(13), a range too broad to provide good 
evidence for a given albumin change 
rate. The fossil record of hylid frogs is 
even poorer than that of the marsupials, 
and therefore also useless for indepen- 
dent evidence of albumin clock calibra- 
tion or for concluding, as has been done 
(4), that hylid albumins evolved at ap- 
proximately the same rate as those of 
marsupials. 

The reptile data for albumin rates are 
based on comparisons within iguanids 
and crocodylids (5). The authors noted 
that the maximum ID's observed within 
each of those two families (97 and 96) 
were close to the maximum ID's ob- 
served within mammalian carnivores and 
primates, further noted that crocodylids 
and many lizard families are known from 
the Cretaceous (approximately 135 to 65 
m.y.), and concluded that those reptile 
families were comparable in age to or- 
ders of placental mammals, and there- 
fore that the rate of albumin evolution in 
reptiles was comparable to that of mam- 
mals. Those conclusions do not follow 
from the evidence presented: the Cre- 
taceous is a long period, 'most mamma- 
lian orders arose near the end of that pe- 
riod, and the fossil record of iguanids 
and crocodylids is not good enough to in- 
dicate even roughly when various genera 
diverged and thus allow testing of the ac- 
cepted rate of albumin evolution. The 
same problem exists for the data from ra- 
nid frogs (3), for which the fossil record 
is equally poor and inadequate to test hy- 
potheses about albumin rates. 

Thus, of the various groups of verte- 
brates cited as providing evidence for a 
regular rate of albumin change at 1 IDU 
0.6 m.y., only some primates and carni- 
vores have a fossil record that is good 
enough to allow rough calibration of the 
albumin clock, and for both of those 
groups there are internal inconsistencies 
within the data. Further, the hypothesis 
that albumins change at a regular rate (in 
a stochastic sense) is contradicted by the 
existence of "slow" versus "fast" spe- 
cies assemblages in most groups exam- 
ined-for example, prosimians versus 
anthropoids (8), bears versus other car- 
nivores (6), and Caluromys and Mar- 
mosa versus other didelphid marsupials 
(4). Such deviations from regularity are 
acknowledged by the same investigators 
who argue for a regular rate of albumin 
evolution (4, 14). In some recent papers 
(14, 15) data from transferrin com- 
parisons are combined with those from 
albumins to infer phylogeny and times of 
divergence, but the transferrin clock is 
calibrated by comparison with the albu- 
min clock, which means it is not an inde- 
pendent check. 

Comparisons of serum albumins are a 
promising approach to test hypotheses of 
phylogenetic relationships generated 
from comparative anatomical and pa- 
leontological evidence. Even without 
good absolute rate calibrations, such 
comparisons can provide evidence on 
phylogenetic relationships if it, has first 
been demonstrated that albumins have 
evolved at a regular rate in the groups 
compared. This comment should not be 
construed as a criticism of the approach, 
or a haggling over details of rate calibra- 
tions, but rather I mean it as a plea for 
more scientific rigor in the development 
and use of the approach so that its full 
potential may be realized. 

LEONARD RADINSKY 

Anatomy Department, 
University of Chicago, 
Chicago, Illinois 60637 
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That the albumin clock generally runs 
on time is evident from relative rate tests 
(1, 2), which do not depend on the fossil 
record. These tests involve analysis of 
the relative amounts of change along the 
diverging branches of a molecular phylo- 
genetic tree (1, 2). Therefore, we are un- 
willing to agree with Radinsky that the 
demonstration of regularity in albumin 
evolution rests ultimately on the inter- 
pretation of fossil evidence (3). The fos- 
sil record is needed only to calibrate the 
albumin clock. 

It is unfortunate that to calibrate evo- 
lutionary clocks one must compare the 
quantitative biochemical measurements 
with paleontological estimates of diver- 
gence times that are only semiquantita- 
tive. In order to understand the uncer- 
tainties of divergence time estimates, it 
is essential to consider how these times 
are arrived at from fossil evidence. 

The problem of inferring divergence 
times from fossil evidence is illustrated 
in Fig. 1. Consider the very simple case 
of two present-day species, A and B. We 
wish to use fossil evidence to find out 
their divergence time. Assume that the 
last common ancestor of A and B is the 
hypothetical species C. Consider also 
the hypothetical species D, the common 
ancestor of all present-day species. 
These four species are connected by 
three hypothetical lineages: the common 
ancestral lineage leading from D to C, 
the lineage leading from C to A, and the 
lineage leading from C to B. Now consid- 
er a fossil. What can the fossil tell us 
about the time when species C split into 
two noninterbreeding species, that is, 
the progenitors of A and B? The first step 
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Fig. 1 (left). The problem of inferring divergence times from fossil evidence. Fig. 2 (right). Calibration of the albumin evolutionary clock. 
Paleontologically estimated divergence times for 25 pairs of carnivore and ungulate taxa are plotted against the amount of sequence difference, 
measured immunologically, that has accumulated between the albumins of these same creatures. The immunological distance values were 
obtained by comparing the albumins by the microcomplement fixation test (5). The best estimate of divergence times is indicated by the empty 
circles and the approximate extremes of these estimates by the vertical lines. The data for this figure are taken from figure 2 in (1). The least 
squared line is t = 0.54 y, where t is divergence time and y is immunological distance. The hatched area indicates the 95 percent confidence limits 
for the predicted values of t. 

in solving this problem is to determine 
the time t when this fossil lived. A re- 
liable date can often be obtained by ra- 
diometric methods, which are quan- 
titative and objective. The second step is 
to determine the genealogical relation- 
ship of the well-dated fossil to the lin- 
eages DC, CA, and CB. This is not a 
straightforward task (4). The paleontolo- 
gist decides intuitively which of the alter- 
native phylogenetic models (models 1 or 
2) to adopt and, in the case of model 1, 
which of the three lineages gave rise to 
the fossil. 

Suppose one decides that model 2 is 
correct and thus that the fossil descend- 
ed from the DC lineage; it follows that 
the time since the CA and CB lineages 
separated is probably less than t. Alter- 
natively, one may choose model 1 and 
assign the fossil to any one of the three 
lineages. If one assigns the fossil to ei- 
ther the CB or CA lineages, the AB di- 
vergence time is inferred to be greater 
than t, whereas if assignment is made to 
the DC lineage, the AB divergence time 
could be greater or less than t. Thus pa- 
leontological estimates of divergence 
times are of questionable precision. 

Despite the semiquantitative nature of 
the current paleontological estimates of 
divergence times, it is possible to cali- 
brate the albumin clock approximately. 
This is best done with young taxonomic 
groups having an abundant and well- 
studied fossil record because, in such 
cases, the error in estimating divergence 
times is probably minimized. The mam- 
mals are such a group; and within this 
group the carnivores and ungulates are 
especiallv annronriate. Their albumins 

have evolved at a rather steady rate dur- 
ing the past 70 million years (Fig. 2). The 
paleontologic estimates of divergence 
times for 25 pairs of carnivore and ungu- 
late taxa are plotted against the amount 
of sequence difference, measured immu- 
nologically, that has accumulated be- 
tween the albumins of these same crea- 
tures. The immunological distance scale 
is based on comparison of the albumins 
with the microcomplement fixation 
method, each unit of immunological dis- 
tance corresponding to about one amino 
acid substitution in albumin (1, 2, 5). If 
the best estimates (Fig. 2, circles) and 
the two extremes are considered as three 
separate estimates of the divergence 
time, a correlation coefficient of 0.92 is 
obtained between time and immunologi- 
cal distance. When only the best esti- 
mates of divergence times are consid- 
ered, a correlation coefficient of 0.97 is 
obtained and the equation of the least 
squared line is 

t= 0.54 y 

where t is divergence time, and y is im- 
munological distance. This calibration 
line is shown in Fig. 2, and its slope 
(0.54) is an estimate of the rate constant 
for albumin evolution. 

The approximately linear relation be- 
tween time and sequence evolution (Fig. 
2) is not unique to mammalian albumin. 
This kind of relation has also been found 
with other mammalian proteins, includ- 
ing hemoglobins, myoglobins, cyto- 
chromes c, and fibrinopeptides (1, 6), as 
well as with amphibian lactate dehy- 
drogenases (7) and reptilian transferrins 
(8). 

Having illustrated the time depen- 
dence of albumin evolution in carnivores 
and ungulates (Fig. 2), we turn to the 
problem of albumin evolution in pri- 
mates. In the case of primates there are 
wide differences of opinion about the 
times of divergence, wider than Radin- 
sky indicates [table 1 in (3)]. We do not 
regard the time ranges he gives as outer 
bounds (1, 2) and, for this reason, we do 
not accept his conclusion that pri'mate al- 
bumin evolution has been inconsistent 
with the clock hypothesis. We consider 
that all of the primate albumin data are 
consistent with the mean evolutionary 
rate observed for carnivores and ungu- 
lates, namely, approximately one immu- 
nological distance unit per 0.54 million 
years. In addition, relative rate tests 
have been applied to primate albumins. 
These tests suggest that albumin evolu- 
tion has been as steady in primates as in 
other mammals (1, 2). 

It is harder to calibrate protein evolu- 
tion and time of divergence for tax- 
onomic groups whose fossil record is 
poorer than that of mammals. Compared 
to mammals, the modern families of rep- 
tiles and amphibians have a poor fossil 
record (9). Yet it was particularly impor- 
tant to examine albumin evolution in rep- 
tiles and amphibians.' During the past 75 
million years, these lower vertebrates 
have been evolving about ten times more 
slowly at the organismal level than mam- 
mals have (1, 9, 10). Reptiles and am- 
phibians therefore provided an excellent 
opportunity to disprove the clock hy- 
pothesis. The results of extensive com- 
parative studies have given no indication 
that lower vertebrat'e albumins have 
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been significantly retarded in their evolu- 
tion (1). These results were more consist- 
ent with the clock hypothesis than with 
prevailing evolutionary theory, which 
assumed a simple relation between pro- 
tein evolution and organismal evolution. 

We have calculated an approximate 
standard error for the slope of the cali- 
bration line in Fig. 2 and constructed 95 
percent confidence limits for the diver- 
gence times predicted from this equa- 
tion. These limits must be regarded only 
as an approximate minimum estimate. 
To do this analysis, we assumed that the 
magnitude of the errors associated with 
each divergence time is the same for all 
values of immunological distance and 
that errors are normally distributed. 

The error to which the calibration line 
in Fig. 2 is subject has several com- 
ponents: a paleontological error, an ex- 
perimental' error, and a stochastic or 
probabilistic error. The paleontological 
error is the result of the uncertainties in 
divergence time estimates, while the oth- 
er two errors are independent of these 
estimates, The experimental error is the 
error in estimating how different the pro- 
tein sequences are (by either direct se- 
quencing or immunological procedures). 
The probabilistic error is an intrinsic fea- 
ture of the clock. The clock is not metro- 
nomic- (1, 6). The number of sequence 
changes that have occurred in a given 
protein, such as cytochrome c, in dif- 
ferent species during a particular period 
of time follows a frequency distribution 
(1, 11). Several workers have attempted 
to measure this intrinsic error of the evo- 
lutionary clock for sequenced proteins 
(6) and for immunological comparisons 
of serum albumin (12). For sequenced 
proteins this error appears to be about 
twice as great as that expected for a 
probabilistic process like radioactive 
decay (6). 

Even though the precision of protein 
clocks requires further definition, they 
appear precise.enough to be extremely 
useful as tools for analyzing the dynam- 
ics of evolutionary processes dur'ing the 
past 100 million years or so. Protein 
clocks appear to have the potential for 
giving us a temporal view of evolution- 
ary relations among all living species. By 
contrast, the fossil record is too poor to 
give us such a complete view. The vast 
majority of species do not have good fos- 
sil records. For this reason, it seems un- 
likely that paleontology will ever be able 
to estimate divergence times for more 
than a small fraction of living species 
that had common ancestors within the 
past 100 million years. With the approxi- 
mate time depth between species pro- 

vided by protein clocks, we can view the 
properties of those species from a time 
perspective. That is, we can calculate 
rates of evolutionary change for any 
property of the species being compared. 
Protein clocks are thus giving new per- 
spectives on evolution at various levels 
of biological organization and generating 
new hypotheses concerning the bio- 
chemical basis of evolution at the supra- 
molecular level (1, 13). 
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Autonomous Timer in Malpighian Tubules 

Friedman and Johnson (I) have sug- 
gested the existence of an autonomous 
biological timer in Drosophila Malpighi- 
an tubules which "assures synchrony 
between the appearance of urate oxidase 
activity in the tubules and emergence of 
the adult from the puparium." This con- 
clusion is based on the demonstration 
that, in constant light, tubules trans- 
planted from single, developmentally 
aged pupae expressed urate oxidase ac- 
tivity (in day-old hosts) at about the ex- 
pected time of emergence for each pupa. 
The authors have also indicated that the 
circadian clock regulating emergence 
may have components in common with 
this Malpighian timer. 

It is tempting to ascribe control of all 
manner of developmental events to a cir- 
cadian oscillator. In fact, it would be 
pleasing if the temporal organization of 
the whole of development could be de- 
scribed in terms of circadian input. How- 
ever, this viewpoint is not supported by 
the circadian literature. Pittendrigh and 
Skopik (2), working from earlier obser- 
vations of Harker (3), have shown that 
at least two defined points in the devel- 

opment of three species of Drosophila 
(bristle pigmentation, yellow eye pig- 
mentation) are not coupled to circadian 
oscillations. In addition, development in 
Drosophila clock mutants which display 
altered eclosion and activity profiles is 
seemingly normal (4). 

It is also important to distinguish be- 
tween two very different kinds of mecha- 
nisms which might both be called timers. 
A series of biochemical reactions in a 
defined developmental pathway could 
conceivably be called a developmen- 
tal clock. This "clock" would probably 
not be temperature-compensated and, 
hence, rather inaccurate over a normal 
environmental range of temperatures. 
Eclosion and activity in Drosophila, on 
the other hand, are regulated on a cir- 
cadian basis by a temperature-com- 
pensated multioscillator system (5). This 
second type of clock is inherently more 
accurate, since it is buffered against tem- 
perature changes. 

The observation that Malpighian tu- 
bules autonomously express urate oxi- 
dase activity in a host supports the con- 
tention that the rate of develnnment of 
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