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that share common ancestry). In this family,
the evolutionary transition from SI to SC has
occurred independently on numerous occasions. This is important because it improves
statistical power and increases confidence
that the transition itself is closely associated
with differences in species diversiﬁcation.
Goldberg et al. showed that SI lineages
have a higher net diversiﬁcation rate–—a key
quantity that determines the rate of increase in
species numbers—than SC lineages. One key
ﬁnding of their study is that this difference
is not due to a higher rate of speciation for
SI lineages; in fact, inferred speciation rates
were higher in SC lineages. Instead, SC lineages have higher extinction rates than SI lineages. As a result, SI lineages have higher net
diversiﬁcation rates that apparently have been
sufficient to counter-balance the repeated
loss of the trait, allowing it to be maintained
over evolutionary time (see the ﬁgure). The
results provide a convincing macroevolutionary explanation for how SI has persisted over
tens of millions of years despite its repeated
breakdown to SC.
Given these results, a number of outstanding questions remain. Most importantly, why
should SC plants that have the potential to selffertilize experience higher rates of extinction?
This study did not address the issue of how
much “selﬁng” occurs in SC species, but the
process is commonly associated with reduced

genetic diversity and lower rates of recombination. This reduces the chance of eliminating deleterious mutations and can decrease
opportunities for adaptive mutations to succeed (6), both of which can increase the probability of extinction. Because some of the species included in the study probably self-fertilize at high rates, it is possible that the actual
driver of differential diversiﬁcation is not SI
per se but the rate of self-fertilization. If the
researchers had been able to use actual data
on rates of cross- and self-fertilization (rather
than only classifying plants as SC or SI), even
stronger differences in diversification may
have been found. However, obtaining this
information for the many species included in
this study would be a Herculean task.
Different approaches to studying the evolutionary consequences of selﬁng have provided conﬂicting results. Molecular work on
protein evolution has found little evidence
that selfing populations accumulate harmful mutations (7, 8). In contrast, phylogenetic
studies indicate that selﬁng species commonly
produce short branches on evolutionary trees
and appear to be more prone to extinction (9,
10). One possible explanation is that molecular studies have focused on too coarse a level
to detect the predicted differences in the efﬁcacy of selection. New approaches that enable
simultaneous estimates of the strength of positive and negative selection are likely to be

more powerful (11, 12). Also, with few exceptions (8), molecular evolutionary studies have
not been done with a large number of species,
making it difﬁcult to detect repeated declines
in ﬁtness of selﬁng lineages. Finally, SC lineages may experience higher extinction rates
for reasons unrelated to mutational decay. For
example, SI species often occur in relatively
large, often long-lived, populations, and these
demographic properties may make them more
likely to persist over longer time scales. The
causes of differences in diversiﬁcation rates
among lineages remain a central issue in evolutionary biology, but this illuminating study
indicates that we should not ignore macroevolutionary processes in trying to understand the
maintenance of adaptations and biodiversity.
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A

lthough the risks of developing
chronic diseases are attributed to
both genetic and environmental factors, 70 to 90% of disease risks are probably
due to differences in environments (1–3). Yet,
epidemiologists increasingly use genomewide association studies (GWAS) to investigate diseases, while relying on questionnaires
to characterize “environmental exposures.”
This is because GWAS represent the only
approach for exploring the totality of any risk
factor (genes, in this case) associated with disease prevalence. Moreover, the value of costly
genetic information is diminished when inaccurate and imprecise environmental data lead
to biased inferences regarding gene-environment interactions (4). A more comprehensive
and quantitative view of environmental expoSchool of Public Health, University of California, Berkeley,
CA 94720–7356, USA. E-mail: srappaport@berkeley.edu

460

sure is needed if epidemiologists are to discover the major causes of chronic diseases.
An obstacle to identifying the most
important environmental exposures is the
fragmentation of epidemiological research
along lines defined by different factors.
When epidemiologists investigate environmental risks, they tend to concentrate on a
particular category of exposures involving
air and water pollution, occupation, diet
and obesity, stress and behavior, or types
of infection. This slicing of the disease pie
along parochial lines leads to scientific
separation and confuses the definition of
“environmental exposures.” In fact, all of
these exposure categories can contribute to
chronic diseases and should be investigated
collectively rather than separately.
To develop a more cohesive view of environmental exposure, it is important to recognize that toxic effects are mediated through

A new paradigm is needed to assess how a
lifetime of exposure to environmental factors
affects the risk of developing chronic diseases.

chemicals that alter critical molecules, cells,
and physiological processes inside the body.
Thus, it would be reasonable to consider
the “environment” as the body’s internal
chemical environment and “exposures” as
the amounts of biologically active chemicals in this internal environment. Under this
view, exposures are not restricted to chemicals (toxicants) entering the body from air,
water, or food, for example, but also include
chemicals produced by inﬂammation, oxidative stress, lipid peroxidation, infections, gut
ﬂora, and other natural processes (5, 6) (see
the ﬁgure). This internal chemical environment continually ﬂuctuates during life due
to changes in external and internal sources,
aging, infections, life-style, stress, psychosocial factors, and preexisting diseases.
The term “exposome” refers to the totality of environmental exposures from conception onwards, and has been proposed to be a

22 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org
Published by AAAS

Downloaded from www.sciencemag.org on August 26, 2011

PERSPECTIVES

some (telomere) length in
peripheral blood mononuclear cells responded
Reactive electrophiles
to chronic psychological
Metals
stress, possibly mediated
Endocrine disrupters
Immune modulators
by the production of reacReceptor-binding proteins
tive oxygen species (15).
Characterizing the
exposome represents a technological challenge like that of
the human genome project, which
began when DNA sequencing
Internal
was in its infancy (16). Analytichemical
cal systems are needed to proenvironment
cess small amounts of blood from
Xenobiotics
thousands of subjects. Assays
Inflammation
should be multiplexed for meaPreexisting disease
suring many chemicals in each
Lipid peroxidation
class of interest. Tandem mass
Oxidative stress
spectrometry, gene and protein
Gut flora
chips, and microﬂuidic systems
offer the means to do this. Platforms for high-throughput assays
should lead to economies of scale,
again like those experienced by
the human genome project. And
because exposome technologies
would provide feedback for therapeutic interventions and personalCharacterizing the exposome. The exposome represents
ized medicine, they should motithe combined exposures from all sources that reach the
vate the development of commerinternal chemical environment. Toxicologically important
cial devices for screening imporclasses of exposome chemicals are shown. Signatures and
tant environmental exposures in
biomarkers can detect these agents in blood or serum.
blood samples.
ruptors and can be measured through serum
With successful characterization of both
biomarkers. Immune modulators trigger the exposomes and genomes, environmental
production of cytokines and chemokines that and genetic determinants of chronic diseases
also can be measured in serum. Chemicals can be united in high-resolution studies that
that bind to cellular receptors stimulate the examine gene-environment interactions.
production of serum biomarkers that can be Such a union might even push the nature-verdetected with high-throughput screens (11). sus-nurture debate toward resolution.
Metals are readily measured in blood (12),
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critical entity for disease etiRADIATION
ology (7). Recent discussion
has focused on whether and
how to implement this vision
(8). Although fully characterizing human exposomes
STRESS
is daunting, strategies can be
developed for getting “snapshots” of critical portions of
a person’s exposome during
LIFE-STYLE
different stages of life. At
one extreme is a “bottom-up”
strategy in which all chemicals in each external source
of a subject’s exposome are
INFECTIONS
measured at each time point.
Although this approach would
have the advantage of relating important exposures to
the air, water, or diet, it would
DRUGS
require enormous effort and
would miss essential components of the internal chemical environment due to such
DIET
factors as gender, obesity,
inﬂammation, and stress. By
contrast, a “top-down” strategy would measure all chemicals (or products of their
POLLUTION
downstream processing or
effects, so-called read-outs
or signatures) in a subject’s
blood. This would require
only a single blood specimen
at each time point and would relate directly
to the person’s internal chemical environment. Once important exposures have been
identiﬁed in blood samples, additional testing could determine their sources and methods to reduce them.
To make the top-down approach feasible,
the exposome would comprise a proﬁle of the
most prominent classes of toxicants that are
known to cause disease, namely, reactive electrophiles, endocrine (hormone) disruptors,
modulators of immune responses, agents that
bind to cellular receptors, and metals. Exposures to these agents can be monitored in the
blood either by direct measurement or by
looking for their effects on physiological processes (such as metabolism). These processes
generate products that serve as signatures and
biomarkers in the blood. For example, reactive electrophiles, which constitute the largest
class of toxic chemicals (6), cannot generally
be measured in the blood. However, metabolites of electrophiles are detectable in serum
(9), and products of their reactions with blood
nucleophiles, like serum albumin, offer possible signatures (10). Estrogenic activity could
be used to monitor the effect of endocrine disExternal environment
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