
Natural Selection and
Developmental Constraints

in the Evolution of Allometries
W. Anthony Frankino,1*. Bas J. Zwaan,1 David L. Stern,2

Paul M. Brakefield1

In animals, scaling relationships between appendages and body size exhibit
high interspecific variation but low intraspecific variation. This pattern could
result from natural selection for specific allometries or from developmental
constraints on patterns of differential growth. We performed artificial
selection on the allometry between forewing area and body size in a butterfly
to test for developmental constraints, and then used the resultant increased
range of phenotypic variation to quantify natural selection on the scaling
relationship. Our results show that the short-term evolution of allometries is
not limited by developmental constraints. Instead, scaling relationships are
shaped by strong natural selection.

Among species, populations, and even sexes,

morphological traits exhibit an impressive

diversity of scaling relationships with body

size; most traits scale positively with body

size, although the rate at which trait size

changes with overall size often differs from

isometry and can even be nonlinear (1, 2).

This is particularly true of insects, which

exhibit extremes in trait–body size allome-

tries (3). This extreme variation among

groups is in marked contrast to the extent of

variation within groups; typically, individu-

als within these groups exhibit low variation

around some average allometry, reflecting a

tight scaling between body parts and overall

size Ee.g., (4–7)^.
Although these patterns have long been

recognized (2, 8), surprisingly little is

known about the evolution of scaling re-

lationships (3, 9); in particular, the relative

importance of processes shaping their evo-

lution is largely uninvestigated (10). Pre-

sumably, tight adherence to particular

allometries results from external selection

against traits with atypical or nonfunctional

relative sizes. Such selection is predicted to

favor the evolution of genetic and develop-

mental systems that properly scale the

growth of traits across body sizes, main-

taining functional size relationships in the

face of environmental and genetic variation

(11, 12). However, this scenario presents a

paradox: The proximate mechanisms that

evolve to maintain the relative size of traits

will then produce developmental constraints

Eas defined in (10)^ that must be overcome if

allometries are to evolve. Here, we present

empirical data addressing the relative roles of

natural selection and developmental con-

straints in the evolution of the allometry

between forewing area and body size in the

butterfly Bicyclus anynana.

In the context of the evolution of allom-

etries among morphological traits, the scaling

relationship between wing area and body size

(i.e., the ratio of body size to wing area, or

Bwing loading[) is of interest, because it is

ecologically important and taxonomically di-

verse (13, 14). The size of the wings and

flight musculature relative to body mass af-

fects flight performance directly (14), as well

as indirectly through thermoregulatory effects

while basking or during ectotherm flight (13).

Lepidoptera have the lowest average wing

loading among flying insects (15) and exhibit

lineage-specific, seasonal morph–specific, or

sex-specific scaling relationships associated

with life historical or behavioral correlates Ee.g.,

(6, 16–20)^. As with most insects, adult body

size in B. anynana is a highly plastic trait (21),

and forewing area (FW) exhibits a strong,

positive phenotypic correlation with total body

mass (BS) across the natural range of body

size (Pearson correlation coefficient 0 0.86,

N 0 691 stock population females, P 0 0.0001).

Moreover, artificial selection for changes

in FW and pupal mass revealed a genetic

correlation between these traits (r 0 0.75)

(Fig. 1) (20).

The strong genetic correlation between FW

and body size should constrain their indepen-

dent evolution (22), inhibiting phenotype

evolution in a direction perpendicular to that

of the wild-type allometry (23). To determine

whether such internal constraints limit the

short-term evolution of the scaling relation-

ship, we performed artificial selection on the

FW/BS allometry (20). The FW/BS allometry

evolved rapidly, diverging È2 SD in each

direction relative to that of the control lineage

to produce distinct, novel phenotypes EFig. 2;

discriminant function analysis correctly

classified 94.8% of females from generation

13 (–2 log likelihood 0 107.4; N 0 766,

replicates pooled)^. The response to selection

resulted almost entirely from changes in FW

(Fig. 3); BS changed in the appropriate

direction in only one lineage (–FW/þBS,

lineage E; F
1,11

0 5.55, P 0 0.038) (20). This

extreme asymmetry in the contribution of

each trait to the evolution of the allometry

was unexpected, as both individual FW and

body size exhibited very similar realized

heritabilities (Fig. 1), indicating adequate and

equivalent genetic variation in both traits.

Moreover, the observed pattern of response

is not due to differences in the phenotypic

variance between the traits, because they were

subject to similar indirect selection pressures

in all but one case (Fig. 3). A low frequency

of alleles in our starting population that affect

BS independently of FW or a sieving out of

key alleles that affect FW but not BS could

account for the pattern. In any case, the rapid

evolution of the allometry demonstrates a

surprising absence of developmental con-

straints restricting change in this scaling

relationship. However, the pattern of response

exhibited by FW and BS indicates a strong
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Fig. 1. Response to artificial selection on absolute
trait size. Forewing area (FW, triangles indicate di-
rection of selection) and pupal mass (PM, squares)
are shown relative to control means (horizontal
line) as a function of the cumulated selected dif-
ferential. Regression was used to calculate the
realized heritability for each trait. Pupal mass in-
creased È1.5 SD and decreased È1 SD in six
generations. Realized heritabilities were moder-
ate in each direction (þPM h2 0 0.28, –PM h2 0
0.16). FW responded rapidly and asymmetrically
to selection, increasing È1.5 SD and decreasing
È0.5 SD relative to controls. Realized heritabil-
ities were moderate and similar to those for
pupal mass [þFW h2 0 0.38, –FW h2 0 0.16; note
that these values are twice the slope of the
regression for FW because only females were
selected in these lineages (20)].
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bias Eor developmental constraint (10)^ in how

these traits respond indirectly to direct selec-

tion on their scaling relationship. Hence, the

allometry itself is not developmentally con-

strained; what does appear to be constrained is

the way in which the individual components

contribute to the evolution of this complex

phenotype.

Our results, together with the few other

studies that have used artificial selection to

alter scaling relationships between morpho-

logical traits in insects (24–26), indicate that

even strong genetic correlations do not

constrain phenotype evolution in the short

term. It seems that the developmental basis

of these genetic correlations is more impor-

tant than their strength in determining the

response to selection (27). In particular,

under novel selection regimes such as the

artificial one we imposed, the developmental

program coordinating the growth of the

individual traits may influence how these

traits and the relationship between them

evolves (28).

The lack of developmental constraints on

the evolution of the allometry motivated us to

determine the pattern of natural selection on

wing loading. To examine the fitness con-

sequences of deviating from the wild-type

FW/BS scaling relationship, we measured the

mating success of competing wild-type con-

trol and novel-phenotype males (two treat-

ment male classes, þFW/–BS and –FW/þBS)

in a spacious, naturally planted, tropical green-

house. Treatment and control males taken from

reciprocal crosses of the replicated lineages of

each selected direction were selected for

inclusion in the experiment on the basis of

their static allometries (20). Hence, all males

came from similarly outcrossed populations,

and treatment and control males were drawn

from the same genetic background. Mating suc-

cess was determined by the transfer of phe-

notype class–specific colored powder from

males to females (20, 29). In both trials, males

with the wild-type phenotype acquired three

times as many matings as did males from both

phenotype classes with novel wing loadings

(Fig. 4; trial 1, G 0 30.2, P G 0.001; trial 2, G 0
18.381, P G 0.001). These results demonstrate

strong stabilizing selection favoring the natural

scaling relationship between forewing and

body size in B. anynana.

Survival among male phenotype classes

(recapture rates) did not differ (trial 1, G 0
0.110, P 0 0.947; trial 2, G 0 0.641, P 0
0.726), a finding consistent with results from

manipulative studies of wing loading in free-

flying butterflies Ee.g., (15, 30, 31)^. Because

survival was the same among male pheno-

types, the higher fitness of wild-type males

must be due to other, nonexclusive, selective

factors. In the greenhouse, males engage in

prolonged bouts of chasing both other males

and females, as they do in nature (29), which

suggests that the lower fitness of treatment

males may result from decreased locomotor

performance (20). Intrasexual competition

among male phenotypes may also play a

role; þFW/–BS and –FW/þBS males may

be excluded from females in the presence of

superiorly flying, wild-type males. Alterna-

tively, wild-type males may be selected by

females because of favored signals produced

during courtship or flight (29) or because

treatment males are less appealing visually.

In any case, because treatment and wild-type

males were drawn from the same outbred

populations, any female preference must be

largely unrelated to male genetic background

in our experiment. Regardless of the cause of

the higher fitness of wild-type males, we

Fig. 2. Scatterplots of static al-
lometries of individuals from line-
ages selected for changes in FW/BS
and the evolution of the mean
allometry. (A) Phenotype distribu-
tions of lineages selected for
changes in forewing–body size
scaling. Each selected population is
shown as a different symbol; repli-
cates of a selection direction have
the same shading. The mean allom-
etry of each selected direction
(replicates combined) is shown as
the model II regression through the
points and is enclosed by a 95%
confidence ellipse. (B) Realized her-
itabilities of the mean allometries.
Mean phenotype (through which
the mean allometry passes) for
each lineage is shown relative to
control values (horizontal dashed line) as a function of the cumulative selection differential. Mean heritabilities (þFW/–HW 0 0.18; –FW/þHW 0 0.24)
are equal to twice the slope of the regressions fit to each selected direction (95% confidence intervals shown by dashed lines). Target phenotypes are
represented by cartoons in both panels.

Fig. 3. Indirect response
of mean forewing area
(triangles indicate direc-
tion of FW selection rel-
ative to fresh mass) and
fresh mass (squares) to
direct selection on their
scaling relationship. Val-
ues are plotted relative to
control lineage means
(horizontal dashed line)
as a function of the cu-
mulative indirect selec-
tion on each trait. The
average indirect response
of each trait is shown by
the individual regression
line for that trait. In
lineage F, divergence in
the values did not occur
until generation 4; hence,
the mean indirect re-
sponse to selection is
shown from generation
3 onward for this repli-
cate. Cartoons repre-
sent the selected target
phenotype.Cumulative indirect selection differential (STD)
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have documented strong stabilizing selection

on male wing loading.

Our findings indicate that it is not internal

developmental constraints, but rather exter-

nal natural selection, that is the primary

force shaping the short-term evolution of

morphological allometries in insects. How-

ever, the surprising bias in the morphological

basis of how the allometry evolved suggests

that development may strongly influence

how individual traits respond to selection

on their scaling relationships.
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Mechanisms of Hair Graying:
Incomplete Melanocyte Stem
Cell Maintenance in the Niche
Emi K. Nishimura,1*. Scott R. Granter,2 David E. Fisher1*

Hair graying is the most obvious sign of aging in humans, yet its mechanism is
largely unknown. Here, we used melanocyte-tagged transgenic mice and aging
human hair follicles to demonstrate that hair graying is caused by defective self-
maintenance of melanocyte stem cells. This process is accelerated dramatically
with Bcl2 deficiency, which causes selective apoptosis of melanocyte stem
cells, but not of differentiated melanocytes, within the niche at their entry into
the dormant state. Furthermore, physiologic aging of melanocyte stem cells
was associated with ectopic pigmentation or differentiation within the niche, a
process accelerated by mutation of the melanocyte master transcriptional
regulator Mitf.

Qualitative and quantitative changes in stem

and progenitor cells have been implicated in

physiological (chronological) aging (1, 2),

although the changes are poorly understood

and the process of stem-cell aging has not

been visually observed. Involvement of stem

and progenitor cells in aging of multiple organ

systems has been suggested in mice defective

in DNA damage repair and telomere mainte-

nance (3), but melanocytes may be unique in

that the oxidative chemistry of melanin

biosynthesis can be cytotoxic (4). This led to

the suggestion that differentiated, pigmented

melanocytes (rather than their unpigmented

progenitors) are specifically targeted in hair

graying (5, 6). The recent discovery of

unpigmented melanocyte stem cells, distinctly

located within the hair follicle (7), creates an

opportunity to determine whether the process

of hair graying arises specifically from

changes in differentiated melanocytes or the

stem-cell pool that provides them.

Stem cells are maintained in the niche

microenvironment (8). Hair follicles contain a

well-demarcated structure for the stem-cell

niche (within the lower permanent portion),

whereas differentiated melanocytes reside in

the hair bulb (at the base of the transient

portion of the hair follicle) (Fig. 1A) (7, 9).

Fig. 4. Distributions of static allometries for FW/BS allometries and relative mating success of three
male phenotype classes. (A) Distributions of individual males with þFW/–BM, wild type, and –FW/þBM
phenotypes included in the experiment (extreme phenotypes are represented by cartoons). Solid circles
denote novel phenotype classes; open circles denote wild-type controls. (B) Mating success of each
phenotype class. Columns indicate percentage of recaptured females that mated with males in each class
and are shown with 95% confidence intervals based on a bimodal distribution. Numbers in the columns
indicate the number of males recaptured in each group. Data from replicate trials are indicated by similar
shading (shared between panels).
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SUPPORTING ONLINE INFORMATION

SUPPORTING MATERIALS AND METHODS.

General Rearing. All lineages were established from the same stock population which

was established from ~80 gravid females and has been in culture for ~90 generations

(S1). All rearing was at 27°C and 12:12 L:D. Unless noted otherwise, larvae were reared

in groups not exceeding 450 larvae/cage and fed maize ad libitum. Adults were

maintained on banana.

Artificial Selection Experiments and Estimation of Genetic Correlation Between Traits

Artificial Selection on Absolute Trait Size. To estimate the heritabilities of body size and

forewing area as well as the genetic correlation between them, we undertook two

experiments in which we selected to change the absolute value of each of these traits.

Selection on absolute size, i) pupal mass. Three selection categories were established

from ~2000 stock pupae: increased pupal mass (+PM), decreased pupal mass (-PM), and

an unselected control treatment (Control). Larvae were reared at an initial density of 400 /

fabric cage. One day after pupation, individuals were sexed, weighed (0.1 mg), and then

housed individually until eclosion. Before selection, pupal weights in each rearing

container were standardized by sex to minimize environmental variation, after which the

values per lineage were pooled over the containers. Standardized pupal weights were

ranked and the 30-35 individuals of each sex with the most extreme masses were selected

in each lineage in each generation. Control lineage animals were treated similarly, except

that individuals were selected randomly. After generation 12, we performed truncation
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selection using the mass of the 20th percentile of the previous generation as the threshold

point, but always ensuring at least 30 breeding pairs per lineage. To make estimates

comparable to those for forewing area (described below), realized heritabilities were

calculated using only the first 6 generations. Individuals from generation 27 (not shown)

were used to estimate the genetic correlation between female size and forewing area

(FW) (below).

Selection on absolute size, ii) forewing area. Lineages were established by collecting

~2000 eggs from the stock population. Forewing areas (FW) of 750 newly eclosed

females were estimated as the area within a polygon defined by one proximal and three

distal landmarks (Figure S1). Measurements were made using a camera lucida attached to

a digitizing tablet. FW was highly repeatable (0.91) (S2, S3). One forewing of each

female was marked with a unique number for identification. Females were ranked

according to FW and the 30 individuals with the most extreme phenotypes were selected

to establish one of two unreplicated selection lines, large-FW (+FW) and small-FW (-

FW). A control lineage was established by selecting females at random. After each round

of selection, females were caged for ~4 days with 35-40 males from the same lineage for

mating after which eggs were collected for 3-5 days. Approximately 10 days after

hatching, populations were culled to ~450 larvae each.

Estimation of Genetic Correlation Between Body Size and Forewing Area. Genetic

correlations (r) between FW and pupal mass were estimated in each selected direction by
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calculating the square root of the products of the ratios of the indirect and direct response

of the traits to selection (equation 19.7, (S4)).

Artificial Selection on Relative Trait Size: Forewing-Body Size Allometry. Our goal was

to select for changes in the area of the forewing relative to that of body mass, moving the

intercept but not the slope, of the scaling relationship. For logistical reasons, we were

unable to measure pupal mass of individuals, therefore we used fresh mass at eclosion as

our measure of total body size (BS). Freshmass is highly correlated with pupal mass

(Pearson Correlation Coefficient = 0.86, N=208 stock females, p=0.0001). Females were

weighed (± 0.01mg) within 24h of eclosion, following discharge of the meconial fluid but

before feeding was allowed. Within 4 days, female FW was estimated as in the single

trait selection experiment. Following FW measurement, females were placed with males

from the same lineage for mating.

To identify individuals for selection, we used Type II Regression (orthogonal regression),

which fits a regression line through the bivariate data by minimizing the deviations in

both axes. This line is essentially the axis of the first principal component and we

interpreted it as representing the mean allometry for a given lineage in each generation.

We then quantified the deviation of all female's static allometry from the mean allometry

of the population by calculating the perpendicular distance from this regression line to

each data point in the cloud. These distributions are essentially the loadings for the

second principal component. Females were ranked based on these deviations from the

mean allometry and those with the most extreme values in the appropriate direction were
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selected in each generation. In this manner, we established and perpetuated lineages

selected for large FW relative to BS (+FW/-BS), and for small FW relative to BS (-

FW/+BS). Each selected lineage was replicated once. We also established an unreplicated

control lineage for which both traits were measured but from which females were

selected at random.

Lineages were established by collecting ~2000 eggs from the lab stock population, from

which we were able to use 780 females. Forty females were selected to establish the

control lineage and each replicated selection lineage. To establish the initial lineages,

females were ranked according to their static FW/BS allometries and the 80 females with

the most extreme phenotypes (most extreme residuals) in the appropriate direction

selected. Alternating females from this ranking were placed into each replicate.

Subsequent generations comprised ~300-400 adults/lineage with 30 or 35 females

selected each generation. Each generation, the mean allometry for each population was

identified by fitting a Type II regression to the standardized bivariate (FW, BS) data.

Females were identified for selection by the ranking of their perpendicular distance from

the mean allometry of its population; this provides a multivariate measure of the

deviation in relative wing and body size for each individual from the population average.

Each generation, the response to selection on the scaling relationships was quantified by

calculating the perpendicular distance from the bivariate mean of each replicate to the

mean allometry of the Control Lineage. Realized heritabilities of the allometry in each
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selected direction were calculated by regressing the response to selection of the replicates

in a given direction against the cumulated selection differential.

The independent contribution of each trait to the evolution of the allometry was identified

by regression of the univariate means of each lineage against the cumulative indirect

selection pressure applied to that trait. Non-zero slopes were interpreted as indicating a

change in the size of a trait relative to the control mean. We felt regression was more

appropriate than comparison of means in the final generation (13) because our approach

shows the overall trend in evolution of the traits (comparison of means at any individual

generation provides highly variable results in our experiment because of considerable

inter-generational noise in the data).

Regression of the individual trait means across the cumulated indirect selection

differential they experienced revealed slopes for FW that differed significantly from zero

in all cases (analyses not shown). Because FW and BS did not diverge in lineage F until

generation 4 (Figure 3), regressions were conducted after excluding generations 0-2 for

this population.

Natural Selection Experiment: Male Phenotype Competition

To estimate the form and strength of external natural selection on the FW/MG allometry,

we measured the mating success of competing male butterflies from three phenotype

classes, one with typical (wild-type) allometries and the two extreme phenotype classes

(+FW/-MW, -FW/+MG).
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Creation of male phenotype classes. To minimize effects of female preference for a

particular genotype (S5), reciprocal crosses were performed (5 males and 5 females per

cross) from each of the replicate lineages selected for novel scaling relationships.

FW/MG static allometries of the F1 male hybrids were quantified using the same

methodology for lineages as for selection on the allometries. To define the wild-type,

control phenotype allometry (see below), males from the control lineage were reared and

measured similarly. Males with desired phenotypes were identified for inclusion in the

experiment by calculating the difference between their static allometries and the mean

allometry of the control lineage males. The 30 males with the most extreme static

allometries were placed into one of two phenotype categories: +FW/-MG or -FW/+MG

(referred to collectively as 'treatment males'). Fifteen males from each hybrid lineage that

had static allometries close to that of the mean allometry of the control lineage males

were placed in a third, wild-type phenotype category. In this manner, we generated a

control group that had scaling relationships as close as possible to those of wild-type

males, but with genotypes drawn equally from the same genetic backgrounds as those of

the treatment males.

In each trial, phenotypes were randomly assigned one of three colors: blue, orange, or

yellow. Fluorescent powder of this color was applied to the genitalia of each male in that

class. This powder is transferred during copulation and thus can be used to identify the

class of male with which a female mated (S5).
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Fitness test in a natural setting. After marking, males were released (Day 0) into a

spacious, tropical, naturally-planted greenhouse in which they interacted as if they were

in the wild. Six feeding stations of water and banana were placed at regular intervals

within the greenhouse. Ninety unmated females from the control lineage were released on

Day 1, and an additional 30 on Day 2, creating a realistic butterfly density (S6). All

butterflies were recaptured on the afternoon of Day 3 and the morning of Day 4.

Butterflies were frozen at capture and inspected under blacklight (S5) to identify the

phenotype class of recaptured males, and the class with which individual females had

mated. The experiment was replicated once. Male survival (recapture frequency) and

fitness (proportions of mating) were compared among phenotype classes by G-test with

the expectation of no differences among groups.

SUPPORTING TEXT

Diversity in Lepidoptera Wing Loading

Despite very high wing loading relative to other insects, Lepidoptera still exhibit

substantial diversity among lineages in relative wing size (Figure S2).

Ecological Morphology of Phenotype Classes

Preliminary studies of flight performance using high speed photography indicate that

butterflies from the three phenotype classes differ in wing beat frequency and flight

efficiency speed during take-off. unpublished data, W. A. Frankino, M. Kortoff, W.

Kreiken, J. J. Videler, and P. M. Brakefield.
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Saturnian Hot Spot
Ground-based infrared observations of Saturn with the Long
Wavelength Spectrometer on the Keck I Telescope on Mauna Kea
reveal a hot spot in the atmosphere within 3° of the south pole, a
warm polar cap, anomalous temperature bands, and oscillations in
temperatures in the southern hemisphere that are not correlated
with cloud patterns. Orton and Yanamandra-Fisher (p. 696) sug-
gest these features are related to radiative forcing and dynamical
forcing that are consistent
with 15 years of constant 
solar illumination of the
southern hemisphere as Sat-
urn goes through its southern
summer solstice.

Two’s Company,
Three’s a Cloud?
It has long been thought that
the in situ creation of new
(secondary) cloud condensa-
tion nuclei arises mainly from
the reaction of gas phase sul-
furic acid and water, but the
rate of particle formation ob-
served in laboratory studies
has been too slow (by many
orders of magnitude) to ac-
count for the number concen-
trations found in nature. A
faster, ternary mechanism that
includes ammonia has been
postulated on the basis of theoretical factors. Berndt et al. (p. 698)
now report experimental production of particles from a mixture of
sulfuric acid and water at concentrations like those naturally found
in the atmosphere, with ammonia at concentrations lower than
those normally observed. The measured rate is consistent with that
required to explain atmosphere number concentrations.

The End of the Line
The breaking of the translation symmetry of crystals at their sur-
faces gives rise to localized surface electronic states, and, in princi-
ple, similar effects should be seen at the ends of one-dimensional
wires. Crain and Pierce (p. 703) present experimental evidence for
such electronic states at the ends of one-dimensional gold chains of
gold grown on the
stepped Si(553)
surface. Scanning
tunneling micro-
scopy images show
markedly different
contrast for the end
atoms of chains
when the bias volt-
age is reversed, and differential conductance measurements 
reveal the details of the electronic states of the end atoms that
agree well with the results of tight-binding calculations. The for-
mation of end states helps lower the energy of filled states for
atoms within the chain.

Glimpses into the P/T Boundary
The Permian-Triassic extinction was the most extreme in Earth’s
history. It has been difficult in part to determine the environmental
conditions that may have led to the extinction. Grice et al. (p. 706,
published online 20 January 2005) present a detailed chemical

analysis of marine sections
obtained by drilling off west-
ern Australia and South China.
The data suggest that the 
upper part of the oceans at
the time of the extinction
were extremely oxygen poor
and sulfide rich. Ward et al.
(p. 709, published online 20
January 2005), in contrast, re-
construct a record of the ter-
restrial vertebrate extinctions
in the Karoo Basin, Africa. This
area preserves the most de-
tailed vertebrate fossil record
from this time, but correlating
rocks in different parts of the
Basin has been problematic.
Using paleomagnetism and
carbon isotopes, they show
that extinctions were acceler-
ated up to a pulse at the
boundary, and that the pattern
of appearance of Triassic fauna
may imply that some originat-
ed even before the final pulse.

Protein Kinase Inhibition Revealed
An important target of the second-messenger cyclic adenosine
monophosphate (cAMP) is protein kinase A (PKA). PKA, which
regulates processes as diverse as growth, memory, and metabo-
lism, exists as an inactive complex of two catalytic subunits and
a regulatory subunit dimer. cAMP binds to the regulatory sub-
units and facilitates dissociation and activation of the catalytic
subunits. Kim et al. (p. 690) have determined the 2.0 angstrom
resolution structure of the PKA catalytic subunit bound to a dele-
tion mutant of the regulatory subunit (RIα). The complex pro-
vides a molecular mechanism for inhibition of PKA and suggests
how cAMP binding leads to activation.

A Matter of Scale
A striking feature of morphological diversity across animal species
is the variability in the relative size, or allometry, of different ap-
pendages. Virtually nothing is known of the forces that underlie
the evolution of scaling relationships. Using the butterfly species
Bicyclus anynana, Frankino et al. (p. 718) tested the roles of devel-
opmental constraints and natural selection in determining the size
of the wings relative to the body, which as a measure of wing load-
ing has clear functional and ecological importance. Artificial selec-
tion experiments on the size of the forewing relative to overall
body size resulted in a rapid evolutionary response. In this case, de-
velopmental constraints did not limit the evolution of the scaling

www.sciencemag.org SCIENCE VOL 307 4 FEBRUARY 2005 641

Fungus Monoculture
on the Ant Farm
Leaf-cutting ants live in obligate
ectosymbiosis with clonal fungi
that they rear for food. These
symbionts are vertically trans-
ferred during colony foundation,
but fungus gardens are, in princi-
ple, open for horizontal sym-
biont transmission later on.
Poulsen and Boomsma (p. 741)
show that fungal ectosymbionts prevent competing fungal strains
from becoming established by ancient incompatibility mechanisms
that have not been lost despite millions of years of domestication
and single-strain rearing by ants. These fungal incompatibility com-
pounds travel through the ant gut to make the ant feces incompati-
ble with unrelated strains of symbiont. Thus, the fungi manipulate
the symbiosis to their own advantage at the expense of the ants’
potential interest in a genetically more diverse agriculture.

edited by Stella Hurtley and Phil Szuromi
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relationship. Instead, it is the pattern of natural selection imposed by the external envi-
ronment that determine the wing-body size allometry.

Packaging and Power Combining
Mitochondrial DNA (mtDNA) is packaged with proteins into a nucleoid. Chen et al.
(p. 714) show that one of the mtDNA packaging proteins is the Krebs cycle enzyme,
aconitase, that the mitochondrion uses to generate metabolic energy. In this second
role, aconitase is required for mtDNA maintenance under particular metabolic condi-
tions. This finding provides a direct link between energy generation and mtDNA stabili-
ty, mitochondrial disease, and aging.

Fade to Gray
Aging brings on many changes in the human
body, among them the graying of hair. Nishimura
et al. (p. 720; published online 23 December
2004) found in a mouse model of hair graying
that a deficiency of the gene Bcl-2 caused pro-
gressive loss of pigment cells in the bulge of the
hair follicle—the hair stem-cell niche. Thus, the
physiology of hair graying involves defective self-
maintenance of melanocyte stem cells with ag-
ing, and may serve as a paradigm for understanding aging mechanisms in other tissues.

Autophagic Arms Race
One defense against intracellular invaders is to enclose them within autophagic vac-
uoles that then fuse with degradative lysosomes to destroy the pathogen. Ogawa et
al. (p. 727, published online 2 December 2004) show that the invading bacterial
pathogen Shigella can be recognized and trapped by autophagy. Generally, the
pathogen circumvents the autophagic event by secreting an effector protein called IcsB
during multiplication within the host cytoplasm; mutant bacteria lacking IcsB are par-
ticularly susceptible to autophagic killing. The Shigella VirG protein acts as the target
that stimulates autophagy, but the IscB protein can camouflage it.

Giving Mice the Nod
The detection of bacteria in the gut by the immune system is regulated, in part, by the Nod
proteins, which recognize peptidoglycan motifs from bacteria, and there is a strong associa-
tion of the inflammatory bowel disorder Crohn’s disease with mutations in the Nod2 gene.
Nevertheless, questions remain about the normal physiological role of the Nod proteins in
maintaining homeostasis in the gut and how impaired Nod function leads to inflammation.
Maeda et al. (p. 734) observed that Nod mutations in mice, corresponding with those car-
ried by Crohn’s disease patients, increased susceptibility to intestinal inflammation caused
by the bacterial cell wall precursor muramyl dipeptide. Kobayashi et al. (p. 731) generated
Nod2-deficient mice. Although these animals did not spontaneously develop intestinal in-
flammation, they were more susceptible to oral infection with the bacterial pathogen Listeria
monocytogenes. Production of a group of mucosal antimicrobial peptides was particularly
diminished in Nod2-deficient animals, which suggests that a similar defect may contribute
to inflammatory bowel disease in humans.

Cytokine Production and Kaposi’s
When tissues are infected with Kaposi’s sarcoma–associated herpesvirus (KSHV), they
produce large amounts of proinflammatory cytokines that are linked to disease pro-
gression. McCormick and Ganem (p. 739) show that a viral protein, kaposin B inter-
acts with mitogen-activated protein kinase–associated protein kinase 2 and enhances
the activity of this host cell protein, serving to block the decay of AU-rich messenger
RNAs and increase the level of secreted cytokines. This result explains the association
of KSHV-related disease and enhanced cytokine production.
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