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The molecular mechanisms underlying major phenotypic changes that have evolved repeatedly
in nature are generally unknown. Pelvic loss in different natural populations of threespine
stickleback fish has occurred through regulatory mutations deleting a tissue-specific enhancer of
the Pituitary homeobox transcription factor 1 (Pitx1) gene. The high prevalence of deletion
mutations at Pitx1 may be influenced by inherent structural features of the locus. Although Pitx1
null mutations are lethal in laboratory animals, Pitx1 regulatory mutations show molecular
signatures of positive selection in pelvic-reduced populations. These studies illustrate how major
expression and morphological changes can arise from single mutational leaps in natural
populations, producing new adaptive alleles via recurrent regulatory alterations in a key
developmental control gene.

Evolutionary biology has been animated by
long-standing debates about the number
and type of genetic alterations that under-

lie evolutionary change. Questions about the roles
of genetic changes of infinitesimally small versus
large effects, the origin of traits by either natural
selection or genetic drift, and the relative impor-
tance of coding and regulatory changes in evo-
lution are currently being actively investigated
(1–4). One of the classic examples of major
evolutionary change in vertebrates is the exten-
sive modification of paired appendages seen in
different species (5). Although essential for many
forms of locomotion, paired appendages have
also been repeatedly lost in some fish, amphibian,
reptile, and mammalian lineages, probably via
selection for streamlined body forms (6).

Threespine stickleback fish (Gasterosteus
aculeatus) make it possible to analyze the evo-
lution, genetics, and development of major skel-

etal changes in natural populations (7). The pelvic
apparatus of marine sticklebacks consists of prom-
inent serrated spines that articulate with an under-
lying pelvic girdle that extends along the ventral
and lateral sides of the fish (inspiring the scien-
tific nameGasterosteus aculeatus, or bony stom-
ach with spines). Although most sticklebacks
develop a robust pelvic apparatus, over two dozen
widely distributed and probably independent fresh-
water stickleback populations show partial or com-
plete loss of pelvic structures (8). Several factors
may contribute to repeated evolution of pelvic
reduction, including the absence of gape-limited
predatory fish, limited calcium availability, and
predation by grasping insects (9–12).

Genome-wide linkagemapping has identified
a single chromosome region that explains more

than two thirds of the variance in pelvic size in
crosses with pelvic-reduced sticklebacks (13–15).
This region contains Pituitary homeobox 1 (Pitx1),
a gene expressed in hindlimbs but not forelimbs
of many different vertebrates and required for
normal hindlimb development (13). Although the
Pitx1 gene of pelvic-reduced sticklebacks shows
no protein-coding changes as compared with that
of ancestral marine fish, its expression in the de-
veloping pelvic region is almost completely lost
(13, 16). On the basis of the map location, changes
in expression, and directional asymmetry shared in
both Pitx1-null mice and pelvic-reduced stickle-
backs, cis-regulatory mutations at the Pitx1 locus
have been proposed as the basis of stickleback
pelvic reduction (13). However, regulatory muta-
tions are difficult to identify, and the actual se-
quences controlling pelvic reduction have remained
hypothetical (2).

cis-regulatory changes at Pitx1 locus.Although
Pitx1 represents a strong candidate gene for pelvic
reduction, other genes in the larger chromosome
region could be the real cause of pelvic loss, lead-
ing to secondary or trans-acting reduction of Pitx1
expression (2). To test this possibility, we gener-
ated F1 hybrids between pelvic-complete [Friant
Low (FRIL) and pelvic-reduced (Paxton Lake
Benthic (PAXB)] sticklebacks [see table S1 for
geographic location of all populations used in
this study (17)]. F1 hybrid fish develop pelvic
structures and contain both Pitx1 alleles in an
identical trans-acting environment. The PAXB
allele was expressed at significantly lower levels
than the FRIL allele in the restored pelvic tissue
of F1 hybrids (n = 19 individuals, two-tailed t
test, P < 0.001) (Fig. 1). Reduced expression of
the PAXB allele was tissue-specific because both
Pitx1 alleles were expressed at similar levels in F1
hybrid head tissue. As a control, we generated F1
hybrids between two pelvic-complete popula-
tions [FRIL and Little Campbell River (LITC)]
(Fig. 1). In this cross, both Pitx1 alleles were
expressed at comparable levels in both heads and

RESEARCHARTICLE

1Department of Developmental Biology and Howard Hughes
Medical Institute, Stanford University, Stanford, CA 94305,
USA. 2Stanford Human Genome Center, Stanford Univer-
sity, Stanford, CA 94305, USA. 3HudsonAlpha Institute,
Huntsville, AL 35806, USA. 4Department of Biology, Stan-
ford University, Stanford, CA 94305, USA. 5Institute of
Freshwater Fisheries, Sæmundargata 1, 550 Sauðárkrókur,
Iceland. 6Department of Zoology, University of British Co-
lumbia, Vancouver, British Columbia V6T 1Z4, Canada.
7Department of Ecology and Evolution, Stony Brook Uni-
versity, Stony Brook, NY 11794, USA.

*Present address: Max Planck Institute for Evolutionary Bi-
ology, 24306 Plön, Germany.
†Present address: University of Chicago, Chicago, IL 60637,
USA.
‡Present address: Harvard Medical School, Boston, MA
02115, USA.
§Present address: University of Utah, Salt Lake City, UT
84112, USA.
‖To whom correspondence should be addressed. E-mail:
kingsley@stanford.edu

Fig. 1. Alleles of Pitx1 from pelvic-complete
(FRIL and LITC) and pelvic-reduced popula-
tions (PAXB) were combined in F1 hybrids,
and brain and pelvic tissues were isolated
so as to compare the expression of either
the LITC or PAXB allele normalized to the
level of expression of the FRIL allele in the
same trans-acting environment. Expression
of the PAXB Pitx1 allele is greatly reduced
in the pelvis but not the head of F1 hybrids
(two-tailed t test, P < 0.0001), indicating a
tissue-specific, cis-regulatory change in the
Pitx1 locus.
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pelves. Allele-specific down-regulation of Pitx1
in the FRIL × PAXB cross shows that pelvic-
specific loss of Pitx1 expression is due to cis-
regulatory change (or changes) at Pitx1 itself and
not to overall failure of pelvic development or
changes in unknown trans-acting factors.

Fine mapping of pelvic regulatory region.
To further localize the position of the cis-acting
changes, we looked for the smallest chromo-

some region co-segregating with bilateral ab-
sence of pelvic structures in a cross between
pelvic-complete [Japanese marine (JAMA) and
pelvic-reduced (PAXB) fish (13)]. High-resolution
mapping identified a 124-kb minimal interval,
containing only thePitx1 andHistone 2A (H2AFY)
genes, which showed perfect concordance be-
tween PAXB alleles and absence of the pelvis
(fig. S1A).

Recombination in natural populations can also
be used to narrow the size of regions controlling
polymorphic traits in sticklebacks (18). We there-
fore tested whether markers in the Pitx1 region
were associated with the presence or absence of
pelvic structures in lakes with dimorphic stickle-
back forms: benthic and limnetic sticklebacks from
Paxton Lake, British Columbia (PAXB/PAXL),
and pelvic-complete and pelvic-reduced stickle-
backs fromWallace Lake, Alaska (WALR/WALC)
(fig. S2) (13, 14). Microsatellite markers located
in an intergenic region approximately 30 kb up-
stream of Pitx1 showed highly significant allele
frequency differences in fish with contrasting pel-
vic phenoytpes (P < 10−35) (Fig. S1B and table
S2). In contrast, markers around the Pitx1 and
H2AFY coding regions showed little or no differ-
entiation above background levels. These results
suggest that an approximately 23-kb intergenic
region upstream of Pitx1 controls pelvic devel-
opment. This region is conserved among zebra-
fish and other teleosts (Fig. 2A), suggesting that
it may contain ancestrally conserved regulatory
enhancers.

A small enhancer drives pelvic expression
of Pitx1. To test for regulatory functions in the
Pitx1 intergenic region, we cloned different sub-
fragments upstream of a basal promoter and en-
hanced green fluorescent protein (EGFP) reporter
gene (Fig. 2B) (19). The hsp70 promoter drives
modest or no EGFP expression except in the eye
(19). A construct containing a 2.5-kb fragment
from amarine, pelvic-complete fish [SalmonRiver
(SALR)] drove consistent EGFP expression in
the developing pelvic region of transgenic stick-
lebacks (four of five independent transgenics)
(Fig. 2, C and F). A smaller 501–base pair (bp)
subfragment also drove highly specific pelvic
expression (seven of nine transgenics) (Fig. 2, E
and H). No consistent expression was seen in
pectoral fins or other sites of normal Pitx1 ex-
pression, including the mouth, jaw, and pituitary
(13, 16). Thus, the noncoding region upstream
of Pitx1 contains a tissue-specific enhancer for
hindfin expression, which we term “Pel.” Pel
shows sequence conservation across distantly re-
lated teleost fish (Fig. 2A and fig. S3) and contains
multiple predicted transcription factor binding sites
that might contribute to spatially restricted expres-
sion in the developing pelvic region (fig. S4).

Transgenic rescue of pelvic reduction. If reg-
ulatory changes in Pitx1 underlie pelvic reduc-
tion in sticklebacks, restoring pelvic expression of
Pitx1 should rescue pelvic structures. We cloned
the 2.5-kb Pel region from a pelvic-complete pop-
ulation (SALR) upstream of a Pitx1 minigene
that was prepared from coding exons of a pelvic-
reduced fish [Bear Paw Lake (BEPA)] (14). The
rescuing construct was injected into fertilized eggs
of BEPA fish, which normally fail to develop
any pelvic spine and show no more than a small
vestigial remnant of the underlying pelvic girdle
(pelvic score ≤ 3) (Fig. 3, B and D, and fig. S5)
(12). Transgenic fry showed variable but enhanced
development of external pelvic spines as com-

Fig. 2. (A) VISTA/mLAGAN (http://genome.lbl.gov/vista/) alignment of Pitx1 candidate region from
pelvic-complete stickleback (SALR), medaka, and zebrafish. Red peaks indicate >40% sequence
identity in 20-bp sliding windows; grey bars at top indicate repetitive sequences; and circles indicate
microsatellite markers used in association mapping in fig. S1. (B) Reporter gene expression in transgenic
animals. (C) Pel-2.5-kbSALR from a marine population drives tissue-specific EGFP (green) expression in
the developing pelvic bud of Swarup stage-32 larvae (36). (F) Detail of (C). (D and G) Altered Pel-D2.5-
kbPAXB sequence from pelvic-reduced PAXB stickleback fails to drive pelvic EGFP expression. (E and H) A
smaller fragment from marine fish, Pel-501-bpSALR, also drives EGFP expression in the developing pelvic
bud of multiple stage-30 larvae. This region is completely missing in PAXB.
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Fig. 3. (A) Juvenile pelvic-reduced BEPA stickleback expressing a Pitx1 transgene driven by the Pel-
2.5-kbSALR enhancer compared with (B) uninjected sibling. External spines form only in transgenic fish
(arrowhead). (C and D) Alizarin red–stained pelvic structures of adult transgenic fish compared with
BEPA parental phenotype. BEPA fish normally develop only a small ovoid vestige (OV) of the anterior
pelvic process (AP). Transgenic fish show clear development of the AP, ascending branch (AB), and
posterior process (PP) of the pelvis, and a prominent serrated pelvic spine. Pectoral fin (PF) rays
develop in both fish.
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pared with those of control uninjected siblings
(clutch 1, n = 16 injected and 11 uninjected fish,
Wilcoxon rank-sum test, W = 1073.5, P < 0.01;
clutch 2, n = 4 injected and 18 uninjected fish,
W = 513, P < 2.3×10−9) (Fig. 3A). Alizarin red
skeletal preparations of two adult transgenic fish
revealed prominent serrated spines articulating
with an enlarged, complex pelvic girdle contain-
ing anterior, posterior, and ascending branch struc-
tures (Fig. 3C and fig. S5, pelvic score summary).
These data provide functional evidence that Pel-
Pitx1 is a major determinant of pelvic formation
in sticklebacks.

Nature of mutations in pelvic-reduced fish.
Bacterial artificial chromosome sequencing from
the PAXB population identified a 1868-bp dele-
tion present in the Pel-2.5-kb region (fig. S7).We
cloned the PAXB-deleted variant and found that
it no longer drove expression in the developing
pelvis (zero out of eight transgenic animals) (Fig.
2, D and G), confirming that the molecular dele-
tion in PAXB fish disrupts Pel enhancer function.

We also identified a second 757-bp deletion
present in the pelvic-reduced BEPA population
from Alaska and a third deletion of 973 bp present
in the Hump Lake, Alaska, pelvic-reduced pop-
ulation (HUMP). The three different deletions in
PAXB, BEPA, and HUMP overlap in a 488-bp
region, each partially or completely removing the
sequences found in the Pel-501-bp enhancer (Fig.
4A and figs. S4, S7, and S8).

To investigate whether a general mechanism
and/or shared variants underlie repeated pelvic
reduction in sticklebacks, we genotyped PAXB,
BEPA, HUMP, and 10 additional pelvic-reduced
populations from disparate geographic locations,
as well as 21 pelvic-complete populations, using
149 single-nucleotide polymorphisms (SNPs) span-
ning 321 kb around thePitx1 locus (approximately
2-kb spacing) (fig. S8 and tables S1 and S3). Nine

of the 13 pelvic-reduced stickleback populations—
but zero out of 21 pelvic-complete populations—
showed consistent missing genotypes for multiple
consecutive SNP markers located in and around
the Pel enhancer (two-tailed t test,P < 0.001, df =
12.279) (Fig. 4A, fig. S8, and tables S4 and S5).
For the PAXB, BEPA, and HUMP populations,
the SNPs corresponding to themissing genotypes
fall within the known deletion endpoints from
DNA sequencing. The larger genotyping survey
identified a total of nine different haplotypes with
different staggered deletions, each consistently seen
within a pelvic-reduced population, and each over-
lapping or completely removing the Pel enhancer
region (Fig. 4 and fig. S8).

Fragile sites. Several features suggest that
Pitx1 may be located within a fragile region of
the genome: The gene is located at the telomeric
end of linkage group 7; the region contains many
repeats and failed to assemble in the stickleback
genome; the enhancer region is difficult to am-
plify and sequence; and close inspection of the
deletion boundaries in PAXB andBEPA revealed
short 2- or 3-bp sequence identities present on
both sides, one of which is retained after deletion
(Fig. 4A and fig. S7A). Similar nested deletions
and small sequence identities may occur by means
of re-ligation of chromosome ends after breakage
and repair by nonhomologous end joining (NHEJ)
(fig. S7B) (20, 21). In humans, NHEJ is associated
with stalled replication forks at fragile chromo-
somal sites, which also are frequent in subtelo-
meric regions (21). Fragile sites are also enriched
in sequences with high DNA flexibility, which is
a physical property that can be calculated from
known twist angles between different stacked
DNA base pairs (20). DNA flexibility analysis of
Pitx1 and the entire assembled stickleback ge-
nome showed a median flexibility score of 265
with a tail of extreme values. Four of the top 10

flexibility scores in the genome occur in the Pitx1
region, suggesting that this region is exception-
ally flexible and may be prone to deletion
(Wilcoxon rank sum = 59,624, P < 2 × 10−6)
(Fig. 4C).

Signatures of selection. Recurring deletions
could explain how pelvic-reduction alleles arise
repeatedly in widespread isolated populations. To
test whether pelvic-reduction alleles have also
been subject to positive selection, we looked for
molecular signatures that commonly accompany
selective sweeps, including reduced heterozygosity
and an overrepresentation of derived alleles (22).
Patterns of allelic variation showed an excess of
derived alleles near the Pel enhancer region of
pelvic-reduced populations, as indicated by nega-
tive values of Fay and Wu’s H statistic (Fig. 5A
and fig. S9A) (23). We also observed a signifi-
cant reduction in heterozygosity at or near thePel
enhancer in pelvic-reduced populations as com-
pared with marine populations (two-tailed t test,
P < 0.01) (Fig. 5, B andC). This reduction cannot
be solely explained by population bottlenecks that
occurred during freshwater colonization because
heterozygosity reduction near Pel is specific to
pelvic-reduced, but not pelvic-complete, fresh-
water populations (two-tailed t test, P < 0.002)
(Fig. 5, B and C). In flanking regions of Pitx1,
and in unlinked control loci, we observed no sig-
nificant difference in heterozygosity between fresh-
water fish with a complete or missing pelvis (Fig.
5C). Pelvic-reduced populations were significantly
more likely to exhibit minimum heterozygosity
close to the Pel enhancer region than either ma-
rine or freshwater populations with a robust pel-
vis (two-tailed t test, P < 0.002) (fig. S9F). The
local heterozygosity andH statistic minima around
the Pel enhancer region suggest that changes in
this region have been selected in pelvic-reduced
stickleback populations.

Fig. 4. (A) SNP genotyping in additional pelvic-reduced populations identifies
nine different deletions that overlap in a 488-bp region. Triangles indicate SNP
markers; gray bars indicate putative deleted regions flanked by two failed SNP
genotypes; dark blue bars indicate regions flanked by two successful SNP geno-
types; light blue bars indicate regions with successful genotypes only on one
side; red bars indicate positions of Pel-2.5-kb and Pel-501-bp enhancers.
Apparent deletions were confirmed by means of sequencing in populations 4, 6,
and 7, with the size of deletions indicated on the right, and micro-homologies of
2 to 3 bp at deletion junctions shown in red. (B) Location of populations
surveyed. (C) TwistFlex (20) prediction of highly flexible DNA regions (red circles)
in Pitx1 locus (Pel region score is 3263) compared with the frequency
distribution of flexibility scores in the rest of the stickleback genome (median
score is 265). The area of the red circles is proportional to the flexibility score.
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Discussion. Traditional theories of evolution
posit that adaptation occurs through many muta-
tions of infinitesimally small effect. In contrast,
recent work suggests that mutation effect sizes
follow an exponential distribution, with mutations
of large effect contributing to adaptive change in
nature (1). We narrowed the candidate interval
for a pelvic quantitative trait locus with large ef-
fects in sticklebacks to the noncoding region up-
stream of Pitx1 and identified a tissue-specific
enhancer for pelvic expression that has been func-
tionally inactivated in pelvic-reduced fish. Reintro-
duction of the enhancer and Pitx1 coding region
can restore formation of pelvic structures in derived
populations that appear to be monomorphic for pel-
vic reduction. The combined data from mapping,
expression, molecular, transgenic, and population
genetic studies illustrate how major morphological

evolution can proceed through a regulatory change
in a key developmental control gene.

Large evolutionary differences that map to a
particular locus can still be caused by many linked
small-effect mutations that have accumulated in
that gene (24, 25). However, we find that pelvic-
reduction in sticklebacks maps to a type of DNA
lesion that may produce a large regulatory change
in a single mutational leap: deletions that com-
pletely remove a regulatory enhancer. Smaller
functional lesions might be found in some pelvic-
reduced populations, including four populations
without obvious deletions. However, three of these
populations show unusual morphological features,
suggesting that their pelvic loss may have oc-
curred through non–Pitx1-mediated mechanisms
(8, 26).

The Pitx1 locus scores as one of the most
flexible regions in the stickleback genome, which
may reflect a susceptibility to double-stranded
DNA breaks and repair through NHEJ (27–29).
We hypothesize that sequence features in the Pitx1
locusmay predispose the locus to structural changes,
possibly explaining the high prevalence of indepen-
dent deletion mutations fixed in different pelvic-
reduced stickleback populations. A similar spectrum
of independent small-deletion mutations has been
seen at the vernalization 1 locus of plants (30),
suggesting that recurrent deletions in particular
genes may also contribute to parallel evolution of
other phenotypes in natural populations.

Mutations in developmental control genes are
often deleterious in laboratory animals, leading to
long-standing doubts about whether mutations in
such genes could ever be advantageous in nature
(31). Although Pitx1 coding regions are lethal in
mice (32), we find clear signatures of positive se-
lection in the Pitx1 gene of pelvic-reduced stick-
lebacks. Before this work, the primary evidence
that pelvic reduction might be adaptive in stick-
lebacks came from repeated evolution of similar
phenotypes in similar ecological environments and
the temporal sequence of pelvic reduction in fossil
sticklebacks (11, 12, 33). The molecular signa-
tures of selection we have identified in the current
study are centered on the tissue-specific Pel en-
hancer region rather than thePitx1 coding region.
Regulatory changes in developmental control genes
have often been proposed as a possible basis for
morphological evolution (3, 34). However, many
proposed examples of regulatory evolution in wild
animals have not yet been traced to particular se-
quences (2) or do not show obvious molecular
signatures of selection in natural populations (35).
Identification of the Pel enhancer underlying pel-
vic reduction in sticklebacks connects a major
change in vertebrate skeletal structures to specif-
ic DNA sequence alterations and provides clear
evidence for adaptive evolution surrounding the
corresponding region in many different wild
populations.
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Fig. 5. (A and B) Fay and Wu’s H and relative
heterozygosity (qp) statistics across the Pitx1 re-
gion. Blue (freshwater pelvic-reduced) and green
(freshwater pelvic-complete) data points and lo-
cally weighted scatterplot–smoothed (a = 0.2)
line indicate the behavior in each group. The Pel-
containing regulatory region of Pitx1 [gray
candidate region (fig. S1B)] shows both negative
H values, indicating an excess of derived alleles,
and reduced heterozygosity in pelvic-reduced fish,
which is consistent with positive selection. qp val-
ues are plotted relative to the grouped marine
mean (per SNP) in order to control for variation in
ascertainment between SNPs. (C) Heterozygosity
(qp) from different genomic regions, grouped by
population type. Freshwater fish show a general
decrease in heterozygosity across both Pitx1 and
control loci as compared with that of marine fish
(red bars), as is expected from founding of new
freshwater populations from marine ancestors. In
the Pel enhancer region, but not in Pitx1-flanking
regions or in control loci, pelvic-reduced fresh-
water populations (blue bars) show even lower
heterozygosity than pelvic-complete freshwater
populations (green bars) (**P < 0.01).
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on the work. For many clinicians, “the idea
of scientifically testing your methods is still
foreign,” Montgomery says. “They think it’s
a waste of time and money they could be us-
ing to help their patients.” But objectively
assessing methods is “the best way to im-
prove them.” The first application of science
at RCT is to test which approaches are most
effective for which kinds of patients.

Some studies focus on torture’s physio-
logical legacy. One effort is to probe
changes from falanga, the beating of the
soles of the feet. Victims cannot walk far
without excruciating pain, even if their feet
appear undamaged. Using magnetic reso-
nance imaging, RCT specialists have uncov-
ered a thickening of a tendon in the foot in
falanga victims. The finding should help
document abuse and may lead to better
treatments. Having such forensic tools “can
be crucial in some cases,” says David Rhys
Jones, a human rights lawyer at the Medical
Foundation for the Care of Victims of Tor-
ture in London.

The center’s research is not limited to the
lucky few who make it to Copenhagen. Sev-
eral epidemiological studies are under way,
including one to track children of torture
victims to assess mental health conse-
quences across generations. Another study
focuses on prisons in Nigeria, examining the
relationship between guard training and
prisoner abuse. (On 28 June, AAAS, pub-
lisher of Science, will host a forum on scien-
tific and legal issues surrounding torture and
prisoner treatment.)

RCT staff members say they are frustrat-
ed at how slowly the awareness of how to
diagnose and treat torture has filtered out to
the wider medical community. Since the
Vietnam War, an immense amount of work
has been done on posttraumatic stress disor-
der, a complex of psychological problems
that persists after witnessing traumatic
events. Yet “almost no data is out there on

torture, which causes worse symptoms,”
says Labrosse. Hospitals still tend to over-
look or misdiagnose torture victims, adds
Prip, so “we’re trying to get torture rehabili-
tation into the standard medical curricula.”
Just providing it as an optional course
would be “extremely useful,” says Duncan
Forrest, a physician at the Medical Founda-
tion, “because there is widespread igno-
rance among doctors.”

One of the most important lessons is that

the mental scars never completely heal.
Labrosse is worried about Massoud, who
canceled an appointment last month. She says
that some images of torture in Abu Ghraib
are strikingly similar to Massoud’s drawings
of his own experiences, and the evocation of
his torment has triggered a relapse of anxiety
attacks. RCT may be able to piece victims
back together, but they remain fragile.

–JOHN BOHANNON

John Bohannon is a writer based in Berlin.
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A sassy little fish—a mere 6 centimeters
long—that can turn a threatening red, builds
nests, and feuds with competitors is now be-
coming a star in research on genetics and
evolution. Long a favorite of behavioral sci-
entists, the threespine stickleback is garner-
ing attention for what
it can reveal about
genes, morphology,
and the speed at
which a species can
adapt. Half a dozen
recent  papers  on
sticklebacks show “all
kinds of interesting
things about the ge-
netic and molecular
basis of how organ-
isms evolve,” says
David Kingsley, a ver-
tebrate geneticist at
Stanford University.

This new research
adds weight to a
provocative idea that a little DNA—perhaps
just a single gene—can control many traits
that affect an organism’s ability to thrive; in
this case, the gene may have enabled
sticklebacks to evolve out of tight situa-
tions. Not only have sticklebacks adapted
quickly to past and current environmental
change, but several researchers have docu-
mented that they still retain a remarkable
adaptive flexibility. 

Since the 1930s, the prevailing view has
been that evolution moves in a slow shuffle,
advancing in small increments, propelled by
numerous, minor genetic changes. But some
have challenged this dogma, notably 
H. Allen Orr, an evolutionary biologist at

the University of Rochester in New York. In
1992, he and his colleagues argued that just
a few genes, perhaps even one, could power
long-term change. Such change could rev
up speciation. Lately, the Orr camp seems 
to be gaining ground, in part because 

of studies of stickle-
backs, says R. Craig
Albertson, an evolu-
tionary biologist at
the Forsyth Institute
in Boston. He and
others are f inding
that “simple genetic
changes can have
profound effects.”

Salty past

Kingsley is a convert
to stickleback re-
search. Five years ago
he and his post-
doctoral fellow Katie 
Peichel turned to it

when they were looking for a way to add a
touch of reality to their studies of the genet-
ics of bone development. Neither lab mice,
the subject of their previous work, nor lab-
bred zebrafish offered much insight into the
causes of natural variation in a natural set-
ting. So Kingsley and his students searched
for a species with a rich natural history liter-
ature and a lifestyle that would enable both
field and lab studies. “The stickleback had
everything we wanted,” he recalls. About the
same time, zebrafish expert John Postle-
thwait of the University of Oregon, Eugene,
was on a similar hunt, casting about for a
fish with a well-known biology and an inter-
esting evolutionary background in which he

Changing a Fish’s Bony Armor 
In the Wink of a Gene
Genetic researchers have become fascinated by the threespine stickleback, a fish that
has evolved rapidly along similar lines in distant lakes

Evolut ionary  B io logy

First class. Colorful enough for a Swiss stamp,

sticklebacks have captivated a growing num-

ber of biologists.

Healers. Edith Montgomery and Belinda Labrosse

in the RCT research library, the largest collection

of torture-related documents in the world.
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could apply molecular tech-
niques he had developed. He,
too, landed the stickleback.

Both researchers were at-
tracted by a huge body of
knowledge on sticklebacks—at
least 2000 scientific papers and
seven textbooks—dating back to
the 19th century. The fish’s fame
increased in 1973 when Niko-
laas Tinbergen won a Nobel
Prize based in part on his studies
of stickleback behavior, which is
now the focus of perhaps 100
labs, according to Kingsley.

Another draw was the
stickleback’s evolutionary histo-
ry, which includes a major tran-
sition. Sticklebacks were once a
solely saltwater species that mi-
grated from the sea to streams
and lakes to breed; as the gla-
ciers retreated up to 22,000
years ago, some settled in lakes.
Although they evolved to look
very different from their ances-
tors, they often came to resem-
ble their counterparts who were
evolving in a similar way in
lakes that are geographically dis-
tant (Science, 14 January 2000,
p. 207). These lakes now are nat-
ural laboratories for evolutionary
studies, says Susan Foster, an
evolutionary biologist at Clark University in
Worcester, Massachusetts: “These remark-
ably divergent populations have created a
unique resource,” in part because freshwater
and saltwater populations can interbreed.
Recently, molecular genetic studies have
been added to stickleback science. Says
Kingsley: “We are beginning to collect real
data on the number and location of the chro-
mosomal regions that control substantial
evolutionary modification.” Those regions
can control multiple characteristics.

Armor is optional

Genetic studies took off several years ago
when the Kingsley and Postlethwait groups
independently began to breed threespine
sticklebacks from lakes with marine counter-
parts. The research teams have examined
many thousands of offspring since then and
have started to home in on genes underlying
physical differences. They focused first on
genes underlying the size, number, and loca-
tions of plates located along the sides of the
fish, then included analyses of the f ish
equivalent of a pelvis and hind limbs, or
pelvic spines on their undersides.

Oceangoing sticklebacks are built for
battle. Prominent spines stick out behind
their lower fins, and their bodies are covered
with as many as 35 plates—presumably to

fend off predators. But spines and plates
are reduced or missing in most of their
freshwater cousins, probably an adaptation
to the new habitat. It pays to lose the bulky
armor, says Michael Bell, an evolutionary
biologist at the State University of New
York, Stony Brook: Lakes may favor light-
ness because they typically have places to
hide, if f ish can dart into them fast
enough. Because fresh water lacks the rich
calcium reserves of salt water, bony armor
could also be too costly to make. Whatever
the cause, “selection against [these traits]
must be incredibly strong” to cause such
rapid evolution, says Foster.

This selective pressure seems to be tar-
geting the same part of the genome in fish at
various geographic locations. In every
population researchers have exam-
ined, from Japan to California
to Iceland, they are finding
the same thing: A gene or
set of nearby genes is caus-
ing the loss of certain parts
of the f ish’s armor. “It’s re-
markable,” says Postlethwait, that a
single gene could exert such a large ef-
fect in so many different groups of stickle-
backs. Along with armor, “a whole suite of
bony characters is changing,” he says, in-
cluding jaw shape and bones associated with

protecting the gills. This is not
what researchers had expected to
f ind. But when they tried a
breeding experiment, the same
pattern emerged: Small DNA
segments affected vast areas of
bone and armor.

In one study, Kingsley and
Stanford graduate student
Pamela Colosimo crossed well-
armored marine fish with fish
from Paxton Lake in British Co-
lumbia. The lake fish had only
the front plates—the first ones
to form during development.
Colosimo measured the pattern,
number, and size of the plates in
the progeny, then by genetic
analysis pinpointed the stretches
of DNA involved in plate for-
mation. One area had the great-
est sway, accounting for 75% of
the number and distribution of
the plates, she, Kingsley, and
their colleagues reported in the
30 March online journal PLoS
Biology. Changes in this stretch
of DNA sequence caused a five-
fold reduction in the number of
plates, whereas three other
stretches had a slight effect. The
same small stretch of DNA
proved equally influential when
they studied freshwater f ish

from a California lake 1300 kilometers dis-
tant. Their geographic distribution virtually
guarantees that the fish lost their plates in-
dependently, says Kingsley.

Similar findings have appeared in work
by Bell and William Cresko, Postlethwait,
and their colleagues at the University of
Oregon. Using a different strategy, they nar-
rowed the cause of a change in some of the
body armor to a single gene. Cresko collect-
ed threespine sticklebacks from three lakes
in Alaska at least 15 kilo-
meters apart, as well
as marine fish
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One fish, two fish … At Stanford a technician feeds the hundreds of

sticklebacks needed for gene searches.

Tough guy. Saltwater sticklebacks carry armor

of bony plates and spines.
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from two sites. After confirming that there
were large, consistent differences between
lake fish and sea fish, they performed breed-
ing studies. In one experiment, they crossed
marine and freshwater fish and found that
the resulting offspring all had a complete set
of armor and a fully formed pelvis—
suggesting that the DNA, or allele, belonging
to the marine fish overrode the effects of the
allele of the freshwater cousins. In the sec-
ond generation, the researchers saw that
three out of four had a full set of this armor,
confirming a dominant allele, they reported
in the 20 April issue of the Proceedings of
the National Academy of Sciences.

Next, the Oregon researchers tested to
see if the altered pelvis and lateral plates of
the lake fish were controlled by the same
genes in each population. They expected the
opposite: that the gene involved in armor
loss would be different in the three groups
because each had evolved that
trait independently. But their
surprising finding was that the
alterations were always in the
same gene. Dolph Schluter, an
evolutionary biologist at the
University of British Columbia
in Vancouver, Canada, reached
the same conclusion, this time
with marine and freshwater
fish from British Columbia and
Japan. Although the DNA se-
quence has not been identified,
“it could well be the same gene
everywhere,” says Schluter,
who is reporting these results
in an upcoming issue of The
American Naturalist.

Bell has found that, from an
evolutionary perspective, this
gene may change at lightning
speeds. In the most recent issue
of Evolution, he and his col-
leagues report on a case in Alas-
ka where plates disappeared in
most fish within a decade. The findings come
from Loberg Lake near the Cook Inlet in
southern Alaska, where in 1982, the Alaska
Department of Fish and Game had prepared
the water for restocking with salmon and
trout by poisoning all the fish in it. Eight
years later, Bell and his colleagues found that
the sticklebacks were back, this time with
plates, suggesting that they had come up-
stream from a saltwater inlet. 

As Bell’s team sampled the lake for the
next 10 years, taking note of the stickle-
backs’ plate makeup, the number of armored
fish declined. In 1990, 96% of the stickle-
backs had the full suite of plates; in 1993,
only 39% did. His crew spotted the begin-
ning of this transition in 1991, noting that
some individuals had just the front plates.
By 2001, that variety represented 75% of

the sticklebacks sampled. The number of
plates also declined—from 33 to 32 in the
fish with all their plates and from seven to
six and a half in those with just the anterior
ones. “It was obvious that things were
changing very fast,” says Bell.

The results suggested that natural selec-
tion had taken its toll on the armored fish in
just a few years. “That wouldn’t happen if
you had to wait for new mutations to occur,”
notes Postlethwait. Instead, he thinks the al-
lele responsible for the loss of plates was
present all along. But its effects were muted
because it was recessive and rare in the pop-
ulation. “When you get into fresh water, [the
situation] would change rapidly,” he ex-
plains. Fish that still carried the allele for
plates didn’t thrive.

Kingsley’s group ran similar breeding
studies, showing that pelvic spines recapitu-
lated this evolutionary path. And when they

hunted for the DNA that was affecting these
changes, they homed in on a candidate re-
gion already identified last year by Nicholas
Cole, Cheryll Tickle, and their colleagues at
the University of Dundee, U.K. (Current Bi-
ology, 16 December 2003). Cole’s team no-
ticed that the spineless fish didn’t even have
the beginnings of a limb; this led them to
test genes in other vertebrates, including one
called Pitx1, known to initiate limb forma-
tion. It was a good choice: The Pitx1 protein
was missing in the freshwater stickleback
and present in the marine one. Adding fur-
ther support, they noted that mice with no
Pitx1 activity have smaller than normal hind
limbs and are asymmetrical, just like the
freshwater sticklebacks.

Together with postdoctoral fellows Mike
Shapiro and Melissa Marks, Kingsley’s

breeding studies showed that this gene in
sticklebacks was located in the region in
which his analysis had shown the gene affect-
ing spines should be. But when he analyzed
genes from both types of fish, he found that
the sequences were the same. This did not ex-
plain why the intact gene was inactive in
freshwater sticklebacks. The solution, he and
his colleagues concluded in the 15 April issue
of Nature, is that a change in the gene’s 
regulation—and not in the gene itself—
caused the lake sticklebacks to lose their
spines. Simply changing the way a gene is
regulated in one part of the anatomy or at one
point in development “is one of the ways to
make a [change in a] very powerful develop-
ment control gene without having detrimental
effects,” says Kingsley.

Researchers have found that other organ-
isms such as birds seem to exhibit the same
or similar new traits because of changes in

the activity of the same genes,
even when the species are un-
related (Science, 19 March, p.
1870). No one knows exactly
why. It could be that certain
genes or bits of regulatory DNA
are particularly prone to muta-
tion. Or perhaps rapid evolution-
ary responses are channeled into
genes that don’t affect develop-
ment on a broad scale, so as not
to short-circuit an organism’s
ability to survive. As a result,
“you find the same gene involved
more often than you would ini-
tially expect,” says Schluter. He
and other stickleback experts are
trying to solve this puzzle.

Help may be on the way.
Kingsley, who teaches a course
on stickleback biology, is find-
ing that biologists who work on
other organisms are turning to-
ward this fish to answer their re-
search questions. Already they

have a genetic map and a partial genomic
library of the stickleback. By the year’s
end, with support from the National 
Human Genome Research Institute, they
should have a draft of the entire 6.75-
million-base genome sequence.

Bell hopes that these studies will lure
even more developmental, evolutionary, and
genetic biologists to the study of these fish.
Evolution occurs at many levels, involving
modifications of DNA sequence, alterations
in development, shifts in behavior, changes
in community structure, and, ultimately, sur-
vival. It’s important to see how these various
levels interact during natural selection.
Adding molecular genetics studies to
stickleback science, he predicts, “will allow
us to tie up everything in one neat package.”

–ELIZABETH PENNISI
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Going, going, gone. Sticklebacks in fresh water undergo genetic changes

causing them to lose bony body plates (middle) and pelvic spines (bottom).
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PERSPECTIVES

is special in two regards. First, it uses ultrafast

laser pulses that are spectrally broad enough

to excite all the relevant vibrational levels.

Second, the spectrum is shaped to eliminate

all frequencies that would excite from v = 0.

As a result, molecules are trapped in v = 0, so

after many incoherent cycles of excitation and

decay, they accumulate in this “dark” state.

Ironically, it is exactly this dark-state popula-

tion trapping that has prevented traditional

laser cooling of molecular motion. Here, it is

put to good use: vibrationally cooling mole-

cules that are already translationally cold.

Danzl et al. (3) also work with Cs
2

but use

magneto-association of a Bose-Einstein con-

densate of Cs atoms to initially form the mol-

ecules. Rather than relying on broadband light

to induce multiple absorption/emission

cycles, they use a pair of laser beams with pre-

cisely defined frequencies to coherently drive

the population from the initial state of high

vibration, through an electronically excited

intermediate state, then back down to a state of

low vibration (see the figure). One difficulty

with this process is the poor overlap of the

wave functions of the highly excited and low-

lying vibrational states. However, the lasers

used for this two-photon process are locked to

a frequency comb, and therefore highly coher-

ent, allowing a long interaction time (10 µs)

and efficient transfer (80%) to the lower

energy state. Danzl et al. can remove 0.13 eV

of vibrational energy, which puts them one-

fourth of the way to v = 0. They are optimistic

that by applying one more judiciously chosen

two-photon process, they can reach the absol-

ute ground state.

The technique used by Ni et al. on page 231

of this issue (4) is very similar to that of Danzl

et al. but is applied to a rather different mole-

cule, KRb. They report 56% transfer from the

barely bound initial state to v = 0 of the lowest

triplet electronic state, which is bound by 0.03

eV. Even more impressive is their demonstra-

tion of 83% transfer, using an intermediate

state of mixed triplet-singlet character, to v = 0

of the lowest singlet electronic state. This is the

absolute ground state of the system, bound by

a whopping 0.52 eV. The fact that the KRb

molecule is composed of two different atoms

means that, as observed in this experiment, it

possesses an electric dipole moment.

There is currently a great deal of interest in

dipolar systems at low temperatures and high

densities. Interactions between dipoles are both

long range and anisotropic: Two dipoles ori-

ented head-to-tail attract; side-by-side they

repel. So, for example, a confined pancake-

shaped sample will tend to be stable, whereas a

cigar-shaped sample will tend to collapse. Such

dipolar effects have begun to be observed in

systems of magnetic dipoles (12), but the inter-

actions will be much stronger between electric

dipoles, enabling applications such as the mod-

eling of complex many-body systems. Dipole-

dipole interactions may also enable communi-

cation between cold molecule qubits in a quan-

tum computer (13) and affect ultracold chemi-

cal reactions. For all these potential applica-

tions, a large dipole moment is desired. In states

of high vibrational excitation, the atoms live far

apart and the dipole moment is small; hence,

the motivation for eliminating vibration. 

Another compelling reason for going to

the absolute ground state is a purely practical

one: stability. All other states are unstable

against inelastic collisions, which is a problem

at high density. This recent progress toward

populating the lowest-energy state therefore

bodes well for producing a stable Bose-

Einstein condensate or degenerate Fermi gas

of molecules. Such systems will prove useful

in exploring exotic quantum phases of matter

and performing quantum simulations of

highly correlated condensed matter systems.
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N
early 150 years after the publication

of the Origin of Species, it is hum-

bling to contemplate how well Dar-

win outlined the processes of evolution. The

heritable basis of traits confounded him, how-

ever, and evolutionary biologists have since

attempted to connect the processes of natural

selection and genetic drift with the origin and

distribution of genetic variation in the wild (1,

2). A flurry of recent work mapping pheno-

type to genotype has identified the molecular

genetic basis of some traits in natural popula-

tions (3, 4), but documenting the fitness con-

sequences of these genes has been more elu-

sive. An important study by Barrett et al. on

page 255 in this issue (5) attempts to fill this

gap by studying changes in allele frequencies

in replicate populations of the threespine

stickleback (Gasterosteus aculeatus), thereby

adding an intriguing new wrinkle to a rapidly

developing story. 

Stickleback that originate in the ocean and

subsequently become isolated in freshwater

environments rapidly evolve the loss of exter-

nal bony lateral plates (6). A major genetic

factor on linkage group IV (the part of the

genome corresponding to the largest stickle-

back chromosome) was implicated in this loss

of armor in multiple populations (7, 8). “Low”

alleles of the gene ectodysplasin-A (Eda)—

which encodes a signaling molecule involved

in ectodermal outgrowths such as hair, scales,

and teeth—were subsequently associated with

the loss (9). Barrett et al. screened thousands

of oceanic stickleback to find those hetero-

zygous at the Eda locus—carrying one low

and one “complete” allele, the latter of which

encodes for the development of a full set of

lateral plates. These fish were then introduced

into freshwater ponds and quickly produced

offspring that were sampled and genotyped at

Eda throughout a full year (one stickleback

generation). As expected, there was very

strong selection (a selection coefficient of s ~

0.5) for the low Eda allele in offspring fish

that became large enough to have developed

the complete set of plates (see the figure). This

fitness differential could be due to the burden

of forming and maintaining lateral plates,

with the low Eda allele conferring higher

The fitness of stickleback fish that develop

different numbers of external bony plates

varies between oceanic and freshwater

environments.
Armor Development and Fitness
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fitness in fresh waters because energy can

be shunted away from bone formation and

toward growth and reproduction (10). This

“cost of plates” argument has intuitive appeal

because freshwater stickleback populations at

high latitudes need to endure many winter

months, and increasing growth rate and

sequestering energy could increase the proba-

bility of surviving the winter and reproducing

early in the spring.

Despite the strong selection for the low Eda

allele in older (larger) fish, selection was actu-

ally against this same allele before and during

plate formation in young (smaller) offspring.

Importantly, the selection coefficients against,

and then for, the low Eda allele in young and

older fish, respectively, were almost equal, a

curious result considering the very rapid and

nearly universal loss of plates once stickleback

invade fresh waters (11). Barrett et al. hypoth-

esize that Eda alleles may influence other phe-

notypic traits that are important for fitness

before the plates fully develop. Alternatively,

the change in Eda allele frequency in young

fish may be a correlated response to selection

of alleles of linked loci. 

Freshwater habitats differ from oceanic

ones in many conditions to which invading

stickleback must adapt. Heterozygous fish

were collected in the wild, and not created

through allelic introgression (the experimen-

tal addition of only the low Eda allele).

Therefore, the genotype of the Eda allele may

actually be a marker for haplotypes (genes

closely associated on a chromosome that

are inherited together) that contain Eda and

numerous other genes in this region of linkage

group IV. The linkage in a single haplotype of

alleles at different loci subject to opposing

selection could subsequently be broken

through gene recombination during reproduc-

tion in the freshwater environment. Fixation

of the recombinant low Eda allele–containing

haplotype could occur due to the combined

effects of selection for the low Eda allele and

for a linked allele, producing the commonly

observed rapid lateral plate evolution. De-

pending on the physical distance between

linked genes on a chromosome and the

recombination rate (the rate of exchange of

DNA sequence between homologous chro-

mosomes, thus forming new combinations of

alleles), this pattern might be observed only

after multiple generations. The linkage

hypothesis makes the testable prediction that

although many low Eda alleles may be present

when a freshwater population is founded, a

“hard” selective sweep for this region would

involve only one or few recombinant haplo-

types in any particular population (12). 

Surprisingly, changes in

the frequency of the Eda

allele are mediated largely

through selection on het-

erozygotes that varies as the

fish mature, implying a role

for complex modificat-

ions to Eda genetic inter-

actions—both dominance

(between Eda alleles) and

epistasis (between Eda and

other genes)—during the

formation of lateral plates.

These data are consistent

with recent work showing

patterns of long-distance

(>25 megabases) linkage

disequilibrium (nonrandom

association of genomic reg-

ions) across linkage group

IV in laboratory crosses in

multiple stickleback popu-

lations (13). Together, these

data hint that chromosomal

structures such as inversions

and translocations of DNA

fragments from one loca-

tion to another, as well as

epistatic interactions among

linked loci, may play an

important role in the evolu-

tion of this genomic region and of the lateral

plate phenotype. Amazingly, most of the pres-

ent Eda low alleles that exist in stickleback

populations around the world appear to be

derived from a single allele that originated

around 2 million years ago (9), and therefore

most low alleles associated with lateral plate

loss are likely identical by descent. Thus, the

Eda alleles, and presumably other regions of

the stickleback genome, have interacted in

alternative oceanic and freshwater environ-

ments over very long periods, with poten-

tially important consequences for the organi-

zation of genetic variation in the genome. A

challenge for geneticists is to understand

how evolutionary processes affect genetic

variation in spatially explicit ways, both

across geography and within genomes (14). 

Despite these additional questions, the

study by Barrett et al. is an excellent example

of how experimental approaches can be used

to link alleles to phenotypes and ultimately to

fitness. Understanding the mechanistic basis

of identified alleles in terms of cell behaviors,

developmental trajectories, and physiological

systems (15) may help to explain how inter-

mediaries in the genotype-to-phenotype map

might influence the distribution of phenotypic

variation in new environments or lead to

pervasive parallel evolution such as that seen
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Stickleback lateral plates. Approximate development of lat-
eral plates in the threespine stickleback is shown for a fish born
in early July: the absence of plates in late July; the formation of
anterior lateral plates in early August; the formation of poste-
rior lateral plates in late August; and the full complement of
plates in early October. These stickleback are from a line grown
in the laboratory, originally derived from a wild Alaskan
oceanic population, and are used for illustrative purposes. The
graph represents data from Barrett et al. showing selection
against (s < 0), and for (s > 0), the low Eda allele and the het-
erozygous genotype, before and after fish develop a full com-
plement of plates, respectively.
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in stickleback. The study by Barrett et al.

points to the great promise for connecting

molecular genetics with phenotypic variation

and fitness in the wild, a synthesis that would

have made a pleasant gift for Darwin on his

200th birthday next February. 
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T
here is ample evidence that 20th-

century warming has shifted ranges

of temperate and arctic species, but

on page 261 of this issue, Moritz et al. (1)

provide an exceptionally thorough example:

They take advantage of a well-documented

study from a century ago (2) to demonstrate

contractions and expansions of elevation

range among small mammals in Yosemite

National Park, California, USA. In contrast,

there have been few attempts to even ad-

dress the tropics’ sensitivity to global cli-

mate change (3). Also in this issue (page

258), Colwell et al. (4) use a novel concep-

tual approach to analyze climate shifts in

tropical ecosystems.

Colwell et al. explain that weak latitudinal

temperature gradients in the tropics will

make it difficult for species to track suitable

climatic conditions by migrating through the

lowlands; instead, short-distance upslope

migration to cooler mountains is what we

should expect. The authors note three ways in

which global warming may cause extinction.

First, the tropical lowlands may experience

biotic attrition: Warming drives species out

of the lowlands, but no source of species

adapted to higher temperatures is available to

compensate the losses. The two additional

risks for tropical mountain species are range-

shift gaps (where species’ current altitudinal

ranges do not overlap climatically suitable

ranges of the future) and mountain-top

extinction (where warming pushes climati-

cally suitable conditions off mountain peaks).

These latter risks are also relevant outside the

tropics (5); indeed, Moritz et al.

document the contraction of

ranges of high-elevation species

in Yosemite.

Colwell et al. then analyze

ranges of 2000 species of plants

and insects along a 2900-m alti-

tudinal transect on Volcán Barva,

Costa Rica, and relate these to

expected upslope climate shifts.

They find that a 3.2°C warming

threatens 53% of the species with

lowland extinction and 51% with

range-shift gaps. Only a minority

of species would face mountain-

top extinction.

These numbers suggest large

risks. However, the figures are

likely to be controversial, be-

cause there are substantial uncer-

tainties in our understanding of

the sensitivity of tropical species

to climatic warming. Notably, the

prediction of heavy lowland ex-

tinctions is based on the as-

sumption that species will be

unable to tolerate temperatures

higher than today’s. Yet, many

extant species evolved when cli-

mates were warmer (6) and may

retain this warmth tolerance.

Climatic limits within lineages

often remain remarkably stable

over millions of years (7, 8). On

evolutionary time scales, there is

little evidence that warming is

detrimental in the tropics: Neo-

tropical plant diversity peaked in

the period of maximum warmth

between 35 and 55 million years

ago (9), and high tropical diver-
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A new framework helps to understand how

species ranges change under global warming.
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