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ABSTRACT
This article surveys progress in Davwinion medicine since 1991, Kvolutionary thinking has
been prroviding an mmoreasing flow of fresh ideas indo medical science, ideas that wowld not be
suggested by other perspectives. Recent contribntions have shed new light on the evolution of
virulence, of anbibiotic vesistance, of eocytic atresia, of menopawse, of the timing of the exprression
of genetic disease, of links between mate choice and disease vesistance, and of genomic conflict
hetween molher and jetus over resource provisioning. An important consequence of changes from
the enarivenment of evolutionary adaptedness concerns repraductive cancers; the incidence of repro-
ductive cancers may be linked (o changes in the frequency of menstraation n postindustrial
societies. ENher inirguing developments include some wnanticipated and wndesirable conse-
quences of good hygiene, hope jrom an unexpected quarter for progress on nerve and muscle
regenevaltion, evolulionary interpretations of mental disease, and insights from functional geno-
mics into the nalure of tradeofjs. The application of roolutionary thinking to problems in medical
researel and fractice has thus yielded an abundand and growing harvest of msights. Some are
well fonended, others remain specudative. The field is maving from an initial phase dominated by
speculatron and hypoihests formation into a more vigovous phase of experimenial testing of explicit
alternatives. Currenltly the most promising aveas, those in which experimental rigor can be applied
efficiently, inchede experemental evolution and functional genemics. The pioneers can be proud
of what they have sei tn molion.
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ILLIAMS AND NESSE (1991) proclaimed

the dawn of Darwinian medicine ten vears
ago in this journal, though parts of the field
had been around for some time. The evolu-
tion of antihiotic resistance is a classical prob-
lem. The use of evolutionary technology to
produce attenuated live vaccines by serial pas-
sage had long heen in use (cf. Ebert 1998),
Medawar {1952) and Williams (1957) had used
the theory of natural selection to explain sc-
nescence four decades carlier, and the evolu-
tion of virulence had been under discussion
torat least a decade (e.g., Ewald 1980). Never-
theless, their paper gave the field a significant
push, rapidly reinforced by two books (Fwald
149494; Nesse and Williams 1994) and further
papers in The Quariterly Review of Biology (Haig
1993; Profet 1993; Strassmann 1996), By 1997,
when a group of b6 experts gathered in Swit-
zerland to survey the field, this literature al-
ready contained more than 1200 items {Stearns
1998). Other books soon followed (e.g., Trey-
athan et al. 1999), Ten years an, where do
things stand? Is the evolutionary perspective
paving off? What is fair 1o expect of it, and
what 1s fair to demand ol it?

The recent state of the field is summarized
below, in Stearns (1998), and in Trevathan et
al. (1999), There has been a significant input
of fresh ideas. More ot them have implications
tor medical research than for clinical practice,
hut some important ideas do have clinical ap-
plications. The evolutionary perspective is no
panacea, and like any perspective, some of the
ideas it proposes do not work out, but it has
contributed important and useful ideas that
would not be syggested by other theories, and
that flow of ideas is increasing, not decreasing,

The two kinds of ideas that evolutionary
thinking contributes to medical science reflect
the two major branches of evolutionary biol-
ogy. The first kind, representing the adapta-
Lionist perspective, focuses on the consequences
of natural selection, on adaptations in humans
and their pathogens, and on rapid and dy-
namic responses to human interventions. The
second, representing the historical perspec-

tive, focuses on the evolutionary histories of

humans and their pathogens, on the recon-
struction of those histories, and on the conse-
quences of particular histories for health and
disease. The historical perspective includes
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maladaptive legacies that selection has not been
able 10 overcome, such as the crossing of the
respiratory and digestive sysiems in our throats,
which can cause death by choking, and the
exit of the birth canal through, rarher than in
front of, the pubis, which can causc death in
childbirth (see also Nesse and Williams 1994,
Williams 1997). Both the adapratoenist and
the historical perspectives have contributed
important insights, and both arc illustrated
below.

Some evolutionary insights into medical sci-
ence benefit individual patients and are of in-
terest to clinicians. Others concern populations
and are of interest to epidemiologists and pub-
lic health managers. Some interventions atthe
individual level do not imply costs at the popu-
lation level. Others, such as drug therapy for
individual humans that causes the evolution
of' antibiotic resistance in the pathogen popu-
lation that in turn leads, with a brief delay, to
future problems tor individual humans, do
imply such costs. Medical science has long rec-
ognized that there are occasional conflicts be-
tween the best treatment tor the popularion
and the besr reatment for the individual, but
some evolutionary insights place special em-
phasis on such conflicts tor two reasons. One
is the focus of evolutionary thought on popu-
lations and population processes. The other
is the existence of formal tools within evolu-
tionary biology for the analysis of conflicts be-
tween levels of selection, including bur not
limited to conflicts berween populations and
individuals. We discuss several such cases below,

EvoruTioNary IpEas in MEDICAL
RESFARCH AND PRACTICE

We naw consider major ideas contributed
to medicine from the evolutionary perspective
{see Table 1 for an overview). We do nor ar-
tempt an exhaustive review. In many cases the
recent state of play is summarized in Stearns
(1998), in I revathan et al. {( [99%9), orin review
papers cited therein or traceable therefrom.
Before we begin, a briet conceprual claritica-
rion may help. It is a platitude 10 note that
causes must be clearlv distinguished from con-
sequences. Of course they must; everyone knows
that. What everyone may not see immediately
in an unfamiliar tield is thar during the devel-
opment phase of a concept, it is not always
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clear what is the cause and what is the conse-
quence. For example, mainstream evolitionary
theory explains aging as a by-product of selec-
tion for reproductive performance (including
survival to reproduce) early in life, but some al-
ternatives see aging as an adaptation in itsell.
Mainstream evolutionary theory explains the
host symptoms described by the term virulence
as a by-product of selection for improved re-
pmducr.ive [)(“.l’ﬁ’)l“lllﬂl]t‘t‘. n pmlmgens, bt
some alternatives see virulence as a pathogen
adaprtation in itselt. As we work through the
major ideas, bear this distinction in mind, It
is an implicit assumption of each explanation
that rhe thing being explained hasa cause wor-
thy of investigation and is not itself simply the
by-product of some other more essential pro-
cess where the action really is. That assump-
tion can and should be questioned.

THE EVOLUTION OF VIRITLENCE:
THE HISTORICAL DIMENSION

Two major evolutionary mechanismsare he-
lieved w have shaped the level of virulence
expressed by pathogens. The firstis character-
ized by competition for hosts and is strongly
linked to epidemiology of the disease. Here
the mode of transmission plays a key role. [is-
eases thatare vertically transmitted, from host
to offspring, should evalve lower levels of viru-
lence than discases that are horizontally trans-
mitted from host to unrelated host, If the
symproms we recognize as virulence alter the
transinission probability of the pathogen, then
the pathogen will be selected to increase the
intensity of those symproms if hy doing so it
can inerease is lifetime transimission probabil-
ity However, itwill also be selected to decrease
that intensity if the reduction can increase its
lifetime transmission probability, The out-
come depends on how symptoms affect trans-
mission probability, The second mechunisim
is characterized by competition of parasites or
pathogens within the host Virulence will be
selected to increase if several pathogen geno-
types infect the host at once. The resulting in-
uahost competition rewards the pathogen ge-
notype that exploits the host most thoroughly
and most quickly before the other competing
pathogens can rob it of resources. The level of
virulence that is expected to evolve depends
on the conditions that influence the relative
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importance ol competition within and be-
tween hosts (i.e., the type and frequency of
multiple infeetions and the costs imposed by
early host death induced by pathogens). Epi-
demiological conditions in which between-
host competition is important, can lead w low
virulence—e.g., in case of vertical transmitted
parasites (Bull etal. 1991; Herre 1993)—while
experimental exclusion of between-host trans-
mission dynamics leads to high virulence (e.g.,
serial passage experiments; Ebert 1998). These
cases are extremes along a continuum; vertical
transmission largely excludes within-host com-
petition, and serial passage experiments ex-
clnde berween-host selection. The majority of
discases evolve under a mixoure of less ex-
treme conditions. This is where research is
most needed, for it is nor clear that interpolat-
ing between the extremes will help us o pre-
dict the evolution of virulence for most dis-
cases. The ecological conditions that allow
some pathogens to increase and others Lo de-
crease in virulence are far trom being under-
stood (e.g., Day eral. 2001).

The evolution of virulence also has an his-
torical dimension that can he explored with
the methods of molecular phylogenetics. Such
analyses reveal that virulent organisms are
“constructed” through the stepwise accumula-
tion of virulence determinants. The stepwise
pattern suggests that each step represented an
adaptive advance for the pathogen; the overall
pattern is compelling evidence thatvirulence,
or sommething closcly tied to virulence, is adap-
tive (Marc Lipsitch, personal communica-
rian), We are still far trom understanding the
sclective benefits of virulence in these cases,
however.,

l'or example, to elucidate the evolution of
pathogenic Escherichia coli strains, Reid et al.
(2000) sequenced seven housekeeping genes
to build a phylogenetic tree and trace the his-
tory of the acquisition of virulence genes. The
rate ol synonymous substitution for £, celi and
Salmonella enterica (4.7 x 107" persite per year)
suggested that the radiation of clones began
about 9 million years ago and the virulent
pathogen responsible tor epidemics of tood
poisoning, E. codi O157:H7, branched off from
a common ancestor of E. coli K-12 as long as
4.5 million vears ago. Moreover, old lineages
ol E. coli acquired the same virulence factors
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TABLE |

Nome ideas wsed in the study of health and woninfectious disease. The borders between categones are not hard.
Note that some traits have been given several different explanations and therefore ocour in several calegories.

The table ts not comprehensive.

Type of Idea Examples
Understanding human nature
1.1 Phenotype adaptive, without olwious disadvan- — Incest avoidance behavior
tages or with very minar liness costs — Mate choice in relation o pathogen resistance
1.2 Phenotypes whose evolution is thought (o be — Truleofl between fithess traits earlv and late in life
constrained by connections to other characters  explains senescence
(tradeoft, antagoenistic pleiotropy) — Tradeoff between ollspring Tiness amd number (e, wwins
have lower survival probability)
— Menstruation as a protection against pathogens
— Neonatal jaundice
1.3 Characters which evalved under differen
conditions, were previously adaptive, and now
appear to be maladaptive
1.3.1 l‘henorype Was arlapl.iw |<)I][.[ ago; e, in the Human teeth are oot :|||'.1||Iw| ton cleal with carbon-hydrate
stone age or carlier rich food; caries became a problem
— Drug abuse as hijacking of adaptive pleasure mechanisms;
previously such drugs were not available, or only available in
small amounts
1.3.2 Phenotype was adaptive uniil tecently (eg.,  — Childhond asthma as a consequence of reduced parasitic
preindustrialism), but causes health problems wormm hurilens
under modern conditions (e.g., altered — Sudden mfant death syndrome
behavior and nuwiton, improved medical — Infani crying and colic us o consequence of the unnaral
care and hygiene, environmental pollution) separation of the waking infant lrom the sleeping mother
— Cardiovascular discases as a consequence ol reduced levels
of excrcise and dietary fiber and high levels of dietary fat
14 Phenotypes which are adaptivee, but whose — Chitis media
a(lilpti\'c value 1s difficult to nnderstand, — Childbinh |u'u|.\|:.'rn.-.'
misguided (shortsighted) medical treatment  — Marming sickness as hypersensitivity 1o embryo-damaging
may obscure the adaptive value even further toxins
Genetic polymorphisms and conflicts
4.1 Genetic polymorphisms
211 Alleles with apparent adaptive value have not — Ability of adults to digest lactose is polymorphic and varies

ver gone 1o fixation with the historical dependence on fresh milk.

in parallel, including a pathogenicity island
involved in intestinal adhesion, a plasmid-
borne haemolysin, and phage-encoded Shiga
toxins. The parallel evolution suggests that se-
lection has favored an ordered acquisition of
genes that progressively built up the molecu-
lar mechanisms that increase virulence.
Closer studies of polymorphisms within vir-
ulence factor genes have revealed rthe pres-
ence of increased rates ol nonsynonymous
substitution (amino acid altering mutations)
in surface-exposed and secreted proteins, im-
plying the influence of diversitying selection
on polymorphism (Donnenberg and Whittam
2001). Virulence genes had levels of nonsyn-

onymaous change five to ten times greater than
housekeeping genes. Such inereased diversity
may help the individual organism to escape
host immune response, or a variant to spread
in a host population made up of individuals
that previously acquired immunity to other
variants. There has also been recombination
within virulence Factor genes; mobile genetic
elements containing virulence factors may
thereby be introduced into established patho-
gens to increase diversity. E. cofi is thus a rap-
idly cvolving species capable of generating
new pathogenic variants that can escape host
protective mechanisms and produce new dis-
ease svndromes,
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TABLE 1
Condined

Type of Idea

Examples

— Resistance to the HIV virus exists, but selection has not been

long and intense enough to increase its frequency

— Dufty blood group polymorphism and malaria

2.1.2 Deletenous dominant mutations which may

— Chromaosomal disorders; e.g., Down syndrome

arse spontaneously or have a delayed age of — Cancer

ansel of the disease

— Huntington's chorea

— Myotome dystrophy

— Neurofibromatosis

2.1.3 Deleterious recessive mutations in selection-
muation balance (sclection is too weak o

— Phenylketonuria
— Tay-Sachs disease

remove rare recessive deleterious mutations); — Alpha antitrvpsin deficiency

tor some of these disorders it has been
Nllggl‘ﬁll‘ll thai Ihey are advantageous
under certaim comditions

— Cystic fibrosis
— Beta thalassemia
— Bloom’s syndrome

— Ciangenital nephrosis
— Hemophilia A (X linked)
— Color blindness (X linked)
— Albinism
— Sickle-cell anemia
214 Characters influenced by heterozygote advan- — Sickle-cell ancmia where malaria is endemic

tage
2. 1.0 Intreeding depression

2.1.6 Multifactorial genetic discases

— MHC polymorphisms and disease resistance
Reduced offspring performance due to marriage among
relatives

— Cleft lip and/or palate

— Congenital heart disease
— Coronary heart disease
— Schizophrenia

— Diabetes mellitus

2.3 Genetic conthets

2.2.1 Muther-child conflict and genomic imprinting — Problems of pregnancy and childbirth

2.2.2 Selection arem: seleciion oceurs within an
entity that is a unit of selection in its own right
at a higher level,

— Atresia as an adaptation to eliminate mutationally
damaged mitochondria
— Menopause may be causally liked to atresia

Similar evidence—a high rate of nonsynon-
ymous substtutions in genes associated with
virulence—was found in a molecular phyloge-
netic analysis of influenza A viruses (Bush et
al. 1999). It was [ound that the branch of the
tree with the highest proportion of nonsynon-
ymous substitutions was the one that always
took the virus from epidemicto epidemic, pre-
sumably because it had the greatest selective
advantage. With such information one could
predictwhich flu strain in this year’s tlu season
will cause next vear's epidemic, and vaccina-
tion policy could be adjusted accordingly. (See
Note Added in Proof, p 430.)

Thus both the adaptive and the historical
branches of evolutionary thought shed con-
siderable light on the evolution of virulence.

TIHE EVOLUTION OF ANTIBIOTIC RESISTANCE

Anitibiotic Induction of Elevated
Mutation Rates in Pathogens

That pathogenic bacteria rapidly evolve re-
sistance to antibiotics is well established, and
mechanisms for the evolution of resistance are
known. They include horizontal acquisition of
resistance genes carried by plasmids or ranspo-
sons, recombination of foreign DNA into the
chromosome, and mutations in chromaosomal
loci. A new direction to the story began when
Moxon et al. (1994) suggested that bacteria
have two differenr sets of genes: housekeeping
genes used [or basic metabolism and structure
that mutate at low frequency, and highly muta-
ble contingeney genes important for adaptation
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to changing environments. In addition, many
bacterial populations contain some cells with
a mutator phenotype, Their mutation rate is from
10 to 10,000 times that of normal cells, often
because they have a delective methyl-directed
mismatch repair system, Contingency loci and
miutatar phenorypes allow a bacterial lineage
to rapidly accumulate many alleles, some of
which can evade stressful environmental fac-
tars such as host defenses or antibiotics. Both
resistance and virnlence would evolve taster
because of the large sample of mutations. It
has therefore been suggested that contingency
genes and mutator phenotypes have a selec-
tive advantage tor pathogens living in humans
that are being treated for intectious disease,

Rr.f'.t*nll}-' Martinez and Baguero (2000) re-
viewed the ideas and evidence and sugaested
that the mutation rate of bacteria challenged
with antibiotics is elevated in human hosts,
They conclude, “We must assume that the mu-
tation rate determined under conventional
laboratory conditions probably differs greatly
from that in vivo at the site of infecrion, In
such a way, more than a single mutation rate,
bacterial populations may have multiple dil-
terent mutation rates. The time has arrived to
face this complexity” (Martinez and Baquero
2000:1776).

Opinion on this point 1s, however, currently
divided, Giraud ctal. (2001) monitored bacte-
rial mutation rates during the experimental col-
onization of mouse guts. They found that “[a]
high mutation rate was initiallv beneficial be-
cause it allowed fasrer adaptation, but this bene-
fit disappeared once adaptation was achieved.
Mutator bactenia accumulated mutations that,
although neutral in the mouse gut, are ollen
deleterious in secondary environments, Con-
sistently, the competitiveness of mutator bac-
teria is reduced during rransmission to and re-
colonization of similar hosts” (Giraud er al.
2001:2606),

This example nicely illustrates the elabora-
tion of a potentially important hypothesis, its
initial support, and irs 5t1hsﬁquem refinement
through experimental tests. Evolutionary biol-
ogy can be an experimental science, and ex-
perimental evolution of the sort used here is
a possible, a powertul—and an increasingly
popular—technique (Ebert 19498).
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THE CONCEPT OF A SELECTION ARENA

A selection arena is a selection process that
occurs inside an entity, such as a reproductive
lemale, that is a unit of selection in its own
right at a higher level. It has characteristics
suggesting that it is an adapration of the
higher level (in this case, the individual hu-
man; Stearns 1987). Examples include the se-
lection of zvgotes in the mammalian repro-
ductive tract through selecrive abartion, where
the zygotes are the lower level and the females
rthat contaim them are the higher level. Selec-
tion on variation inreproductive performance
of the organisms—the higher level—has shaped
the internal selection process at the lower
level,

ATRESTA, A SEILECTION ARENA FOR
MITOCHONDRIA, AND MENOPAUSE
Total oocyte loss oceurs by the end of the
repraductive lite span in humans and in at
least two other primates, rthesus macaques and
honobos (Finch and Sapolsky 1999). The pro-
cess starts, however, much earlier, By the third
month of pregnancy, ovaries have developed
in the female human embirvo. They contain
about 7 million oocytes. By hirth that number
has been reduced to about a million and by
the anset of menses to less than 500. This pro-
cess of oocyte destruction is called oocytic
atresia and is found in most mammals,
Jansen and de Boer (1998) and Krakauer and
Mira (1999} suggest that atresia is selecrive and
has an evolutionary explanation. Their explana-
fion rests on the assumption of asexual repro-
ducton by mitochondria. If mitochondria re-
produce asexually and pass regularly through
population bottlenecks, they cannot avoid
accumulating deleterious mutations (Muller
1964). Evenmally all mitochondria will be
damaged. The problem can be avoided, haw-
ever, il the mitochondria with the deleterious
muiations can be segregated and discarded,
as Chao et al. (1997) have shown in a phage
maodel system. This would happen il a small
number of mitochondria were inrroduced inta
each of many oacytes. The oocytes with defec-
tive mitochondria would advernse that tact in
their biochemical profile, giving the maternal
tissue a signal that could be used to decide
from which oocytes nourishment should be
withdrawn.
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"The Krakauer-Mira hypothesis makes at least
three predictions: (1) If ovaries are sampled
trom 3 month embryos to birth, the percent-
age of defective mitochondria should decline
towards birth. This has not been confirmed
tor humans, but Perez eral. (2000) did estab-
lish that the state of the mitochondrial ge-
nome could, in at least one experimental
model, affect the probability of oocvte de-
struction. Even it such a correlation were dem-
onstrated, it would nort prove that the reason
for the destruction ol the oocytes is the pres-
ence of damaged mitochondria, The signals
inducing their destruction could simply be
correlated with the presence of damaged mi-
tochondria, (2) The number of mitochondria
allocated to a new oocyte should he small,
ideally just one, The number of mitochondria
withwhich an oocyte starts life is not yet known
precisely, but Jansen and de Boer’s (1998) re-
view of all published microphotographs of pri-
mordial vocvies suggests that the number is
less than 10. Steuerwald et al.’s (2000) PCR
estimate of the number of mitochondrial ge-
nomes in mature oocyres uses a method that
conld usefully be applicd to primordial oo-
cytes, If the number of mitochondria that en-
ter a primordial oocyte were large, the mecha-
nism would not work because most aocytes
would get some detective mitochondria, the
biochermnical signals given off by the vocyles
with defective mitochondria would not be dis-
tnctive, and oocytes could not be eliminated
selectively. Estimating the number of mito-
chondria with which an oocyte starts life has
thus become an important issue. (3) The sig-
nal that initiates the process of apoptosis 1o
destroy an oocyte selectively should have a
functional relationship to mitochondrial per-
formance; it should reliably indicate the pres-
ence of damaged mitochondria. The nature
of such asignal is notyet known. lis nature has
became a research priorilty,

Is there a link berween atresia and meno-
pauser Menopause has several adaptive evalu
tionary explanations (reviews in Gosden er al.
1998; Leidy 1999). One is the grandmother
hypothesis, which states thataftera certain age
reproduction has become so risky for a female
that she can increase her lifetime reproduc-
tive success by stopping her own reproduction
and helping her daughters (o raise their off-
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spring. One problem with such explanations
is this: reproduction becomes riskier with age
because the intensity of sclection on older fe-
males is low. There is thus correspondingly lit-
tle selection pressure to shape other potential
adaprtations, such as menopause, in older fe-
males. Such explanations are in logical con-
flict with the evolution of senescence. Gosden
el al. (1998) suggest a nonadaptive explana-
tion. They see menopause as a by-product of
atresia. Its variability in age of onser results
from random variations in the number of oo-
cytes destroyed prior to birth, Slight variations
in proportion of destroved vocytes translate
into differences of tens or hundreds of vocytes
available at birth and into differences of years
in onsct of menopause. The rate of oocyte
atresia does correlate with the age of “meno-
pause” in mice (Tilly, personal communica-
tion). Under this view menopause occurs when
the temale runs out of vocytes to ovulate, gnd
the number of oocytes with which she is barn
is determined by arresia. Atresia in turn exists
to screen out vocytes with damaged mitochon-
dria—or other rypes of damage. This explana-
tion neatly connects processes at the begin-
ning and the end of life, but it has not yet heen
rigorously tested against alternaltives,

FARLY SELECTION AGAINST
DEFECTIVE EMBRYOS

A selection arena has a greater advantage
when the defective gametes, zvgotes, or off-
spring that are discarded are eliminated early
in development before the parents have in-
vested much in them (Kozlowski and Stearns
1989). It selection is done late in develop-
merl, ils advantage can be quite small or noth-
ing at all. This logic may explain the rapid
carly development of the human embryo
(Hastings 2000); most organ systems function
within 10 weeks ol conception. If the embryo
lacks, for example, an essential liver enzyme,
then the earlier it dics the better. There is se-
lection for rapid differentiation and develop-
ment of organ systems so that they can be
tested as soon as possible Lo see if theywill work
later in life. If they will not work, the embryo
is discarded and a sibling is rapidly conceived.
The next idea is a corollary.

Reproductvely active human females in ar-
chaic societies normally produce children at
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intervals ot around 4 years. If death of the fetus
or young infant (less than around 3 years of
age) occurs, then the mother reenters estrus
and produces another child. Such reproduc-
tive compensation creates selection on the age
ol expression of genetic diseascs; “infant mor-
tality may evolve when the early death of one
infant makes more likely the creation or sur-
vival of a close relarive” (Hamilton 1966:12).
Generic discases that significantly reduce the
reproductive success of otfspring will be se-
lected to hecome ever more virulent, killing
at ever decreasing ages, to allow the mather
to reenter estrus and conceive a (hopefully un-
aftected) sibling. The same effect changes pre-
dictions ol mutation/selection halance: for
any given mutation rate, syndromes which kill
early in life may reach much higher frequen-
cies than those killing at later ages (Hastings
2000). These intriguing ideas have not yet been
tested against alternatives,

Note here the patential for maternal-fetal
conflict; there should be a range of fetal defec-
tiveness that would make abortion adaptive
for the mother but not for the fetus. That
range would be determined in part by the rela-
tionship between fetal defectiveness and the
reproductive fitness realized by embiyos that
survived birth and adolescence. If the defects
in the fetus were such that rthe resulting off-
spring had low fitness, there would be little
selection to reduce the abortion rate. Only if
the correlation berween defectiveness as fetus
and fitness as a reproductive adult were zero
or negative would a maternal-fetal conflict re-
duce the ahortion rate.

MATLE CIHHOICE AND DISEASE RFSISTANCE

The role of mate choice in human repro-
ductive biology developed for years along two
independent racks before merging recently.
One track was evolutionary; the other was
medical. The evolutionary track began with
Hamilton and Zuk’'s (1982) suggestion that
birds might select their mates on the basis of
honest signals that indicate resistance to para-
sites and pathogens with a genetic basis. If
mates vary in genetic quality, and that varia-
tion can be detected in the phenotype, then it
pays Lo select a high-quality mate. The experi-
mental confirmation of this hypothesis in
stalk-eyed flies revealed quite unexpected un-
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derlying mechanisms (Wilkinson et al. 1998).
Wedekind (1994) extended the idea to other
levels of selection: mother or ova could sclect
sperm haplotypes before, during, and after zy-
gote formation; selection after mating could
favor heterozygous zygotes. Here again we en-
counter selection arenas. As we will see next,
one of them operates in humans.

While the evolutionary ideas were being de-
veloped, Ober and her colleagues were car-
rying outa long-term medical study of the Hur-
terite communities in South Dakota. The
Hutterites, who moved to North America from
Switzerland in the 19th century, arce a small
endogamous community that has become rel-
atively inbred. They are notable for their large
sibships, communal lifestyle, and the limited
number of b-locus HLA haplotypes known
for all 411 Hutterite couples. Some Hutterite
women suffer from recurrent spontaneous
abortions. Ober et al. (1992) discovered that
women whose husbands had similar HLA loci
were more likely to suffer spontaneous abor-
tions than women who had married men with
different HLA alleles, They then examined
mate choice (Oher et al. 1997) to see whether
potential mates avoided partners with similar
immune genes. Significantly fewer matches of
HLA haplotypes between spouses were oh-
served than would be expected at random.
Among couples who did match, where a mis-
take was made, the marched haplotype was in-
herited from the mother 29 times and from
the tather 50 times. Thus Hutterites avoid mat-
ing with partners with the same HLA haplo-
tvpe, and the evidence suggests that it is pri-
marily the females who are making the choice.

These smdies confirm that humans can de-
tect variation in MHC haplotypes among po-
tential mares and use that information to
choose mates, as do both inbred and seminat-
ural populations of mice, where the signals ap-
pear to be olfactory (Yamazaki et al, 1990).
In outbred human populations, factors other
than MHC haplotype—such as social status,
income, and ethnicity—are probably usually
more important.

MOLECULAR DETECTIVE WORK:
INSIGIITS FROM PHYLOGENETICS
The methods of molecular systematics give
us new insights into the structure of pathogen
populations. The results shed light on many
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issues, including the potential for rapid hori-
zontal rransfer ot antibiotic resistance and the
identification of the individuals responsible
torthe spread of very rapidly evolving diseases.
Many of these methods rely on the construe-
tion ol phylogenetic wrees from which infer-
encesare drawn; the standard criteria for judg-
ing the reliability of such trees naturally apply.
The reliability of phylogenetic trees is a partic-
ularly important issue when they are used as
evidence in trials for crimes that carry the
death penalty.

Are Bacterial Populations Really Clones
or Do They Have Sexy

The answer to this question is critical for
understanding the spread of resistance genes
and the potential of pathogen populations to
respond quickly to host evolution and 1o vac-
cines and other epidemiolagical measures.
Molecular phylogenies have now shown that
the degree of clonality varies among species:
some, like E. coli and Salmonella, are highly
clonal, whereas others, like Neisseria gonorrhoeas
and Bacillus subtilis, are etfectively panmictic,
Even the most clonal bacreria, like E. cofi, are
chimeras containing chromosomal genes and
portions of genes of ditterent ancestries. Thus
pathogenic bacteria vary in their potential for
horizontal genetic transfer; some behave prac-
tically like outcrossing sexual eukaryotes, and
all manage some exchange of information
(see Levin et al. 1999 for a review).

Molecular Forensics

When pathogens have clonal structure, that
structure produces patterns of relatedness that
are usetul for tracking the genetic origin of
epidemics (e.g., when and where did AIDS en-
ter the human population; cf. Hillis 2000) and
for torensic studies, such as tracing the person
who infected others with HIV (Hillis and Hucl-
senbeck 1994),

Does Alzheimer’s Disease Have
Prehuman Precursors?

Finch and Sapolsky (1999) argue as follows.
All Tong-livedd mammals express Alzheimer’s-
like neuropathological changes as they age,
and estrogens provide some protection from
such pathologies. The strength of selection on
the age of onset of such pathologies varies
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from species Lo species; the tming of the re-
productive aging with associated estrogen loss
is poverned by selection on the reproductive
schedule. Primates with early and more fre-
quent reproduction are predicted to have ear-
lier onset of neuropathological changes be-
cause of their reproductive decline; this is
conlirmed in rhesus macaques. What changes
in human biochemistry might be protecting
us [rom the earlier onset of neuropathologies
experienced by our primate ancestors? Finch
and Sapolsky suggest that the mechanism in-
volves new human alleles at the apoE locus.
The apoE gene (and the apoB gene) codes for
the protein segment of the low-density lipo-
proteins implicated in cholesterol metabolism,
heart disease, and Alzheimer’s, Human popu-
lations contain 3 variants: apoE 2, 3, and 4.
Nonhuman primates have only one apolk al-
lele; it resembles apoE4. Human populations
with high frequencies of apoE4 have high fre-
quencies of heart discase and increased levels
of total plasma cholesterol. Those with the
other alleles are at lower risk tor both heart
discase and Alzheimer’s,

Thus their argument is essentially a phylo-
genetic correlation: the speciation event that
divides humans from nonhuman primates is
associated with longer life in humans, later on-
set of neuropathologies, and the existence of
new alleles—apoE 2 and 3—whose frequency
is correlated with lower incidence of debilitat-
g late-life diseases. Whether there is a causal
connection remains to be established.

INTRAGENOMIC CONFLICT: EVOLUTIONARY
CAUSES, MEDICAL CONSEQUENCES
Parent-Otftspring Contlicts in Pregnancy

This idea is not new, butitis so striking that
we have to mention it. Here evolutionary
thinking has brought exciring insights to an
important human medical problem. David Haig
(1993, 1948) saw thart the interesis of father
and mother could diverge over the rate at
which the embryo should extract resources
from the mother. Because the father could have
children by other females, he should want his
offspring to extract more resources from this
female than she is prepared to give. She, on
the other hand, should want to reserve more
resources for future offspring, perhaps fa-
thered by other males, than he would.
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Haig and Graham (1991) connected this
evolutionary conflict of interest o genetic im-
printing. Genetic imprinting occurs in the
germ line ot the parents; it only happens to a
very few genes. The imprinted genes are meth-
vlated so that they are not expressed in the
offspring early in development. In mice and
in humans several of the genes that are im-
printed are the genes that control embryonic
growth, Experiments in mice have shown that
if the father's imprinted growth-related genes
are deactivated in the embryo, the embrvo
grows more slowly and is born ata smaller size.
If the mother’s imprinted growth-related genes
are deactivated, the embryo grows more rap-
idly and is born at a larger size. The genes that
are imprinted in the paternal and maternal
germ lines are not the same; they have oppo-
site effects on growth, The genes imprinted
in the paternal germ line would, if expressed,
decrease growth rate. Those imprinted in the
maternal germ line would, if expressed, in-
crease growth rate. The state of the system thus
appears to have been determined by an evolu-
tionary history of parental conflict over the al-
location of resources, a history recorded in the
molecular genetic control of embryonic growth.

MENSTRUATION FREQUENCY AND
REPRODUGTIVE CANUCERS

Short (1976) noted that in preindustrial so-
cieties women spent a much greater propor-
tion of their lives pregnant or lactating than
they now do. As a result they went through
fewer menstrual cycles per lifetime than do
women who use contraception. Because they
cycled less aften, their breasts, ovaries, and
uteri went through tewer episodes of differen-
tiation and de-differentiation and were there-
fore exposed to fewer opportunities for mis-
takes in genetic cantrol aver the cell cyele to
occur and accumulate. Under this hypothesis,
the probability of breast, ovarian, and uterine
cancer rises as the number of menstrual cycles
per lifetime increases, Women in preindustrial
societies with mraditional reproductive patterns
should be at lower risk, and women in postin-
dustrial societies using types of contraception
that do not block the menstrual cycle should
be at higher risk. Strassmann (1997) confirmed
the difference in menstrual parterns hetween
the two types of saciety and reemphasized its
implicarions for reproductive cancers. This
attracted the attention of the popular press
(Gladwell 2000), Clinical trials of a contracep-
tive pill that only allows menstruation four
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times a year are said to be in progress. If the
results demonstrate a decreased frequency of
reproductive cancers with lower trequency of
menstruation, then this will become one of the
few cases in which a concrete benefit has re-
sulted from the idea thar our hadies are not
adapted to our current lifestyle.

EVO-DEVO: HOPE FOR NERVE
AND LIMB REGENERATION

Evo-Devo, the label now given 1o evolution-
ary developmental geneties, studies the evolu-
tion of major developmental control genes
first identified and sequenced in [ruit flies,
worms, and mice (Garroll et al. 2001). Com-
parisons of the DNA sequences among these
model systems revealed that genes that shared
sequence homology also shared funcuon 1o
an astounding degree. The genes that initiate
brain, eye, and heart formation in fruit flies
are homologous 1o genes that do the same in
marmimals. Their products are so similar that
when a transgenic mouse gene is expressed in
a developing fruit fly, it induces formation of
ectopic eyes. Thus the Evo-Devo strategy is a
modern application of the classic use of model
systems reinforced by the surprisingly deep
conservation of developmental function and
DNA sequence.

Recently rapid progress has been made in
the study of limb development (Carroll 1995)
and nerve growth (Hirth and Reichertr 1999).
We are sll a long way from being able ta use
gene therapy to cause a severed forelimb to
regenerate a functional hand or a severed spi-
nal cord to reconnect well enough to restore
function. However, never belore have we had
such good reason to think that such treatments
should in principle be possible. If they are to
be realized, we will have to trace where in phylo-
genetic history the ability to regenerate limbs
and nerves was lost, and for what reason. To
do so we will need more efficient approaches
to the comparative smdy of developmental con-
trol genes in an explicit phylogenetic context.
Then we will have to develop the new model
systems so identilied, models that span the
critical losses of funcrion.

THE EVOLUTIONARY BIOLOGY OF
THMSEASE AND DRUG ABLSE

MENTAT,

Nesse has reviewed these ideas recently; we
refer you to him for derails. His insight into
drug abuse (Nesse and Berridge 1997) is that
addictive drugs hijack pathways that evolved to
increase fitness but are intrinsically vulnerable
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to novel drugs with chemical strucrures that
mimic signals that in the past promised a fit-
ness grain, Thus susceptbility to addictive drugs
is a nonadaptive by-product of physiological
mechanisms evolved tor other reasons. Nesse
(2000) also suggests that depression can be
adaprive if it causes avoidance of risky or dan-
gerous sitnations in which the goal could not
be obtained. In such cases, where it is better
o lay low and do nothing, depression could
inhibir types of acrivity thar lower fitness, This
is a plausible explanation for a moderate level
ol depression but not for the types of serious
depression associated with suicide. If a sclee-
tion process had repeatedly encountered the
problem of deep depression, one would ex-
pect countermeasures (0 have evolved Lo pre-
vent mood from worsening roo farin a danger-
ous direction.

CHANGES FROM THE ENVIRONMENT
OF EVOLUTIONARY ADAPTEDNESS

Many hypotheses in evolutionary medicine
posit a past environment that differed mark-
edly from the present one, assert that in that
environment selection shaped human physi-
ology or behavior in a markedly different way,
then conclude that the pmhlt;m under analy-
sis results from modern deviations from an an-
cestral lifestvle, That lifestyle may be charae-
terized as ptemduqmal as preagricultural, as
Stone Age hunter-and-gatherer, or as some-
thing earlier than that. In fact we rarely have
enough information on past environments
and past lifestvles to make a strang assertion
about the environment of evolutionary adapt-
cdness. Our current evolutionary stale has
heen integrated over a long succession of past
environments that have left their traces on us
like a moving average weighted toward the re-
cent. Neverrheless such hypotheses are inter-
esting and worth further exploration, even if,
at the moment, tew of them have withstood
experimenlal tests and exposure to plausible
alternatives. Among such hypotheses are the
icleas discussed in Flaxman and Sherman (2000)
and Trevathan er al. (1999), listed in Table 1
sections 1.3 and 1.4

THE HYGIENE HYPOTHESIS: THE UNINTENDED
CONSEQUENCES OF CLEANLINESS
Bjorksten (1999) suggested that children of
families that use antibiotics and vaccinations
have more allergies than children of families
that avoid them. The implication is that chil-
dren exposed to a dirty envirommentand (o a
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variety of pathogens early in life will devel-
op fewer allergies. Weinstock has generalized
(Sewell et al. 2000, unpublished abstract) this
idea as follows, He thinks that autoimmune
disease is f‘xp!‘ESSEd when an immune system
that has evolved to deal with multiple invaders
finds itself unable to adapt (0 a more sterile
environment. In the environment of evolu-
tionary adaptedness, humans may never have
experienced life without helminthic diseases.
Apparcntly worms generally tend o reduce
our immune response, probably to their own
benefit. Because worms were a normal part of
our environment, our mmune system may
have evolved under conditions where it had to
overexpress immune function to counter the
ettect of the worms. In the absence of worms,
our immune systern may be in a permanent
state of overexpression, leading Lo various
forms of antoimmune diseases. The therapy
suggested tor rhese diseases, among which are
found some syndromes tor which there is not
veLany other effective therapy, is a modest di-
ctary supplement of helminth surface pro-
teins. Here evolutionary thinking suggests a
concrete benetit to the individual, not to the
population, from a quite unexpected source,
The idea 15 intriguing and plausible butl not
yer particularly well tested. Tr deserves test

WHAT 15 AN ADAPTATION?

Some evolulionary biologists occasionally in-
dulge in adaptive just-so storics without rigorous
comsideration of nonadaptive alternatives, That
practice elicited a reforming response (Gould
and Lewontin 1979) so influential that it in-
hibited discussion of adaptation for a decade.
Since then a counterreformation, led by Rose
and Lauder (1996), has again made discussion
of adaptation acceptable in polite company.
In that spirit we offer here [our relevant crite-
ria with which we can evaluate the claims of
aclapration that characterize many ideas in
evolutionary medicine. They are arranged in
rough order of rigor and reliability, and they
are all variations on a single theme: to be ac
cepted as an adaptation, a trait stale or a change in
trant state mast be shown to increase the veproductive
suceess of the organisms that carry it.

FHE SELECTION CRITERION
Natural selection on a traitis the correlation
herween variation in the trait and variaton in
reproductive suceess. A response to selection
occurs when some of the variation in the trait
is heritable. If you observe the process and
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document heritable changes in the wait that
result from the correlation of trair state with
reproductive success, then the change in the
trait is an adaptation (cf. Grant 1986; Reznick
et al. 1990; Stearns et al, 2000). This best and
strongest criterion—selection and the response
toselecrion both observed—is tulfilled in stud-
ies of antibiotic resistance and in serial passage
experiments on virulence.

THE PERTURBATION CRITERION

This criterion accepts as an adaptation the
state of a trait whose optimal state has been
predicted by a model and tested by experi-
ments. The experiments use mutations, phe-
nocopies, transgenesis, hormones, surgical
manipulation, or some other method (o per-
turb the phenotype from the optimal state
and, with appropriate controls, to demon-
strate that the fitness of the perturbed pheno-
types is lower than the fitness of the optimal
state (cf. Sinervo and Basolo 1996). This crite-
rion has been met in studies of clutch size in
birds (Daan et al. 1990) and body size in liz-
ards (Sinervo 1990). For both ethical and
practical reasons it is not often applied to hu-
man subjects.

THE FUNCTIONAL CRITERION

Williams (1966) and Curio (1973) define an
adaptation as a change in a phenotype that
occurs in response to a specific environmental
signal with a clear functional relationship to
that signal resulting in improved growth, sur-
vival, or reproduction. Under other circum-
stances, where it imposes a cost, it is not ex-
pressed. Examples include induced responses
to pathogens, parasites, and predators (e.g.,

Minchella 1985; Lively 1986). Such claims of

adaptation are more convincing when they
survive tests against at least two alternatives:
(a) the host responsc is an adaptation of the
pathogen, not of the host; (b) the host re-
sponse is pathological, a reflection of damage
done to the host by the pathogen.

THE DESIGN CRITERION

Paley (1836), Williams (1966}, and Lauder
(1996) recognize an adaptation by its com-
plexity and by its resemblance to something
that an engineer might design. Lauder sug-
gests that to meet this criterion, some ques-
tions should be answered, including: (1) Has
the performance of the trait in the fulfillment
of that function been compared in experi-
ments with alternative states of the trait? (2)
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Is the state claimed to be an adaptation repeat-
edly associated in phylogeny with the kind of
natural selecton needed 1o produce that ad-
aptation? (3) Is the state of the trait a by-prod-
uct of selection on other traits? (4) Has the
trait been analyzed as a component part of the
organism, or might the analysis be confused
by an inappropriate abstraction of a piece of
the organism from the larger whole in which
it is naturally embedded (cf. Gould and Lew-
ontin 1979)?

There isno problem in principle with claims
of adaptation. Problems only arise when such
claims are not supported by convincing evi-
dence, when plausible alternatives have not
heen examined and rejected.

OUTLOOK

Some areas of evolutionary medicine show
great promise but have as yet no results, One
af the most promising is the detailed study of
host-pathogen coevolution made possible by ge-
nomics. Another is the analysis of tradeotfs as
whole-genome conflicts over gene expression.

I'HE GENOMICS OF
HOST-PATHOGEN COEVOLUTION

Genomics refers to the study of all, or most,
ofthe genesin the genome at once. It has been
made possible by two technological develop-
ments: the rapid, cheap DNA sequencing that
has yielded the complete DNA sequences of
an increasing number of species, including
our own, and the development of microarrays
to measure the expression of many genes at
once. During the last b years, the sequences of
abmit 30 microbial genomes were completed;
within the next 2 to 41 vears, we should have
the sequences of more than 100 microbial ge-
nomes (Fraser et al. 2000). A truly compara-
tive funetional genomics will then be possible.

In contrast to singlespecies studies, the com-
parative analysis of multiple genomes will pro-
vide substantially more information on the phys-
ology and evolution of microbial species and
markedly increase our ability to assign puta-
tive function to genes. Pollock et al. (2000)
suggest that it is now feasible to accelerate the
collection of genome-scale data sets by sam-
pling DNA segments prior to cloning and se-
quencing, then reconstructing the complete
scquences computationally, This approach
benefits from the automated protocols devel-
aped by the genome projects. The number of
taxa sampled could soon increase to thousands
for targeted genomic regions. Sequence diver-
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sity at this level will dramatically improve both
the quality of phylogenete inference and the
power of comparative evalutionary studies. In
particular, it will be possible to estimate site-
specific substitution probabilitics and changes
in evolutionary patterns, including adaptive
bursts and changes in selective constraints,
Such estimates could then be used to predict
the effects ol protein structure and tunction
on scquence evolution and to address ques-
tions abhout the evolutionary origin of viru-
lence and resistance.

THE FUNCTIONAL GENOMICS OF 'I'RADFOFFS

One problem that functional genomics may
help to solve is that of the nature and causes
of tradeoffs and pleiotropy. A tradeofl occurs
when an evolutionary change in onc trait that
increases [ilness is connected ro an evolution-
ary change in another trait that decreases [it-
ness. Pleiotropy occurs when one gene affects
two or more Lraits, and antagonistic pleiotropy
is present when the action of the gene on one
trait improves titness, whereas its action on an-
other trait decreases [itness or is otherwise det-
rimental. What connects traits in such a fash-
ion? And if we understood the connection,
could it be manipulated to reduce the im-
plicit costs?

To see the relevance to medicine, consider
the following questions: Why do hosts not re-
sist more different kinds of pathogensr Why
do pathogens not infect more different kinds
of hosts? Why do we not live Inngcﬂr3 What
causes aging? Such questions arise in every
analysis of trait evolution. To answer them we
must understand what limnits the simultaneons
evolution of two or more traits. The answers
are usually couched in terms of tradeotts and
pleiotropy.

T'radeotts and pleiotropy are currenty in-
ferred as correlated responses to sclection or
as correlations amongrelatives in breeding ex-
periments. Their eanses are hidden in black
boxes that need to be opened so thal we can
unpack their mechanisms to understand what
limits trait evolution.

Those limits are a particularly pressing prob-
lem in life history evolution and the evolution
of aging. In life history evalution, the impact
of age and size-specific changes in extrinsic
mortality rates on the allocation of resources
to reproduction, growth, and maintenance 1s
well understood. If extrinsic morrality rates
change in a given manner, then we expect a
reallocation among growth, reproduction, and
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maintenance in a specific way, given tradeotts
among those functions with a certain form.
The tradeoffs are often assumed, not measured.
And the theory predicts neither their exis-
tence nor their shape.

The evolutionary theory of aging suggests
that early-life fitness components, such as de-
velopment time and early fecundity, connect
to lateife fitness components, such as late-life
fecundity and late-life intrinsic mortality rates,
through antagonistic pleiotropy. The genes
thought to have such effects should improve
fitness through their impact on early-lite traits
that make a major contribution to fitness while
eroding performance through their impact
on late-life traits that make little or no contri-
bution o fitness. It has proven difficult to find
such genes, although correlated responses (o
selection cansistent with (butl not necessarily
demonstrative of) antagonistic pleiotropy are
common (Stearns and Partridge 2001). Thus
the idea of antagonistic pleiotropy might be
correct, bur we appear to have been looking
tor it in the wrong place or in the wrong way.

How could [unctional genomics help to
solve these evolutionary problems? We can de-
fine tradeofts and antagonistic pleiotropy as
contlicts among whole-organism functions over
wholegenome patterns of gene expression
(Stearns, submitted), For example, consider
the case of reproduction and pathogen attack.
One partern of whole-genome expression char-
acterizes the response o reproduction, an-
other the response (0 pathogen attack. If the
organisi were not reproducing, it could de-
fend iself better against pathogen attack, and
if it were not under pathogen attack, it could
reproduce better. For example, some genes
that should be up-regulated for reproduction
should be down-regulated for pathogen at-
tack. When the organism is both reproducing
and under pathogen attack, the deviation of
its gene expressions from those appropriate
to reproduction measures how much it trades
off reproductive performance for pathogen
resistance. Thus the classical tradeofl between
reproduction and survival can be described as
contlicts over whole-genome patterns of gene
expression.

These ideas can be applied using gene chips
and other microarrays to study any tradeoffs
of interest to medical science, both in humans
and in model systems. Such tradeoffs include
the classical ones between reproduction, main-
tenance, and survival, but one could use the
same approach, given a sufficiently detailed
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genealogy, to explore, for example, the hy-
pothesized association hetween mental dis-
ease and creativity. Perhaps the most exciting
application would be the study of virulence
and resistance in a model system where both
the pathogen and the host genomes had been
completely sequenced and expression micro-
arravs were available for both.

NOTE ARDDED IN PROOF
Virulencee also evolves in reaction to the imper-
fectvaecination ol human populations, Vaccines
that reduce pathogen growth rate or toxicity
protect hosts; they also reduce selection against
virulent pathogens, Therefore pathogen popu-
lations that have evolved in the presence of
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vaccines produce more severe disease in unvaccis
nated individuals, reducing the benefits of vacai-
nation o the population to the point where aver-
all moraliry rates may even increase. The policy
implications for vaccines that are not expected
to provide full immunity, such as candidate vac-
cines against malaria, need deep thought and
broad discussion (Gandon et al. 2001).
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