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progress at the Parkes, Green Bank, and
Arecibo observatories, and it is expected that
even more relativistic binary pulsars will be
found. With the advent of the Square
Kilometer Array, a huge sample of relativistic
binaries will be available (13). At the same
time, VLBI techniques are rapidly evolving,
which will provide an accurate location of
these clocks within the Galaxy. A rich array
of perfectly clocked shrinking binary sys-
tems, exactly located in different zones of the
Galaxy, will be available, constituting a pow-
erful gravity probe. As the present uncertain-
ties in the gravitational potential of the

Galaxy would be averaged by such an array,
orbital decays and other non-Newtonian
effects would be estimated with better accu-
racy, thus providing an unprecedented test of
relativistic gravity. It would then pose chal-
lenging questions to those alternative theories
of gravity.
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H
uman changes to the global environ-
ment have long been known to affect
organisms, for example by altering

their physiology, range, or longevity (1, 2).
However, responses vary widely across
species, making it difficult to predict how
entire ecosystems will respond in the future (3).
A key problem is that species do not respond to
extrinsic drivers (such as climate) in isolation.
Rather, species responses may be determined
to a greater or lesser extent by other species
with which they interact. On page 1347 of this
issue, Harmon et al. elucidate one such interac-
tion in a study of pea aphids and two of their
ladybird predator species (4). 

Early population models showed that
interactions among species could weaken or
strengthen within-species responses to envi-
ronmental change (5). More recently, empiri-
cal evidence has demonstrated that species
interactions can reverse the response of indi-
vidual grassland species to climate change
and subsequently alter their community tra-
jectory (6). At the same time, numerous
studies have identified rapid evolutionary
responses to climate change (2). For example,
evolutionary studies indicate that under strong
climate-induced selection pressure, life his-
tory traits (such as phenology, longevity, and
reproductive rates) may evolve within just a
few generations (7). 

The question thus arises whether ecologi-
cal interactions among species can alter their
respective evolutionary responses to external

drivers such as climate change.
Harmon et al. have now met
the enormous challenge of
addressing this question with
an elegant study in which they
tested the ecological and evo-
lutionary responses of an
insect herbivore to the com-
bined effects of climate change
and food web interactions. 

Their study system involved
the pea aphid, an important pest
species, which has populations
that differ in their susceptibility
to short periods of high temper-
ature (heat shocks), in part be-
cause of differences in internal
microorganisms that are passed
on from parents to offspring
and confer heat tolerance. Harmon et al. intro-
duced these symbiotic microorganisms to dif-
ferent aphid populations to simulate a muta-
tion event conferring heat tolerance to the
aphid line. Aphids are attacked by many natu-
ral enemies, including two species of lady-
birds that differ in their foraging behavior (see
the figure). Harmon et al. used field experi-
ments to test the ecological and evolutionary
responses of aphids to increased frequency
of heat shocks, and to contrast the effects of
the two predators on population growth rates
after these shocks.

The authors found that behavioral differ-
ences between the predator species affected
the prey population response: One predator
reduced its attack rates at low prey densities
after heat shocks, such that it did not com-
pound the negative effect of heat on aphid pop-

ulation growth. In contrast, the other predator
kept attacking aphids at the same rate, increas-
ing aphid mortality beyond the rates caused by
the heat shocks. Aphids did evolve tolerance to
heat shocks (that is, tolerant strains increased
in frequency), but in a model based on field
data, predator-prey interactions, despite their
effects on aphid population growth, did not
affect the evolution of heat shock tolerance. 

Future research is needed across species
to determine whether rapid evolutionary re-
sponses to food web interactions and exter-
nal drivers are generally additive in this way,
such that the selection effects of predation
operate independently of climate change and
vice versa. If in other cases these forces have
interactive effects—for example, if traits
conferring resistance to one threat (such as
climate change) are negatively correlated
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Interactive effects. Harmon et al. show that predation rates of aphids
by ladybirds depend on the response of the predator species to altered
aphid density following heat shocks.
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with traits providing protection from another
(such as predation)—then an evolutionary
stalemate could prevent adaptation at the rate
necessary for species to cope with predicted
climatic changes. 

In the study by Harmon et al., predator
density dependence plays a key role in deter-
mining the effects of climate change on the
growth of the prey population. This raises a
complex issue for ecologists, because envi-
ronmental disturbances strongly affect prey
density. Quantitative food webs depict links
between species as having a certain strength
(the frequency of the interaction is often
used as a surrogate), yet the interaction
strength may be a nonlinear function of prey
density. Altered interaction frequencies in
food webs after environmental perturbations
(8) could be driven by relative shifts in the
abundance of different species and/or by
nonlinear responses of different predators
to altered prey densities. Environmental

changes could even alter the response of
predators to prey density—for example, if
habitat simplification alters search effi-
ciency (9). Metrics of food web structure
that are advocated for their insensitivity to
differing relative abundances of prey species
(10) may not detect these ecologically im-
portant changes.

When Earth undergoes climatic change,
species either adapt or go extinct (11). How-
ever, during each period of change, the spatial
rearrangement of extant species and the emer-
gence of new lineages will provide a novel
context within which evolution takes place.
Thus, even if the genetic variation necessary
for selection exists in a population, food web
interactions may impose constraints on the
rate or direction of evolutionary change. The
work of Harmon et al. suggests that the diffi-
culties inherent in studying the combined
complexities of ecological and evolutionary
forces can be overcome. This will be neces-

sary if we are to predict the survival of species
in an uncertain future.
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H
uman civilization rests upon the prod-
ucts of agriculture, but numerous
fungi, bacteria, and viruses compete

with us for the crops that we cultivate. Given
the growing human population and demand
for increased food production from less land,
minimizing crop loss from pathogen infection
is critical. Two reports in this issue, by Fu et al.
on page 1357 (1) and by Krattinger et al. on
page 1360 (2), identify molecular mecha-
nisms that control durable, broad-spectrum,
disease resistance in wheat, the second-most-
produced cereal crop in the world. 

Understanding the molecular basis of spe-
cific plant resistances has enabled the devel-
opment of crop varieties that resist common
diseases. These resistance mechanisms follow
a “gene-for-gene” model, whereby specific
plant recognition of a pathogen gene product
yields near-absolute resistance to pathogens
containing the recognized gene. However, this
form of resistance is vulnerable to rapid
counter-evolution by the pathogen (3). This
generates a continuous and resource-intensive
cycle of plant resistance gene discovery,
crop breeding, and eventual resistance gene

“defeat” by the pathogen, which has driven
interest in identifying durable forms of resist-
ance to pathogens. In most plant-pathogen
systems, durable resistance has been identi-
fied through quantitative trait locus (QTL)
mapping. Although identified QTL provide
quantitative resistance to a range of pathogen

species and genotypes therein, the molecular
bases of these broad quantitative resistances
have remained largely unknown (4). 

Krattinger, Fu, and their colleagues begin
to show that mechanisms underlying quanti-
tative resistance are not simply weak alleles
of genes involved in specific gene-for-gene
resistance, as has been proposed. Rather,
each plant species may contain multiple,
possibly independent, mechanisms of quan-
titative resistance. The latter may reveal sim-
ilar processes in other plants or may be taxo-
nomically limited.

Krattinger et al. describe the cloning of the
wheat Lr34 QTL that has been used to confer
resistance to multiple rusts (see the figure)
and a mildew in the field for nearly 50 years
(5). The locus harbors the gene Lr34, which
encodes an ATP-binding cassette (ABC)
transporter (4). ABC transporters, or pleio-
tropic drug resistance transporters, move
diverse chemical compounds, including plant
natural products, across membranes. The
LR34 transporter is weakly homologous to
PEN3, an ABC transporter from the plant
Arabidopsis thaliana, which facilitates resist-
ance to the same mildew via the targeted
export of plant metabolites (6, 7). The mecha-
nistic similarity between LR34 and PEN3
reinvigorates hypotheses that specific and

The identification of genes that confer durable,

multipathogen resistance may help breeders

overcome devastating wheat fungal diseases.Anti-Rust Antitrust
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Wheat rust. Close-up of a wheat leaf rust pustule
releasing orange urediospores (oranges spots) on a
leaf of the susceptible spring wheat cultivar Thatcher. 
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