The Molecular Basis of Evolution
The discovery that mutations accumulate at steady rates over time
in the genes of all lineages ofplants and animals has led to new
insights into evolution at the molecular and the organismal levels
by Allan C. Wilson

T

he molecules of life are now the
chief source of new insights into
the nature of the evolutionary
process. For a century the main con
tributors to knowledge of evolution
were biologists working at the level of
the whole organism. Together with ge
ologists they established that the mil
lions of kinds of creatures living to
day descended from a few species
that lived more than a billion years
ago. They also recognized that biolog
ical evolution results from heritable
change made possible by mutation and
natural selection. Until recently, how
ever, investigators could not probe ev
olution at its most basic level. They
could not directly explore changes oc
curring in genes.
New techniques in biochemistry
have made such investigation possible.
In recent decades molecular biologists
have been able to compare the genes of
thousands of living species and a few
extinct species. They have measured
the extent of the differences among the
genes and studied the nature of the dif
ferences. One major result of the anal
ysis is the concept of the molecular
clock. Because mutations change the
DNA in all lineages of organisms at
fairly steady rates over long periods of
time, one can establish a clocklike re
lation between mutation and elapsed
time. Investigators have calibrated the
clock on the basis of a few precisely
dated fossils that yield estimates of the
elapsed times since particular groups
of living species diverged from com
mon ancestors. Molecular differences
can then be used to estimate the dates
of divergence for multitudes of other
species. Evolutionary biology has be
gun to acquire a quantitative molecu
lar foundation.
My discussion of the molecular ba
sis of evolution rests on two assump
tions: (1) that the heritable differences
among organisms result from differ
ences in their DNA's, and (2) that
molecular evolutionists must not only
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measure differences in DNA but also
explain the origin of the differences
and their relation to organismal differ
ences. In this article I shall describe
some of the discoveries and concepts
of molecular evolution, attempt to re
late it to organismal evolution and
then argue that molecular biology has
introduced a new way of analyzing
organismal evolution. In particular I
maintain that pressure to evolve arises
not only from external factors such ,as
environmental change but also from
the brain of mammals and birds: from
the power to innovate.
wo critical elements of molecular
T evolution
are point mutations (spe

cifically, those occurring in the genes
coding for proteins) and regulatory
mutations. A point mutation is a single
replacement of a DNA base. Such a
mutation can affect the amino acid se
quence of a protein. A regulatory mu
tation, on the other hand, is any change
in a gene or in the vicinity of a gene
that determines whether the gene is ac
tive or inactive. The investigation of
point mutations has resulted in the
conceptualization of the molecular
clock and in the discovery of a kind
of genetic change known as a neutral
mutation: a mutation that is neither
advantageous nor disadvantageous for

an organism. Work with point muta
tions has also yielded many important
insights into the branching of lineages
of species. The inclusion of regulatory
mutations has led to an even more
thorough understanding of the link be
tween molecular evolution and organ
ismal evolution.
In examining point mutations mo
lecular biologists ideally would like to
compare DNA structures directly. Be
fore such comparisons became possi
ble, however, chemists had discovered
how to compare the structure of pro
teins [see illustration on pages 166 and
167]. There is a simple relation be
tween the sequence of amino acids in a
protein and the sequence of bases in
the gene that codes for the protein.
Specifically, each replacement of an
amino acid in a protein can be ascribed
to a point mutation in a gene. Investi
gators have therefore gained insight
into molecular evolution by compar
ing amino acid sequences.
During the course of comparative
studies of protein structure, several
workers began considering how the
number of amino acid replacements
might be related to the time that had
elapsed since any two species of organ
isms had a common ancestor. By sim
ply counting the replacements (and
thus ignoring their nature and their 10-

LYSOZYME, the enzyme modeled in the computer image on the opposite page, serves as a
measure of regulatory mutations: changes in DNA that determine whether genes are active
or inactive. The image depicts a molecule of lysozyme with part of its substrate (purple),
the substance on which it acts. The substrate is a sugar polymer found in the cell wall of
bacteria. Lysozyme cleaves the polymer and so breaks down the bacterial cell wall. It has
therefore been recruited as a major digestive enzyme in ruminant animals (such as cows
and sheep) to retrieve nitrogen and phosphorus present in the bacteria in their stomach.
(The bacteria function in the digestion of cellulose.) The stomach of most other mammals,
on the other hand, contains only a low concentration of lysozyme. The difference in the con
centration of the enzyme contrasts with its functional uniformity: Iysozymes from all mam
mals function nearly identically. The difference in concentration is largely attributable to
regulatory mutations, which are thought to play an important role in organismal evolution.
The computer image was made by the Graphics Systems Research Group of IBM U.K.
Limited. The white balls correspond to carbon atoms, the red balls to oxygen, the blue balls
to nitrogen and the yellow balls to sulfur; the white sticks represent interatomic bonds.
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cation in the protein structure) they
discovered that proteins behave like
approximate evolutionary clocks. A
great deal of evidence points to the fact
that amino acid replacements accumu
late at fairly steady rates over long pe
riods of evolutionary time. Techniques
that allow direct comparison of genes
confirm the hypothesis that the steady
evolution of proteins is rooted in the
steady evolution of DNA. In nucle-

ar DNA and in the DNA of other cel
lular components (such as mitochon
dria and chloroplasts), for example,
the average accumulation of base re
placements is nearly as clocklike as
the process of radioactive decay.
molecular clock, however, does
T he
not tick at the same rate at every

position along the DNA molecule. The
rate of evolution at a site in DNA that
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directly affects the function of a pro
tein is slow; it is faster at a position that
does not affect such a function. In oth
er words, evolutionary change at the
molecular level is slow where there are
strong functional constraints and fast
er where they are weak. The active
sites of most enzymes, for instance,
evolve slowly compared with many
other parts of the enzyme structure.
The structures of other proteins also

illustrate the concept of functional
constraint. The hemoglobin of horses
and that of human beings differ from
each other by amino acid replace
ments at 43 out of 287 positions. In
spite of these many differences, the
chains of amino acids in these two
hemoglobins are shown by crystal
lographic studies to fold in identical
ways. Moreover, the two proteins be
have nearly identically in functional
tests: the point mutations ascribable
to the 43 replacements are subject to
weak functional constraints.
Comparisons of codons (triplets of
DNA bases, each of which specifies a
particular amino acid) provide a third
example of functional constraint. The
rate of change at the third position
of codons is greater than the rate of
change at the second position. This ob
servation corresponds to the fact that
whereas any base change at the sec-

ond position results in an amino a.cid
substitution, about half of the base
changes at the third position do not: re
sult in a substitution. The functional
constraint on evolutionary changf.! at
the second position is strong beca.use
change occurring there is more likely
to affect protein function; the con
straint on change at the third posi
tion is weak because change can occur
there without disrupting the function
of proteins.
Observations of the high rate of
evolutionary change at weakly con
strained DNA positions have encour
aged biologists to regard molecular ev
olution as an accumulation of neutral
mutations that do not interfere with
protein function. This way of look
ing at molecular evolution has been
uncomfortable for Darwinists accus
tomed to thinking of evolution as re
sulting from the accumulation of ad-

vantageous mutations. The reconcilia
tion of the two points of view lies in
the fact that even though neutral mu
tations may dominate molecular ev
olution, the abundance of genetic var
iation allows for the accumulation
of enough advantageous mutations to
enable natural selection to have its ef
fect at the organismal level.
The revolutionary idea that genetic
change is dominated by neutral muta
tions has helped to explain the find
ing that molecular evolution depends
more on years than on generations. If
positive selection were driving molec
ular evolution, one would expect to
find higher rates of evolution in short
lived species such as flies or mice than
in long-lived species such as the higher
primates. Instead base replacements
accumulate at about the same rate in
coding sequences along both kinds of
lineages.
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MOLECULAR EVOLUTION is measured by comparing proteins

teins. Antibodies made by immunizing rabbits against a pure protein

teins on the basis of charge. Since the charge varies with the amino

in blood) for their ability to bind with the immunizing protein and

acid composition of a protein, the technique serves as a measure of

with related proteins. Complement interacts only with antibody

(a-c) or DNA's (d-f). Gel electrophoresis (a) can separate pro

are tested in the presence of complement (a mixture of substances

the extent to which that composition varies in different versions of

bound to a protein antigen; the disappearance of complement meas

a protein. The method is most valuable when the electrophoretic
mobilities of a set of 30 or more kinds of proteins from one individu

ures the amount of antibody-antigen complex formed and therefore
indicates differences in the proteins. In chemical sequencing (c) a

al are compared with the mobilities of the corresponding proteins

purified protein is fragmented by an enzyme. The amino acids of

from another individual. Microcomplemellt fixation

011

each fragment are cleaved sequentially, beginning at one end of the

the ability of antibodies to detect small differ�nces between pro-

fragment, and are identified by chromatography, a process ill which
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Nevertheless, many biologists who
make mathematical models of the evo
lutionary process are coming to be
lieve many of the mutations accumu
lated during molecular evolution are
not neutral. They argue that instead of
proceeding smoothly, molecular evo
lution might be characterized by long
periods of inactivity punctuated by
bursts of change. If they are right, the
challenge of finding an explanation
for the molecular-clock phenomenon
grows. The explanation of the phe
nomenon may entail a deeper grasp of
the nature of the evolutionary process.
one point all molecular biolo
Ongists
agree: changes in the se

quence of DNA's and the proteins they
encode are mainly divergent. Investi
gators can therefore construct molecu
lar trees, or branching diagrams, show
ing the genealogical relations among

these sequences. Such diagrams help
one to think clearly and quantitative
ly about how present-day sequences
evolved from a common ancestral
sequence. Molecular trees also illu
minate the genealogical pathway by
which the species containing the se
quences evolved from a common
ancestral species. The order of lin
eage branching leading to modern spe
cies provides a valuable framework in
which to organize knowledge of the
differences among species.
To choose among alternative gene
alogical hypotheses molecular biolo
gists follow the principle of Occam's
razor: the simplest of competing the
ories is selected over more complex
ones. The tree is chosen that requires
the fewest mutations to explain the ev
olution of particular sequences from a
common ancestral sequence. This ap
proach allows molecular evolutionists

to choose objectively and quantitative
ly among alternative trees. How, for
example, are human beings related to
orangutans and African apes (chim
panzees and gorillas)? A branching
diagram linking human beings most
closely to African apes explains the
molecular data by postulating fewer
mutations than are required for dia
grams linking humans most closely to
orangutans. In other words, one dia
gram explains the observed sequence
diversity so much more simply than
others do that the complicated ones
can be ruled out statistically.
The capacity to make such determi
nations is one of the notable achieve
ments of molecular evolutionary bi
ology. Previously investigators had
based trees exclusively on differences
in anatomical traits. The comparison
of such traits is highly subjective. In
addition the workers had no way of
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the migration of amino acids depends on size and charge. Two

is fragmented by a set of restriction enzymes, each of which recog

cloned DNA's can be compared in detail by sequencing

nizes and cleaves a specific sequence of from four to six bases. Dif

(d). A piece

of DNA, to which a radioactive label has been attached at one end,
is cleaved by a reagent specific for one of the four DNA bases

(G,

A, T, C) under conditions such that each molecule is on the aver

ferences in the sequences affect the size of the fragments, so that
the pattern of fragments of two DNA's subject to cleavage and
electrophoresis reflects their degree of similarity. In DNA hybrid

age cleaved at only one of the susceptible sites. The DNA se

ization (f) the double helix of analogous DNA's from two sources

quence

is disrupted by heating. When the two sets of single strands are

(AGCTTCACCGGCGCAGTCAT in this case) is inferred by

reading the distances the cleaved fra'gments move through a gel nn

cooled together, hybrid duplexes consisting of a strand from each

der the inflnence of an electric field. A faster but less accurate meth

of the DNA's can form. The stability of the hybrids to heat is a

od for comparing DNA's is restriction analysis

measure of the degree of sequence similarity between the DNA's.

(e). A piece of DNA
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lutionary dating involved estimating
DIVERGENCE TIME (MILLIONS OF YEARS)
when hominoids such as human beings
CLOCKLIKE EVOLUTION is shown for the genes of mammals whose times of diver
and African apes diverged from a
gence are known approximately from fossil evidence. The amino acid seqnence for each of
common ancestor. Working in my lab
seven proteins was determined for 11 pairs of mammals or mammalian groups and the
oratory at the University of California
number of amino acid differences between the two members of each pair was calculated.
at Berkeley, Vincent M. Sarich meas
The number of point mutations, or replacements of individual DNA bases, required to ac
ured the structural differences of se
count for those differences was estimated, and it is indicated on the vertical axis of the
graph. The horizontal axis indicates how long ago the particular lineages of each member
rum albumin, a protein found in both
of a pair diverged from each other. The most distantly related mammalian groups compared
humans and African apes. He deter
are placentals and marsupials, whose common ancestor lived about 120 million years ago.
mined the mean rate of evolutionary
The most closely related pair are the horse and the donkey. The bars indicate the uncer
change by comparing the albumins of
tainty in the estimates of divergence time. The curve shows that DNA-base replacements
species whose divergence times were
accumulate at fairly steady, or clocklike, rates over long periods of evolutionary time.
known from fossil evidence. He was
thus able to calculate that humans
and African apes diverged five million
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years ago. This was only a fraction
of the time postulated by anthropolo
gists: from 20 to 30 million years. Sub
sequent DNA studies have confirmed
Sarich's work, leading to a reinterpre
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FUNCTIONAL CONSTRAINT is illustrated by comparing the rate of change at the sec

ond position of codons (black cUrI'e) to the rate of change at the third position (colored
curve). A codon is a triplet of DNA bases that encodes a particular amino acid. Change

takes place more rapidly at the third position than at the second one. The reason is that

whereas any base change at the second position results in an amino acid substitution, abont
half of the base changes at the third position do not resnlt in a substitution. The data are
from comparisons made of the DNA of mitochondrial ( cellular organelles) of apes and hu

mans. In broader terms, the rate of evolution at a site in a gene that directly affects the func
tion of a protein is slow; it is faster at a position that does not affect any such function.
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cal links between species. Trees based
on fast-evolving DNA positions link
species that diverged rather recently
(such as the hominoids). Whereas
these positions facilitate the explora
tion of the twigs of the evolutionary
tree, highly conserved positions allow
the probing of the deepest branches.
Genes containing many highly· con
served positions reveal four primary
branches of descent The branches di
verged from one another nearly three
billion years ago, when all cells were at
the bacterial level of organization. The
pattern of branching offers new in
sights into the seq uence of steps char
acterizing the evolution of metabolism
in early cells.
Tree analysis has also supported the
theory that eukaryotic cells (the nucle
ated cells of organisms higher than

bacteria) arose by the fusion of two or
more types of bacterial cells about a
billion years ago. Eukaryotic cells con
tain DNA in distinct compartments:
the nucleus, the mitochondrion and, in
the case of photosynthetic cells, the
chloroplast. The genome of each com
partment includes a set of very conser
vative genes specifying the structure of
RNA molecules in the ribosomes (the
organelles on which proteins are as
sembled) of that compartment. Se
quence comparisons show that where
as the ribosomal RNA genes in the
nucleus stem from one of the four
primary branches in the bacterial tree,
those in the chloroplast and the mito
chondrion stem from another.

Tree analysis has also helped to
explain how the nuclear genome of
eukaryotic cells has grown hundreds
of times bigger than the bacterial ge
nome. The pattern of genealogical re
lations among genes and other repeti
tive sequences within the nucleus of
fers clues about the steps involved in
the process. These steps include the
duplication of entire genes and their
movement to new locations in the ge
nome. The duplicate genes usually
diverge independently, either acquir
ing new functions or becoming inac
tive pseudogenes: duplicate stretches
of DNA that contain mutations pre
venting them from encoding a func
tional polypeptide, or short protein

ONE MUTATION

chain. In other cases the duplicated
ONA's communicate (exchange ge
netic information) with one another
at varying rates as they evolve.
In addition tree analysis has contrib
uted to knowledge of the evolutionary
role of gene transfer between species
that do not interbreed. Some viruses
and plasmids (small circles of bacterial
DNA) can transfer cellular genes from
one species to another, but the stable
integration of such genes from one
species into the genome of another
species is rare in nature. If it were
common, the genome of each species
would be a mosaic made up chiefly of
horizontally transferred contributions
from diverse species. In that case at-
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(arrow). The diagram at the upper
(arrows) to account for

the descent of the hominoids can be constructed on the basis of

right, in contrast, requires two mutations

DNA sequences such as those at the bottom. Colored disks in the
diagrams show the presence of a particular base (or amino acid) at

the data; it is less likely to be correct. The order in which humans
diverged from chimpanzees and gorillas is still in dispute. The 79

a given position in a DNA (or protein) sequence for both humans

codons shown in the bottom section of the illustration code, in the

and African apes (chimpanzees and gorillas). Gray disks show that

various hominoids, for part of a protein (NAD dehydrogenase

a different base (or amino acid) is present at that position in orang

that functions in energy production within the mitochondrion. The

utans and gibbons (Asian apes). The diagram at the upper left ac

sequences differ mostly by base replacements at third positions of

5)

(gray panels). The 16 colored panels indicate positions at

counts for the sequence differences among the hominoid lineages

codons

with one mutation on the lineage leading to the common ancestor

which the African ape sequence resembles the human sequence.
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BILLIONS OF YEARS BEF ORE PRESENT
EVOLUTION OF EARLY CELLS began nearly three billion years ago and led to the
emergence of chloroplasts (organelles in which photosynthesis takes place) and four main
groups of bacteria: eubacteria (the major current form) and halobacteria, methanogens and
eocytes (sulfur bacteria). Chloroplasts share with many eubacteria the capacity for photo.
synthesis based on chlorophyll and carotenoids. Halobacteria also exhibit a type of photo.
synthesis based on a carotenoid. Photosynthesis probably originated in the common ances·

tor (arrow) of chloroplasts, eubacteria and halobacteria. The phylogenetic tree was inferred
from comparing the base sequence of ribosomal RNA found in the various organisms.
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TA XONOMIC DISTANCE
MORPHOLOGICAL DISTANCE, a measure of the extent to which animals differ in
body plan, correlates with distance in taxonomic classification. The graph summarizes the
results of more than 20,000 anatomical measurements on nearly 400 species and suggests
that the accumulation of point mutations cannot explain the accelerated rate of organismal
evolution in mammals. To estimate the morphological distance between two animals a stan·
dard set of bones from the head, forelimb, trunk and hindlimb of each animal is measured.
The relative length of each trait is then calculated by dividing the length of that trait by the
sum of the lengths of all traits measured in that animal. The morphological distance between
two animals is the sum of the absolute values of the differences in the relative lengths for
all traits. The smallest taxonomic distances in the classification are those between subspe.
cies (s5 ), followed by those between species

(5), genera (G), subfamilies (sF), families (F),
(SF) and suborders (sO). The largest taxonomic distances shown are for differ·
ent orders (0). The points represent the mean morphological distances among birds. The

superfamilies

line was fitted to analogous morphological.distance values for frogs, lizards and mammals.
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tempts to build a tree for a set of spe
cies would prove futile; a tree based
on one particular gene would probably
disagree with a tree based on anoth
er gene. In practice, however, trees
based on several different genes usu
ally agree with one another. Most pur
ported cases of horizontal transfer
do not receive support from tree anal
ysis. In both the bacterial and the
eukaryotic worlds the predominant
mode of evolution has been vertical:
from parent to offspring.
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standing of evolutionary processes, it
has failed to describe completely the
link between molecular and organis
mal evolution. The sharp difference in
the rates of organismal evolution for
two groups of species, frogs and mam
mals (such as cats, bats, whales and
humans), for instance, does not reflect
the similarity in the rates at which
point mutations accumulate for both
groups. Frogs are an ancient group
of animals consisting of thousands of
species. Yet they share so many an
atomical similarities that zoologists
classify all frogs in one order. Indeed,
during the period that saw the rise of
cats, bats, whales and humans from
a common ancestor, one type of frog
evolved so slowly that both fossils 90
million years old and the present-day
representatives of its lineage are classi
fied in the same genus, Xenopus. Pla
cental mammals, on the other hand,
even though they represent a younger
group, differ so much from one an
other that zoologists classify them in
16 orders.
Facts such as these indicate that the
pace of organismal change in mam
mals has been much faster than it has
been in frogs. Yet point mutations ac
cumulate in the DNA of mammals at
the same rate as they do in frogs. Simi
lar contrasts between the rate at which
point mutations accumulate and the
rate of organismal evolution charac
terize many other groups.
The argument that there is a contrast
between the rate of accumulation of
point mutations and the rate of organ
ismal evolution rests on the suppo
sition that taxonomic classifications
summarize, without bias, information
about the degrees of anatomical simi
larity among species. To assess the va
lidity of this assumption, Lorraine M.
Cherry, then at the University of Cali
fornia at Berkeley, and Susan M. Case
of Harvard University collaborated
with me in developing a quantitative
and objective way of estimating the de
gree to which species differ in body
plan [see illustration at bottom left].
The results from our method agree

with those obtained from traditional
taxonomic methods.
The work of Cherry and Case lends
quantitative support to the notion that
the accumulation of point mutations
cannot explain the accelerated rate
of organismal evolution in mammals.
The recognition of this discrepancy
has led molecular biologists to ask two
questions: What relation exists be
tween molecular evolution and evolu
tion at higher levels of organismal
organization? What makes mammals
evolve so fast at these higher levels?
One possible answer to the first ques
tion is that the majority of point muta
tions accumulating in nucleic acids
and in the proteins they encode may be
neutral or nearly so from the stand
point of natural selection. Only a
minority may underlie adaptive evolu
tion at the organismal level. The frac
tion of accumulated mutations having
adaptive significance could be higher
for mammals than for frogs but still
too low to contribute significantly to
the overall rate of molecular evolution
in mammals.
all likelihood, however, it is the
I nregulatory
mutation that establish

es the link between molecular evolu
tion and organismal evolution. A regu
latory mutation is any mutation that
affects the expression of a gene: partic
ularly the turning on or off of specific
genes in the course of development. In
particular, attention has been paid to
the idea that most adaptive evolution
at the organismal level is due to muta
tions affecting the relative concentra
tions of specific proteins rather than to
mutations affecting their structures.
To test these ideas one needs a strat
egy for picking genes with which to
link molecular change to organismal
change. Until the molecular basis of
embryonic development is better un
derstood, it does not seem profitable to
search for those genes whose differen
ces account for the anatomical differ
ences between species of multicellular
organisms. The best strategy at present
is to work at the chemical interface
between organism and environment.
That is why investigators in my labo
ratory such as Deborah E. Dobson,
Caro-Beth Stewart, R. Tyler White,
Michael S. Hammer and Ellen M.
Prager have probed genes coding for
enzymes in the mammalian gut. The
biochemistry and digestive physiolo
gy of mammals are well-developed
subjects. Mammalian species diverge
quickly from one another with respect
to their diets. Biochemists can often
guess which enzymes are necessary to
cope with a chemical present in one
diet but not in another. Genes coding
for such enzymes therefore hold a key
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PRESSURE TO EVOLVE, the author argues, comes both from geologic forces such as
erosion and mountain building and from the brain of mammals and birds. By suddenly ex
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to understanding the relation between
molecular and organismal evolution.
The investigation of bacteria-digest
ing enzymes confirms the significance
of regulatory mutations. Although
most mammals are not enzymically
equipped to digest bacteria, on several
occasjons during mammalian evolu
tion species have acquired the neces
sary enzymes. Ruminant animals such
as cows and sheep, for example, need
to digest bacteria in order to retrieve
nitrogen and phosphorus that has been
captured by the microorganisms. (The
bacteria function in the digestion of
cellulose.) The enhanced ability to di
gest bacteria is due to the presence
of the enzyme lysozyme, which cuts
open the cell wall of bacteria. Rumi
nant stomachs contain high concentra
tions of lysozyme, whereas most oth
er mammalian stomachs contain low
concentrations of the enzyme. Lyso
zyme has evidently been recruited as a
major digestive enzyme in ruminants.
Although the recruitment of lyso
zyme depends on both regulatory mu
tations and structural mutations, reg
ulatory change appears to have had
the primary role. A similar picture
emerges from studies of evolution in
the test tube. The net conclusion from
many experimental studies of evolu
tion with both bacterial and animal
cells in culture is that regulatory muta
tions may play a primary role in adap
tive evolution.
The specific kind of regulatory mu
tation, however, remains unknown
for many evolutionary processes. Al
though gene duplications and point
mutations in regulatory DNA are re
sponsible for most of the altered rates
of protein synthesis observed in labo
ratory experiments, for instance, they
may not account for the changing lyso
zyme levels in mammalian evolution.
Because the lysozyme changes are
tissue-specific, enhancers (regulatory
DNA sequences recognized by factors
specific to a given tissue) may prove to
be responsible for controlling the lev
els of the enzyme. The tissue-specific
activation of a gene can be accom© 1985 SCIENTIFIC AMERICAN, INC

plished by moving an enhancer into
any one of a variety of noncoding po
sitions within or near the gene. It
remains to be seen whether the re
cruitment of lysozyme depends on en
hancers and whether the lysozyme
case typifies that of other genes tak
ing part in major adaptive shifts.
final question I address is why
T he
mammals evolve so fast at the or

ganismal level. I maintain that the high
rate of evolution for mammals with
respect to that for frogs may be due to
the large brain of mammals. A large
brain generates an internal pressure to
evolve that frogs lack. In reaching this
conclusion I assume that organismal
evolution is a Darwinian process driv
en by selection and therefore has two
components: mutation and fixation. In
other words, although a newly aris
en mutation is initially present in a sin
gle individual within a population, the
mutation has not been "fixed" until de
scendants bearing the mutant gene
predominate greatly over individuals
bearing the original type of gene.
Quantitatively, the basic equation of
evolution states that the rate of evolu
tion within a population equals the
number of mutations arising per unit
of time multiplied by the fraction of
those mutations destined to be fixed.
The high rate of mammalian evolu
tion might therefore be attributed to
either a large number of mutations or a
large fraction of fixation, or to both.
Even though the mammalian genome
may indeed be more prone to muta
tion, or more unstable, than the ge
nomes of "living fossils" (such as Xeno
pus) are, a large fraction of fixation
seems more likely to account for the
trend. In particular I consider the fol
lowing possibility: the number of mu
tations arising per unit of time is the
same for frogs and mammals, but the
fraction of those mutations that are
fixed is higher for mammals than it is
for frogs. This would mean that mam
mals fix a larger fraction of their mor
phological mutations than frogs.
The opportunity to fix advantageous
17 1

quence of the power of the brain to
innovate and imitate, leads to cultural
ly driven evolution.
Once a species has a dual capacity to
evolve, a new way of exploiting the
environment can arise in a single in
dividual and spread rapidly to other
individuals by imitative learning. By
suddenly exploiting the environment
in a new way, a big-brained species
quickly subjects itself to new selection
pressures that foster the fixation of
mutations complementary to the new
habit. The larger the population is to
which the new habit is communicated,

mutations arises whenever the direc
tion of selection changes. There are
two basic sources for change in the di
rection of selection, which is to say
there are two basic pressures to evolve·
adaptively. One comes from outside
a species and the other comes from
inside. Evolutionary biologists have
tended to think only about the external
factors, such as environmental change,
which is largely driven by such geolog
ic forces as erosion and mountain for
mation. The second pressure to evolve
comes from the brain of mammals and
birds. This internal pressure, a conse200
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INCREASE IN BRAIN SIZE with respect to body size supports the theory that high selec
tion pressure for mammals comes from the brain. A dramatic rise in the pressure to evolve
at the organismal level is postulated to have occurred in the lineages leading from early
amphibians to present-day species of birds and mammals. The vertical axis represents a
measure of pressure to evolve. The curve for cultural drive was determined by dividing the
mass of a species' brain (ill grams) by the total mass of its body (in kilograms) raised to the
two-thirds power. The level of the line plotting geologic drive is based on the assumption
that pressure coming from geologic change has not undergone a net increase in the past
400 million years. Because humans, apes and songbirds have relatively large brains, they
are under higher pressure to evolve than most mammals, birds, reptiles and amphibians.
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the more likely it is that such a muta
tion will already be available, or will
arise, so that selection can act on it.
The time required for a population to
fix a mutation that complements a new
behavior is shorter if the new behavior
spreads quickly not only to offspring
(vertically) but also to other members
of the population (horizontally).
The lineage leading to the human
species has been under the highest in
ternal pressure to evolve. The rise of
agriculture, for instance, imposed new
selection pressures that led to swift ge
netic changes in human populations.
Consider the introduction of milk sug
ar (lactose) into the diet of adults as the
result of the invention and social prop
agation of dairy farming. The genetic
capacity of adults to digest this sugar
has evolved only within populations
dependent on dairy products. In the
short period of 5,000 years genes con
ferring the ability to handle milk sug
ar as an adult reached a level of 90
percent in populations that depended
heavily on dairy farming. In contrast,
the level of the genes is virtually zero
in human populations that do not
drink milk and in all other mammalian
species tested.
potential for culturally driven
T he
evolution is by no means confined

to humans. Imitative learning occurs
in many species having brains that are
relatively large in relation to body size,
such as primates and songbirds. Imita
tive learning may also occur in some
fishes, squids and insects, although it
has not yet been demonstrated in them.
The most celebrated case of a rapid
shift in nonhuman behavior was pro
vided by songbirds known as British
tits. Some of these songbirds, which re
semble American chickadees, learned
how to open milk bottles. Soon they
were imitated by millions of other tits.
Within a couple of decades most of
these British songbirds were engaging
in the practice. Finally human beings
stopped the evolutionary experiment:
they put the bottles in crates. Biologists
did not have the opportunity to ascer
tain whether or not the songbird pop
ulation responded genetically to the
new selection pressures generated by
their new behavior.
My work with Jeff S. Wyles of
Berkeley and Joseph G. Kunkel of the
University of Massachusetts at Am
herst supports the hypothesis that the
brain of mammals and birds is the ma
jor driving force behind their organis
mal evolution. The investigators found
that the larger the size of the brain in
relation to the size of the body, the
higher the mean rate of anatomical ev
olution. During the evolution of verte
brates on land, the relative size of the

INVEST
YOURSELF

BRITISH TIT, a songbird, perches on a milk bottle after pecking open the foil cap. In the
1930's and 1940's the practice of opening milk bottles spread throughout the tit population
of Britain, providing the most celebrated case of a cultural shift known in nonhumans. Hu
man beings finally stopped the practice by putting the milk bottles in crates; biologists did
not have an opportunity to learn whether or not the songbird population would have re
sponded genetically to the new selection pressures that were generated by their behavior.

brain has increased by a factor of 100
along the lineage leading from the first
amphibians to humans. Furthermore,
the rate of increase in relative size has
accelerated. The lineages leading from
those same early amphibians to other
mammals and to birds exhibit a similar
but less pronounced tendency for the
relative size of the brain to increase
over time. In contrast, the relative
brain size of modern frogs and sala
manders does not differ significantly
from the relative brain size of the first
amphibians.
Since the rate of organismal evolu
tion correlates with relative brain size,
its rate may also have risen by a factor
of nearly 100 along the lineage lead
ing to humans and by smaller factors
along the lineages leading to other big
brained creatures. Organismal evolu
tion in the vertebrates may provide an
example of an autocatalytic process
mediated by the brain: the bigger the
brain, the greater the power' of the
species to evolve biologically. When
cultural evolution becomes extremely

fast, however, such a process presum
ably does not keep accelerating. In
such a case the pressures generated by
one cultural shift will sometimes be re
lieved by the next cultural shift, rather
than by ,a genetic response. This has
probably been true of the human spe
cies for some 3 5,000 years, when the
human brain reached its present size.
study of molecular evolution
T he
occupies a special position in con

temporary biology. In trying to link
gene to organism, it touches molecular
biology, cell biology, developmental
biology, physiology, anatomy and be
havioral biology. It also requires an
understanding of how genes behave in
populations, and the disciplines of tax
onomy, paleontology and geology are
involved. No other field touches all
these aspects of biology and geology.
The study of molecular evolution pro
vides an opportunity to build bridges
between biological disciplines and by
so doing contribute to the unification
of the life sciences.
© 1985 SCIENTIFIC AMERICAN, INC

A windmill to pump water for "salt farm
ing" in India. More efficient woodburning
stoves for the Sahel. Photovoltaic irrigation
pumps for the Somali refugee camps
A ll these are solutions to technical prob
lems in developing countries. Devising
such solutions is no simple task . To apply
the most advanced results of modern sci
ence to the problems of developing areas
in a form that can be adopted by the people
requires the skills of the best scientists,
engineers, farmers, bUSinessmen-people
whose jobs may involve creating solid state
systems or farming 1000 acres, but who
can also design a solar still appropriate to
Mauritania or an acacia-fueled methane
digester for Nicaragua.
Such are the professionals who volun
teer their spare time to Volunteers in Tech
nical A ssistance (VITA ), a 20 year old pri
vate, non-profit organization dedicated to
helping solve development problems for
people world-wide.
Four thousand VITA Volunteers from 82
countries donate their expertise and time
to respond to the over 2500 inquiries re
ceived annually. \,'olunteers also review
technical documents, assist in writing VITA's
publications and bulletins, serve on tech
nical panels, and undertake short-term
consultancies.
Past volunteer responses have resulted
in new designs for solar hot water heaters
and grain dryers, low-cost housing, the
windmill shown above and many others.
Join us in the challenge of developing even
more innovative technologies for the future.
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Putting Resources
to Work for People

1815 North Lynn Street, Arlington, Virginia 22209-2079, USA
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