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Charles Darwin's theory that 
evolution is driven by natu
ral selection-by inherited 
changesthatenhancesu~ 

vival-struggled against 
competing theories for the 
acceptance it has within 
biology today. 

Random genetic mutations 
having neither positive nor 
negative effects were once 
thought to drive most 
changes at the molecular 
level. But recent experi
ments show that natural se
lection of beneficial genetic 
mutations is quite common. 

Studies in plant genetics 
show that changes in a sin
gle gene sometimes have a 
large effect on adaptive dif
ferences between species. 

-The Editors 
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Ir 
tTl ophlstlcated genet c 

tools are den,ons r I selec Ion pi ys 

a 9 eat r role in th ven mos 

evolutionists had thought 

ome ideas are discovered late in the history of 

a scientific discipline because they are subtle, 
complex or otherwise difficult. Natural selec

tion was not one of these. Although compared 

with other revolutionary scientific ideas it was 
discovered fajrly recently-Charles Darwin and 

Alfred Russel Wallace wrote on the subject in 

1858, and Darwin's On the Origin of Species 

appeared in 1859-the idea of natural selection 

is simplicity itself. Some kinds of organisms sur
vive better in certain conditions than others do; 

such organisms leave more progeny and so 
become more common with time. The environ

ment thus "selects" those organisms best adapt

ed to present conditions. If environmental con

ditions change, organisms that happen to pos

sess the most adaptive characteristics for those 
new conditions will come to predominate. Dar

winism was revolutionary not because it made 

arcane claims about biology but because it sug

gested that nature's underlying logic might be 
surprisingly simple. 

[n spite of this simplicity, the theory of natu

ral selection has suffered a long and tortuous his
tory. Darwin's claim that species evolve was rap

idly accepted by biologists, but his separ:1te 

claim thM natural selection drives most of the 

change was not. Indeed, n,Hural selection was 

not accepted as a key evolutionary force until 
well into the 20th century. 

The status of natural selection is now secure, 

reflecting decades of detailed empirical work. 

But the study of natural selection is by no means 
complete. RMher-partly because new experi-
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mental techniques have been developed and 

partly because the genetic mechanisms underly
ing natural selection are now the subject of me

ticulous empirical analysis-the study of natural 

selection is a more active area of biology than it 
was even two decades ago. Much of the recent 

experimental work on natural selection has fo

cused on three goals: determining how common 

it is, identifying the precise genetic changes that 

give rise to the adaptations produced by natural 
selection, and assessing just ho"v big a role natu

ral selection plays in a key problem of evolution
ary biology-the origin of new species. 

The best way to appreciate evolution by natural 

selection is to consider organisms whose life cycle 
is short enough that many generations can be 

observed. Some bacteria ca n reproduce them

selves every half an hour, so imagine a popula

tion of bacteria made up of two genetic types that 

are initially present in equal numbers. Assume, 
moreover, that both types breed true: type 1 bac

teria produce only type 1 offspring, and type 2 

bacteria produce only type 2s. Now suppose the 
environment suddenly changes: an antibiotic is 

introduced to which type 1s are resistant but to 

which type 2s are not. [n the new environment, 

January 2009 



THE AUTHOR 


H Allen Or is University 

Professor and Shirley Cox Kearns 

Chair of Biology at the University 
of Rochester and author (with 

Jerry A. Coyne) of Speciation. His 

research focuses on the genetic 
basis of speciation and adaptation. 

Orr has been the recipient of a 
Darwin-Wallace Medal from the 

Linnean Society of London, a 

Guggenheim Fellowship, a David 
and Lucile Packard Fellowship, 

and the Dobzhansky Prize from 

the Society for the Study of 
Evolution. He has published many 

book reviews and essays in the 
New Yorker and the New York 

Review of Books. 

46 SCIENTlF 'IC AMERICAN 

type Is are fitter-that is, better adapted-than 
type 2s: they survive and so reproduce more often 

than type 2s do. The result is that type Is produce 

more offspring than type 2s do. 

"Fitness," as used in evolutionary biology, is 

a technical term for this idea: it is the probability 

of surviving or reproducing in a given environ

ment. The outcome of this selection process, re

peated numberless times in different contexts, is 

what we all see in nature: plants and animals 
(and bacteria) that fit their environments in in

tricate ways. 

Evolutionary geneticists can flesh out the pre

ceding argument in much richer biological detail. 

We know, for instance, thar genetic types origi
nate in mutations of DNA-random changes in 

the sequence of nucleotides (or string made up of 

the letters A, G, C and T) that constitutes the 
"language" of the genome. We also know a good 

deal about the rate at which a common kind of 
mutation-the change of one letter of DNA to 

anorher-appears: each nucleotide in each gam

ete in each generation has about one chance in a 

billion of mutating to another nucleotide. Most 

important, we know someth ing about the effects 

of mutations on fitness. The overwhelming ma

jority of random mutations are harmful-that is, 

they reduce fitness; only a tiny minority are ben

eficial, increasing fitness. Most mutations are 

bad for the same reason that most typos in com

purer code are bad : in finely tuned systems, ran I 
dom tweaks are far more likely to disrupt func

~ 

tion than to improve it. 

Adaptive evolution is therefore a two-step I 
process, with a strict division of labor between 

mutation and selection. In each generation, mu

tation brings new genetic variants into popula

tions. Natural selection then screens them: the 
rigors of the envi ron ment reduce the frequency 

of "bad" (relatively unfit) variants and increase 

the frequency of "good" (relatively fit) ones. (It 

is worth noting that a population can store many 

genetic variants at once, and those variants can 

help it to meet changing conditions as they arise. 

The gene that protected the type 1 bacteria from 
the antibiotic may have been useless or even 

slightly harmful in the earlier, antibiotic-free en

vironment, but its presence enabled the type Is 
to survive when conditions changed .) 

Population geneticists have also provided in
sight into natural selection by describing it math

ematically. For example, geneticists have shown 

that the fitter a given type is within a population, 

the more rapidly it will increase in frequency; in

deed, one can calculate just how quickly the in

crease will occur. Population geneticists have 

also discovered the surprising fact that natural 
selection has unimaginably keen "eyes," which 

can detect astonishingly small differences in fit

ness alllong genetic types. In a population of a 
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million individuals, natural selection call oper

ate Oil fitness differences as small as one part in 

a million. 

Olle remarkable feature of the argument for 

natural selectioll is that its logic seems valid for 

any level of biological entity-hom gene to spe

cies. Biologists since Darwin, of course, h;we 

considered differences in fitness between indi

vidual organisms, but in principle natural selec

tion could act on differences in survival or repro

duction between other enrities. For example, one 

might reason that species with broad gcographic 

ranges will survive-as species-longer than 

species whose geographic ranges are narrow. Af

ter all , broad-ranging species can tolerate the ex

tinctions of a few local populations more readi Iy 

than species with restricted ranges can. The log

ic of natural selection might predict, then, that 

the proportion of broad-ranging species should 

increase with time. 

Yet though this a rgument is formally sound

and evolutionists do suspect higher-level selection 

does take place now and then [see "What's Good 

for the Group," on page Sll-most biologists 

agree that natural selection typically occurs at the 

level of individual organisms or genetic types. 

One reason is that the lifetimes of organisms are 

mllch shorter than the lifetimes of species. Thus, 

the natural selection of organisms typically over

whelms t.he natural selection of species. 

www.SciAm.com 

How Common 

Is tural Selec io ? 


One of the simplest questions biologists can ask 

about natural selection has, surprisingly, been 

one of the hardest to answer: To what degree is 

it responsible for changes in the overall g netic 

makeup of a population? No one seriously 

doubts that natural selection drives the evolu

tion of most physical traits in living creatures

there is no other plausible way to explain such 

large-scale features as beaks, biceps and brains. 

But there bas been serious doubt about the extent 

of the role of natural selection in guiding change 

at the molecular level. Just what proportion of 

all evolutionary change in DNA is driven, over 

millions of years, by natural selection-as 

opposed to some other process? 

Unril the 1960s biologists had assumed that 

the answer was "almost all," but a group of pop

ulation geneticists led by Japanese investigator 

Moroo Kimura sharply challenged that view. 

Kimura argued that molecular evolution is not 

llsually driven by "positive" natural selection

in which the environment increases the frequen

cy of a beneficial type that is initially rare. Rath

er, he said, nearly all the genetic mutations that 

persist or reach high frequencies in populations 

are selectively neutral-they have no appreciable 

cffect on fitness one way or the other. (Of course, 

harmful mutations continue to appear at a high 
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rate, but they can never reach high frequencies 

in a population and thus are evolutionary dead 

ends.) Since neurral mutations are essentially in

visible in the present environment, such changes 

can slip silently through a population, substan

tially altering its genetic composition over time. 

The process is called random genetic drift; it is 

the heart of the neutral theory of molecular 

evolution. 

By the 1980s many evolutionary geneticists 

had accepted tbe neutral theory. But the data 

bearing on it were mostly indirect; more direct, 

critical tests were lacking. Two developments 

have helped fix that problem. First, population 

geneticists have devised simple statistical tests 

for d isti ngu ish ing neu tral changes in the genome 

from adaptive ones. Second, new technology has 

enabled entire genomes from many species to be 

sequenced , providing voluminous data on which 

these statistical tests can be applied. The new 

data suggest that the neutral theory underesti

mated the importance of natural selection. 

In one study a team led by David J. Begun and 

Charles H. Langley, both at the University of 

California, Davis, compared the DNA sequences 

of two species of fruit fly in the genus Drosophi
la. They analyzed roughly 6,000 genes in each 

species, noting which genes had diverged since 

the two species had spljt off from a common an

cestor. By a pplyi ng a statistical test, they estimat

ed that they courd rule out neutral evolution in at 

least 19 percent of the 6,000 genes; in other 

words, natural selection drove the evolutionary 

divergence of a fifth of all genes stlldied. (Because 

the statistical test they employed was conserva

tive, the actual proportion could be much larger.) 

The result does not suggest that neutral evolution 

is unimportant-after all, some of the remaining 

81 percent of genes may have diverged by genetic 

drift. But it does prove that natural selection 

plays a bigger role in the divergence of species 

than most neutral theorists would have guessed. 

Simi lar studies have led most evolutionary genet

icists to conclude that natural selection is a com

mon driver of evolutionary change even in the se

quences of nucleotides in DNA. 

The Genetics 
of Natu al Sele-tio 
Even when biologists turn to ordinary physical 

traits ("beaks, biceps and brains") and are con

fident that natural selection drove evolutionary 

change, they are often in the dark about just how 

it happened . Until recently, for instance, little 

was known about the genetic ch<lnges that un
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derlie adaptive evolution. But with the new 

developments in genetics, biologists have been 

able to attack this problem head-on, and they are 

now attempting to answer several fundamen

tal questions about selection. When organisms 

adapt by natural selection to a new environment, 

do they do so because of changes in a few genes 

or many? Can those genes be identified? And are 

the same genes involved in independent cases of 

adaptation to the same environment? 

Answering those questions is not easy. The 

main difficulty is that the increase in fitness aris

ing from a beneficial mutation can be very small, 

making evolutionary change quite slow. One way 

evolutionary biologists have coped with this 

problem is to place populations of rapidly repro

ducing organisms in artificial environments 

where fitness differences are larger and evolution 

is, therefore, faster. It also helps if the popula

tions of the organisms are large enough to pro

vide a steady stream of mutations. In microbial 

experimental evolution, a population of geneti

cally identical microorganisms is typically placed 

in a novel environment to which they must adapt. 

Since all the individuals begin by sharing the 

same DNA sequence, natura I selection must op

erate only on new mutations that arise during the 

experiment. The experimenter can then plot how 

the fitness of the population changes with time 

by measuring the rate of reproduction in the new 

environment. 

Some of the most intriguing research in exper

imental evolution has been performed with bac

teriophages, viruses so sma II that they in fect bac

teria. Bacteriophages have commensurately tiny 

genomes, and so it is practical for biologists to se

quence their entire genomes at the beginning and 

end of experiments as well as at any time in be

tween. That makes it possible to track every ge

netic change that natura I selection "grabs" and 

then perpetuates over time. 

K. Kichler Holder and Jame~ J. Bull, both at 

the University of Texas at Austin, performed 

such an experiment with two closely related spe

cies of bacteriophages: <DX174 and G4. Both vi

ruses infect the common gut bacterium Escheri
chia coli. The experimenters subjected the bac

teriophages to an unusually high temperature 

and allowed them to adapt to the new, warm en

vironment. In both species, fitness in the new en

vironment increased dramatically during the ex

periment. ~/loreover, in both cases the experi

menters saw the same pattern: fitness improved 

rapidly near the sta rt of the experiment and then 

leveled off with time. Remarkably, Holder and 
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Bull were able to identi fy th e exact DNA muta

tio ns underl yi ng the increased fi tness. 

Natura Selection 
I e 'ilo' 

Altho ug h resea rch in experimenta l evo lutio n 

prov ides a n unprecedented view of naru ra l selec

ti on in acr io n, the a pproach remains limited to 

simple orga ni sms for which repeated sequencing 

of entire geno mes is feas ible. Some wo rkers have 

a lso ca uti o ned th a t ex pe rim enta l evo lutio n 

might involve unn atu ra ll y ha rsh selec tive pres

sures-perh a ps m uch ha rshe r th a n th e o nes 

encounrered in the w ild . We wo uld like, t hen, 

to stud y se lecti on in hig her o rganisms under 

mo re natura l conditions-and so we must 

fi nd a no ther way to in ves tiga te th e g lacia l 

pace o f much evolutiona ry cha nge. 

To do so, evolutioni sts typica lly t u rn to pop

ul ations or species that have been separa ted long 

eno ugh th at the ada ptive d ifferences between 

them th at were cra fted by natuIa l selecti o n are 

read ily fo und . Bio logists ca n then study those 

d ifferences genetica lI y. Fo r exa mple, Douglas W. 

Sc hemske o f Michigan State University a nd 

H . D. Bradshaw, Jr., of the Uni vers ity o f Wash

ington ana lyzed natural selection in two species 

o f monkey fl ower. Though closely rela ted, Mim
ultls lewisii is po llinated primar il y by bumble

bees, whereas M. cardinalis is pollinated primar

ily by hummingbirds. Data fro m other species 

show th at bird pollination in the genu s Mimulus 
evo lved from bee pollination. 

Flower color alone- M.lewisii has pink flow

ers, a nd M . card ina lis has red Isee box at righ tl 
ex pla ins much o f these differences in pollin ator 

p refe re nce. Whe n Sch emske a nd Bradshaw 

crossed the two species, th ey showed tha t thi s 

co lor d ifference is conrro lIed to a considera bl e 

ex tent by what appea rs to be a single gene ca lled 

Yel/()w Upper, or YU P. On the basis of tha t fi nd

ing, they created two k ind s o f hybrids. I n the 

first kind, the Y UP gene ca me fro m M . cardina
lis, but the rest o f the hybrid 's geno me derived 

from M. lewisii. The resulting flowe rs were or

a nge. T he second kind of hybrid was a " mirro r 

image" o f the first: the YUP gene ca me from /vl. 

lewisii , but the rest of the genome derived fro m 

J'v1. cal·dinalis. The resulting fl owers were pin k. 

W hen the hybrids were t[a nsp la nted into the 

w ild , the in ves tiga tors noted tba t YUP had a n 

enormous e ffect on poU in<1to r vis ita tio n: M. 

lewisii pla nt s, for in sta nce, th at car ried Y UP 
from M . ca rdinalis were visited by humming

bi rds a bout 68 times more often th a n were pure 
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M. lewisii plants; in the reciprocal experiment 

(M. cardinalis plants with YU P from M.lewisii), 

the effect was a 74-fold increase in bumblebee 

visits. There can be no doubt, then, that YUP 

played a major role in the evolution of bird pol

lination in M. cardinalis. Schemske and Brad

shaw's work shows that natural selection some

times builds adaptations from what appear to be 

fairly simple genetic changes. 

f' 
One of Da rwin's boldest claims for natural selec

tion was that it explains how new species arise. 

(After all, the title of his masterpiece is On the 

Origin of Species.) But does it? What role does 

natural selection play in speciation, the splitting 

of a single lineage into two? To this day, these 

questions represent an important topic of re

search in evolutionary biology. 

To understand the answers to those questions, 

one must be clear about what evolutionists mean 

by "species." Unlike Darwin, modern biologists 

generally adhere to the so-called biological spe

cies concept. The key idea is that species are re

productively isolated from one another-that is, 

they have genetically based traits preventing 
them from exchanging genes. Different species, 

in other words, have separate gene pools. 

It is thought that two populations must be 

geographically isolated before reproductive iso

lation can evolve. The finches that inhabit vari

ous islands in the Galapagos Archipelago, which 

Darwin famously describes in Origin ofSpecies, 
obviously diverged into the distinct species ob

served today after they became geographically 
iso'lated . 

Once reproductive isolation does evolve, it 

can take several forms. For example, during 

courtship females of one species might refuse to 

mate with males of another (if the two species 
ever do come into geographic contact). Females 

of the butterfly species Pieris occidentalis, for 

instance, will not mate with males of the related 

species P. protodice, probably because the males 

of the two species have different wing patterns. 
And even if two species do court and mate, the 

inviability or sterility of a ny resulting hybrids 

can represent another form of reproductive iso

lation : genes cannot move from one species to 

another if all hybrids between them are dead or 

sterile. To contemporary biologists , then, the 

question of whether natur::tl selection drives the 

origin of species reduces to the question of 

whether natural selection drives the origin of re

productive isolation. 

For much of the 20th century, many evolu

tionists thought the answer was no. Instead they 

believed that genetic drift was the critical factor 
in speciation. One of the most intriguing find

ings from recent research on the origin of species 

is that the genetic drift hypothesis about the ori

gin of species is probably wrong. Rather natural 

selection plays a major role in speciation. 

A good example is the evolutionary history of 
the two monkeyflower species mentioned earli

er. Because their pollinators seldom visit the 

"wrong" species of monkeyflower, the two spe

cies are almost completely isolated reproductive

ly. Even though both species sometimes occur in 

the same locations in North America, a bumble

bee that visits M. lewisii almost never visits M. 
cardinalis, and a hummingbird that visits M. 

cardinalis almost never visits M. lewisii. Thus, 

pollen is rarely transferred between the two spe

cies. In fact, Schemske and his colleagues showed 

that pollinator differences alone account for 98 
percent of the total blockage in gene flow be

tween the two species. In this case, then, there 

can be no doubt that natural selection shaped 

the plants' adaptations to distinct pollinators 

and gave rise to strong reproductive isolation. 

Other evidence for the role of natural selec

tion in speciation has corne from an unexpected 

quarter. In the past decade or so several evolu

tionary geneticists (including me) have identified 

half a dozen genes that cause hybrid sterility or 

inviability. The genes in question-studied most

ly in species of Drosophila fruit flies-play vari
ous norma ll roles within the species: some en

code enzymes, others encode structural pro

teins, and yet others encode proteins that bind 

to DNA. 

These genes exhibit two striking patterns. 

First, among the genes that cause problems in 

hybrid offspring, it turns out that many have di

verged extremely rapidly. Second, population 

genetics tests show that their rapid evolution was 

driven by natural selection. 

The studies of the monkeyflower and of hy

brid steri 'lity in fruit flies only begin to scratch the 
surface of a large and growing literature that re

veals the hand of natural selection in speciation. 

Indeed, most biologists now agree that natural 
selection is the key evolutionary force that c· ;ves 

not only evolutionary change within species but 
also the origin of new species. Although some 

laypeople continue to question the cogency or ad
equacy of natural selection, its status among evo

lutionary biologists in the past few decades has, 
perhaps ironically, only grown more secure. _ 
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