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transcription factors and other proteins to enhancer and promoter
DNA [3]. Therefore, transcriptional regulatory evolution consists
of occasional (and occasionally functional) mutations in otherwise
conserved transcription factors and cis-regulatory DNA elements.
It is fraught with recruitment of existing regulatory interactions for
novel functions and the turnover of sequences in the maintenance
of existing functions [3–5].
Two unexpected discoveries propelled the study of regulatory
evolution. First, the surprising degree of conservation of protein
sequences between human and chimpanzee led to the hypothesis
that the source of morphological disparity between the two species
must reside in regulatory loci [6]. Second, studies of evolutionary
developmental biology (‘‘Evo-Devo’’) discovered deeply conserved
developmental regulators [5], including transcription factors like
Hox genes [7] and master-regulator genes [8,9]. Perhaps because
of the striking conservation of transcription factors, conserved noncoding regulatory DNA became the focus of comparative studies
of gene regulation [10].
However, the relationship between sequence conservation and
functional conservation in regulatory elements is murky [11,12],
making studies of gene regulatory evolution difficult [13].
Functional changes have been attributed to single base-pair
differences in otherwise highly conserved regulatory DNA [14],
and functional conservation can remain where no sequence
conservation is readily detected [15,16]. Sequence comparisons
alone can only identify certain types of regulatory conservation;
functional assays are necessary to identify others [17]. Since
regulatory functions are not readable via a well-established ‘‘code’’
[13], the prevalence and mode of regulatory evolution remain
open questions that relate directly to those raised by the Modern
Synthesis—what changes in the hereditary information? What
effect on the organism?
A synthesis of a variety of experimental results could shed light
on the prevalence of conservation versus divergence in transcriptional regulatory evolution, as it has illuminated other aspects of

Abstract: Perennial questions of evolutionary biology
can be applied to gene regulatory systems using the
abundance of experimental data addressing gene regulation in a comparative context. What is the tempo
(frequency, rate) and mode (way, mechanism) of transcriptional regulatory evolution? Here we synthesize the
results of 230 experiments performed on insects and
nematodes in which regulatory DNA from one species
was used to drive gene expression in another species.
General principles of regulatory evolution emerge. Gene
regulatory evolution is widespread and accumulates with
genetic divergence in both insects and nematodes.
Divergence in cis is more common than divergence in
trans. Coevolution between cis and trans shows a
particular increase over greater evolutionary timespans,
especially in sex-specific gene regulation. Despite these
generalities, the evolution of gene regulation is gene- and
taxon-specific. The congruence of these conclusions with
evidence from other types of experiments suggests that
general principles are discoverable, and a unified view of
the tempo and mode of regulatory evolution may be
achievable.

Introduction
Seven decades ago, the big tent of the Modern Evolutionary
Synthesis was erected, and since then geneticists, paleontologists,
ecologists, and their colleagues have been contributing from
different angles to a more complete understanding of evolutionary
processes. A cornerstone of the Modern Synthesis, Simpson’s
Tempo and Mode in Evolution, attempted to reconcile shorter
timescale processes invoked by population genetics with the
long-term patterns observed by paleontology, paying special
attention to the tempo of evolution (the ‘‘when’’ and ‘‘how fast’’
of evolution) and the mode of evolution (the ‘‘how’’ and possibly
‘‘why’’ of evolution) [1]. The evolutionary questions we ask today
drive ever deeper into these domains. How do changes in DNA
manifest themselves as changes in an organism? Over what
timescales do these processes unfold? Regulatory DNA—the
sequences in the genome that control when and where proteincoding or RNA genes are expressed—may be a fruitful place to
look for links between changes in DNA and novel phenotypes. At
the very least, gene regulation is itself a type of phenotype, and is
no less amenable than morphology to analyses that can detect
evolutionary patterns and lead to the inference of evolutionary
processes. Here, we apply questions of tempo and mode to gene
regulatory evolution, inspired by Simpson’s mechanistic insight
that small changes are relevant to broad evolutionary processes,
and that the effects of these changes will manifest themselves in
different patterns over small versus large evolutionary timescales.
All evolution proceeds through descent with modification [2].
Transcription is regulated by sequence-specific binding of
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Evo-Devo [18,19]. A number of studies using a range of techniques have been performed, including comparisons of endogenous gene expression [8,20–24], ChIP-chip and ChIP-seq [25,26]
with binding profiles later compared between species [27], and
gene expression studies in interspecific hybrids [22,28]. Several
exceptional studies independently determined gene networks
underlying conserved traits in two different species [29–33]. Other
studies focused on variations in post-transcriptional gene regulation via splicing [34], mRNA degradation [35], or microRNAmediated silencing [36], which also regulate gene expression in
important ways, and are probably subject to different constraints
than transcriptional regulation. All of these studies contribute to a
more complete understanding of how regulatory information is
encoded in the genome and how it changes over evolutionary
time. But with such disparate experiments to compare, it can be
difficult to see the forest for the trees. A tremendous amount has
been learned about the patterns and mechanisms of change in
individual cases, but rather less can be said about general trends of
regulatory evolution common across species.
There is one type of experiment that offers insight into
regulatory divergence and has been performed for a number of
genes in a number of species over the past several decades. It is
methodologically simple and is feasible for non-hybridizing, nonmodel organisms. The experiment is an ‘‘enhancer swap’’ in which
orthologous regulatory sequences from two species are each used
to drive reporter gene expression in one of these species, so the
expression patterns can be compared in the same trans background. This method yields easily interpretable results that may be
compared between rather different case studies, so we looked at
published experiments of this type. Ideally, finding global patterns
could hint at evolutionary processes, and common conclusions
across species and experimental paradigms could lead to general
principles.
Nucleotide changes accumulate as two genomes diverge from a
common ancestor. Enhancer swaps focus on changes within a
single cis-regulatory element in one species, and changes to the
loci that regulate it in trans in the other species. Some of these
differences will be functional with respect to the expression of a
reporter gene; others will be functionally mute. Enhancer swap
experiments can distinguish between those two possibilities,
because they ask only whether two different inputs (cis-regulatory
sequences) give the same or different outputs (expression patterns
of the reporter genes). We can therefore treat the molecular
processes underlying transcription as a black box. In this way,
enhancer swap experiments are conceptually similar to the
experiments that deciphered the genetic code. The composition
and function of the ribosome did not need to be understood in
order to relate the sequence of synthetic mRNAs to the output of
amino acid polymers [37]. Likewise, the output of gene expression
from an enhancer swap can help us infer what information is
encoded in a pair of divergent sequences, and whether their
sequence differences have a functional effect on that encoding.
Precise understanding of the molecular interactions controlling
transcription is not necessary for these conclusions to be drawn.
By comparing swaps of a number of enhancers from a multitude
of species, we can search for general patterns in the evolution of
gene regulation. If patterns appear, despite case-to-case variation
in experimentation as well as biology, they will suggest the
existence of general organizational principles. We assembled a
dataset comprised of 114 studies reporting 230 experiments (Table
S1). The range of organisms that were compared with Drosophila
melanogaster extends from its sister species to beetles, with whom
flies shared a last common ancestor in the Carboniferous [38].
Swaps among nematodes were carried out between Caenorhabditis
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elegans and its closest known relatives as well as distantly related
plant and animal parasites.
Only studies involving one of these two model systems were considered for two reasons. First, they anchor phylogenetic comparisons,
which are necessary for insight into the tempo of regulatory evolution.
Second, they offer the most precise spatial resolution of gene
expression patterns, revealing the mode of regulatory evolution. Smallscale differences in expression might be common between [16,39,40]
and within species [41]. Some minor differences in gene expression
can have major consequences for organismal fitness [42]. Since the
magnitude of pattern difference may therefore be a poor proxy for its
fitness consequences, any and all differences in expression were noted.
For the purposes of this review, we are agnostic about the fitness
consequences and action of natural selection on these differences.
Because these data are inherently variable, we present only the bestsupported and most conservative generalizations.
For each study that reported an enhancer swap experiment,
the species, gene, endogenous expression patterns (if described),
the DNA regions used to drive expression, and the result of the
enhancer swap were recorded (Table S1) and categorized
according to a rubric of possible outcomes (Figure 1). While this
sacrificed considerable richness of data reported in the original
studies, it was necessary to compare only the elements that were
common to all of the experiments. We also omitted those studies
that used different approaches, although we have drawn from
these other studies while interpreting the trends described here.
As Simpson wrote in the introduction to Tempo and Mode, ‘‘The
data will never be complete, and their useful, systematic
acquisition is dependent upon the interpretation of the incomplete data already in hand’’ [1]. In this spirit, we hope that the
currently available data can help to refine experimental
paradigms of tomorrow.

TEMPO: Evolution of Gene Regulation Is Rampant
First, we wanted to have an overall sense of the amount of
evidence for regulatory evolution that has been observed. We
therefore compared cases where conservation of the regulatory
system is strongly supported (Figure 1A, Category 1) or suspected
(Figure 1B, Category I) to cases of regulatory divergence, where
some kind of evolution must have occurred (Figure 1A, Categories
2–5; Figure 1B, Category II). If divergence is observed only rarely,
there would be little sense in looking for the mode by which it
occurs. We could conclude that regulatory systems are indeed
highly conserved in these animals.
However, we found that even with biases against the detection
of evolution in gene regulatory systems (Box 2), over 60% (145/
230) of enhancer swap experiments performed in both insects and
worms showed divergence in cis, trans, or both. Comparatively less
divergence (40/84; 48%) was observed in non-controlled experiments (Figure 1B) than in controlled experiments (105/146;
72%, Figure 1A). This can plausibly be explained by a priori
assumptions about conservation. Some experiments were not
controlled precisely because gene expression was known (or
strongly suspected) to be conserved. In other cases, the conserved
aspects of the pattern were more clearly described in the original
study than nuanced differences, which could mask evidence of
regulatory divergence. These nuanced differences are important,
as in almost all cases regulatory divergence altered the expression
pattern of a swapped enhancer without destroying it completely.
For example, the enhancer of the pes-1 gene of C. elegans and its
ortholog in Caenorhabditis briggsae are expressed in apparently
identical patterns in their species of origin (an unusually good
control was performed), but when swapped between species, they
2
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Figure 1. Categorized results of enhancer swap experiments. (A) Results of a controlled experiment can fall into one of five categories,
depending on the endogenous expression patterns of the host, donor (from which cis-regulatory DNA was derived), and the swap (the donor DNA
driving expression in the host organism). Cartoons depict schematic expression patterns showing similarity or difference, and are labeled with their
biological interpretation. DSD, Developmental Systems Drift (Box 1). Numbers of swaps conducted among insects with D. melanogaster and among
nematodes with C. elegans that fall into each category are shown. (B) Results of a non-controlled enhancer swap experiment can fall into one of only
two categories, because information from the donor (or less often, the host) is missing. References and categorization given in Table S1.
doi:10.1371/journal.pgen.1002432.g001

comparison should be made between groups of comparable
genetic distance, like C. elegans and its closest relatives compared to
D. melanogaster and the flies of the obscura group [49].
Evolution was inferred in about half of the enhancer swaps
among nematodes sharing the last common ancestor of C. elegans
and C. briggsae (34 cases of conservation, 30 cases of divergence).
Among flies of the obscura group and D. melanogaster, nine cases of
conservation and 12 cases of divergence were documented. The
fraction of conserved to divergent cases does not appear to be
different between these two groups (Fisher’s exact test, p = 0.46).
It seems likely that evolutionary change in transcriptional
regulation is correlated with overall genetic divergence. This
hypothesis concurs with evidence from another line of experimentation. Microarray measurements of gene expression divergence among Drosophila species show a strong phylogenetic signal
[50,51]. More controlled evidence could be gathered by
performing swaps of the enhancers of a set of conserved genes
between D. melanogaster and Drosophila pseudoobscura and between C.
elegans and C. briggsae. The analysis could also be extended to
deeper branches. Repeating this analysis for other taxonomic
groups could test whether the correlation between genetic distance
and regulatory divergence holds across larger portions of the
evolutionary tree. The analogous divergence in vertebrates is that
between mouse and human [49], for which a number of noncontrolled enhancer swaps have been performed.

drive weak expression in the same pattern, as well as ectopic
expression in several additional cells [43]. Such ectopic expression
would be easy to miss, and therefore might be more common than
has been reported. The striking conservation touted by Evo-Devo
studies is surely at work, but most regulatory mechanisms have
been modified to a detectable degree.
These results can be considered in the context of hybrid
gene expression experiments that find a mixture of regulatory
divergence and conservation genome-wide [35,44–46]. Directed
enhancer swap experiments targeting loci that are misregulated in
hybrids could locate causal differences in expression. If these loci
are misregulated when the enhancer from one species is swapped
into the other, they are likely the sites of regulatory divergence.
Alternatively, if misregulation is confined to the hybrid, then
incompatibilities in the hybrid trans background are responsible.
This may shed light on what proportion of hybrid defects is caused
by divergence of gene expression in the two hybridizing species,
and what proportion is caused by hybrid-specific regulatory
defects. Another line of inquiry could be extended to the results of
vertebrate enhancer swaps, where conservation of gene regulation
has long been upheld [47], but recent interest has turned to cases
of non-conservation in regulatory systems [48].

TEMPO: Regulatory Changes Accumulate with
Genetic Divergence

MODE: Divergence in cis Alone Is More Common
than Divergence in trans Alone

Given that regulatory evolution is common, we next examined
whether the amount of divergence differed between nematodes
and insects. We expected regulatory divergence to accumulate
over time, but is this true across all the genes that were studied?
Does divergence happen at the same or different rates in the two
taxa? Does regulatory divergence happen so quickly as to lose
phylogenetic signal within these timespans? Expectations for the
answers to these questions are not straightforward. The overall
proportion of conservation versus divergence that was observed
among insects and nematodes by controlled enhancer swaps is
similar, but when all experiments are considered, more divergence
was discovered among insects (Figure 1). A more appropriate
PLoS Genetics | www.plosgenetics.org

Genes whose regulation was examined in controlled enhancer
swaps either had conserved (Figure 1A, Categories 1 and 5) or
differing (Categories 2–4) endogenous expression patterns. Endogenous expression pattern differences can be caused by regulatory
divergence in trans alone (Category 2), cis alone (Category 3), or cistrans coevolution (Category 4); enhancer swap experiments can tell
the difference between these evolutionary modes, so we asked
which was observed most frequently.
Enhancer swap experiments reveal considerably more cis alone
than trans alone regulatory divergence (Figure 1A, numbers of
3
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divergence in cis is also observed. The most-studied gene, yellow,
showed divergence in cis alone in 15/26 cases [52–54], in trans
alone in 3/26 [52,55], and in cis and trans in 4/26 cases [55–57];
the remaining cases show conservation. This does not appear to be
a gene bias against detecting trans divergence, because most genes
for which trans divergence was documented also showed evidence
of cis divergence [39,58] or cis-trans coevolution [59] in other
experiments. This suggests that a given gene is more likely to
experience evolution in cis than in trans.
We do not think that bias explains the observation that more
evidence for evolution in cis than in trans is observed (Box 2). A
predominance of divergence in cis is consistent with the consensus
of the earliest transgenic animal studies of regulatory evolution
(reviewed by [60]). More recent and quantitative studies find a
large effect of variation in cis to a given gene on its level of
expression in yeast strains [61] and species [62] and animal strains
[63] and species [64]. For example, an estimated 95% of human
expression-QTLs are found in the 20-kb of sequence in cis to the
transcription start site of a gene [65]. The conclusion that cisregulatory evolution is observed more often than trans-regulatory
evolution also agrees with theoretical arguments that cis-regulatory
evolution should be common because it can break the pleiotropy
of developmentally important genes [66], and these predictions are
being born out by a growing number of studies linking cisregulatory evolution to morphological change [18].
Since Categories 4 and 5 (in which coevolution between cis and
trans has occurred) are well-represented, it is clear that changes in
trans to the genes that were tested played an important role in the
evolution of their regulation. Divergence in trans is common, but
appears rarely to happen without coevolution in cis, as has been
noted in hybrid studies [64], perhaps because evolutionary
changes in cis quickly respond to trans changes. The dynamics of
cis-trans coevolution are not well understood, and it is imperative
that they be studied further, particularly with respect to how gene
networks respond to single regulatory changes. A recent simulation
and analysis of expression data suggested that cis-trans coevolution
may play a larger role than has been previously recognized [67].
Coevolution between cis and trans may be more prevalent than is
commonly thought, since methods that measure endogenous gene
expression are not able to detect lineage-specific coevolution if it is
constrained to preserve the same regulatory output [68,69].
Enhancer swap experiments, especially with controls, reveal
coevolution when the swapped enhancer expresses in a pattern
that differs from either endogenous pattern (as in Figure 1A,
Category 5). This is reminiscent of the phenotypes that result from
transgressive segregation that is commonly observed in hybrids
[62,70]. When changes in a single lineage are balanced or
compensatory, combining a subset of these changes with those that
evolved independently in another lineage—whether by transgenics
or by hybridization—can result in extreme phenotypes that do not
recapitulate those of either parent. When these phenotypes occur
in an enhancer swap experiment, they identify a particular
pathway in which divergence has accumulated.

Box 1. Interpreting Experimental Results
Individual experiments were coded according to the
possible outcomes of an enhancer swap as shown in
Figure 1 and Table S1. The most informative enhancer
swap experiments are controlled. This requires the
knowledge of endogenous expression patterns in both
species—ideally of a given cis-regulatory DNA, but gene
expression as determined by in situ hybridization can
also be used (but see Box 2). Performance of the donor
DNA in the host (the ‘‘swap’’) can be compared to both
endogenous expression patterns and categorized according to the type of evolutionary change it suggests. These
categories explain our observations in the most parsimonious way; more complicated scenarios are possible, so we
likely underestimate how much regulatory evolution has
occurred.
Conservation is inferred when all three patterns are alike
(Figure 1A, Category 1), although some changes in cis and
trans will fail to affect expression in a way that is detected
by these swaps, so evolutionary change will be underestimated for this reason as well. A host-like pattern is
evidence for evolution in trans, since the trans factors of
the host determine the pattern, and the cis elements
of both species are functionally equivalent in the host
(Figure 1A, Category 2). Conversely, a donor-like pattern is
evidence for evolution in cis, since the donor cis element is
sufficient, regardless of which species is the host
(Figure 1A, Category 3).
If both cis and trans regulators of a given enhancer have
diverged, malfunctioning combinations will be created in
an enhancer swap. This happens when two (or more)
regulators of a single enhancer change their regulatory
roles and coevolve with each other, creating speciesspecific regulatory interactions. These interactions are
incomplete in a swap since the host lacks coevolved trans
factors that the donor DNA relies on for expression
(Figure 1A, Categories 4 and 5). The swapped enhancer
will fail to be expressed properly under these conditions.
The result can either be failure of expression or ectopic
expression. The differences can be dramatic or slight, but
even slight differences are evidence of cis-trans coevolution [82]. Sometimes cis-trans coevolution leads to
divergent expression patterns (Figure 1A, Category 4).
Hypothetically, independent cis and trans changes could
occur on each lineage. In other cases, the gene expression
pattern is maintained despite evolution at the level of
regulatory interactions in one or both lineages (Figure 1A,
Category 5); this particular type of coevolution is known as
Developmental Systems Drift [102].
Without controls, results of an enhancer swap are less
informative (Figure 1B). If only one of the endogenous
patterns (either donor or host) is known, the swap either
does look like the pattern that is known (Figure 1B,
Category I) or it does not (Figure 1B, Category II). While
some complexities of the evolutionary dynamics are lost in
such experiments, they can nonetheless distinguish most
types of divergence from conservation. For this reason,
they are still helpful to the goal of making a conservative
estimate of how much evolutionary change has occurred.

TEMPO and MODE: Misregulation Increases with
Phylogenetic Distance
Coevolution between cis and trans may constitute a distinct
mode of evolution that unfolds with a slower tempo than cis or trans
divergence alone. In Categories 2 and 3, an underlying regulatory
logic is shared by both the donor and host. Evolution tweaked a
parameter, a cis-regulatory element is lost for example [71], or a
transcription factor is expressed in a new pattern [72,73], but the
components necessary to execute regulatory instructions work

experiments involving insects coded as Category 3 versus 2 are
different as judged by a one-tailed z-test for proportions = 5.01,
p,0.001), and a considerable amount of cis-trans coevolution
underlying differing expression patterns (Category 4). Where indepth data are available for individual genes, the excess of
PLoS Genetics | www.plosgenetics.org
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Box 2. Caveats and Biases
The conclusions of this study must be viewed in the light of several caveats and biases that inherently complicate metaanalyses. In this box we discuss those that seem most pertinent to the conclusions we draw. Fortunately, most of them make
our conclusions conservative, as they primarily compromise our ability to detect evidence of evolution.
Choice of organisms—Only swaps performed with D. melanogaster or C. elegans were analyzed, so that these species anchor the
phylogenetic range of the studies and allow for evolutionarily meaningful, as well as precise, comparisons. Are these findings
generalizable to other species?
Choice of genes—The enhancers used in these studies were chosen due to interest in the biology of the genes they regulate, so
they may not be representative. About half of all genes tested in both Drosophila and non-Drosophila insects, as well as in
Caenorhabditis nematodes, have regulatory functions, which may be greater than the proportion of regulatory genes in the
genome.
Multiply-tested genes—For some genes, multiple enhancers were tested from the same species, or from multiple species. While
no redundant experiments were counted (that is, the same enhancer from the same donor in the same host species), we did
count all tests of different enhancers of the same gene. We removed the most-tested genes from the analysis (eve and hb in
insects; egl-17 in worms) to check if our conclusions stand, and they do.
Choice of enhancer fragment—Establishing homology between regulatory elements is difficult. In distantly related species, or in
rapidly evolving enhancers, non-coding DNA is less likely to be alignable. The boundaries of regulatory elements may not be
easily discernable, and sequence outside the limits of conservation may still have regulatory function [16]. Indeed, DNA
fragments of different lengths can have different activities, even if they are centered on the same conserved region, so some
differences that are attributed to species of origin might instead result from different sizes or boundaries of the tested
elements, or from incorrect inferences of homology. When several enhancer lengths were tested, we counted only the results
from the longest fragment.
Power of detection—Not every mode of evolution can readily be detected by an enhancer swap. For example, two cis changes in
the same enhancer that compensate for one another will ‘‘travel’’ together through the experiment in donor DNA, hindering
discovery [103]. While we believe that the potential experimental outcomes as shown in Figure 1 are comprehensive, not every
experiment ends up in a published study. Particular interest in cis-regulatory evolution may bias the initial selection of genes;
however, this would require remarkable intuition about the types of regulatory changes that lead to gene expression
divergence. There may also be bias towards following up preliminary results that suggest evolution in cis, because the causal
nucleotides will be found in a more restricted region than those acting in trans, for which the entire genome is potentially
implicated. Additionally, when divergence causes the complete failure of expression of regulatory instructions from another
species, the negative results may end up in a ‘‘file drawer’’ [104]. Negative results have been reported in only a few cases
[59,105,106], making us suspect that the file drawer is not exactly empty. Many cases of regulatory divergence may be difficult
to discern from experimental failure.
Experimental precision and resolution—Gene expression is a multidimensional phenotype, and not every dimension is measured
with the same precision. In some cases in which it was quantified, gene expression levels differed while patterns stayed the
same [42]. Apparently weaker enhancers that drove correct spatial expression were not counted as divergent unless they failed
to rescue or their expression levels were quantified. Another aspect of gene regulation, timing of expression, was reported only
in a minority of studies. If expression timing was noted to be incorrect in a swap, the enhancer was counted as divergent. Surely
if more studies quantified expression and timing, more cases of regulatory divergence would have been discovered.
Quality of control—Some experiments are controlled not by reciprocal transgenics, but by in situ hybridization to determine the
endogenous gene expression patterns. These controls are not ideal, since they reveal the total distribution of mRNA of a given
gene, which may not be the same as the domain of expression driven by a single enhancer. In some cases, the expression
pattern of a gene is known to result from the composite effect of multiple enhancers [54]. If the expression pattern of a given
enhancer recapitulates part of the known expression pattern, it was coded as ‘‘alike’’ to that pattern. This surely missed some
nuanced differences in enhancer specificity.
Intentions of initial study—Every study is done with unique motivations and its own particular questions, so we judged
(subjectively) whether the language of the paper implied expectations that a given enhancer swap would show conservation or
divergence (Table S1). These expectations were compared to the experimental outcomes coded as ‘‘conserved’’ (Figure 1A,
Category 1; Figure 1B, Category I) or ‘‘diverged’’ (Figure 1A, Categories 2–5; Figure 1B, Category II). Experiments that expected
conservation nonetheless observed divergence 50% (72/141) of the time. In some cases, conserved aspects of the expression
pattern were emphasized in the text, but evidence of divergence was apparent in the data. Experiments expecting divergence
observed it more frequently, in over 80% of the cases (73/89). These expectations were often based on known divergence in a
gene regulatory cascade [59] or known divergence of a trait to which a particular gene had been linked [56,107,108]. We do not
think the initial hypotheses are unduly influencing the outcome of experiments that predict regulatory evolution. The
percentage of experiments that infer evolution remains relatively constant at about 60%. The percentage of experiments that
expect evolution has increased over time to come into this range within the last five years or so (Figure S1). Happily, hypotheses
are influenced by the evidence of previous experiments.
‘‘Man-bites-dog’’ bias—Interest in gene regulatory evolution is not evenly spread among taxa or genes. In journalism, the saying
goes that when a dog bites a man, that’s not news, but when a man bites a dog, that’s news! In terms of enhancer swap
experiments, this may mean that genes whose expression is conserved among distantly related organisms, or divergent among
closely related organisms, may be more scrutinized than cases of divergence over great evolutionary distances or conservation
among sister taxa. If this is the case, it could inflate the apparent prevalence of divergence among close relatives and
underestimate divergence among more distant relatives.
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together in the same fashion in both species. The mechanism for
interpreting instructions and giving an output has been preserved;
the input changed, so the output changed (Figure 2A). Consequently, cis-regulatory instructions can faithfully be executed by
trans-regulatory factors in a species-specific manner upon swap.
Because variation of cis-regulatory elements or trans-regulatory
factors exists even within species [74,75], we hypothesize that
divergence of the type shown in Categories 2 and 3 is more likely
to appear between closely related organisms [76], particularly in
genetic systems that underlie divergent traits.
In contrast, Categories 4 and 5 suggest a breakdown in the
regulatory interactions controlling gene expression that we call
‘‘misregulation’’, which results from lineage-specific cis-trans
coevolution. The host trans environment cannot properly interpret
the donor’s cis instructions (Figure 2B). More evolutionary time is
required to accumulate divergence in several members of a group
of interacting molecules, as opposed to the single step that can be
sufficient for divergence of the type shown in Categories 2 and 3.
For instance, the boundaries of expression driven by the eve stripe 2
enhancers of Drosophila yakuba, Drosophila erecta, and D. pseudoobscura
in a D. melanogaster host overlap precisely with native D. melanogaster
EVE protein expression [77]; eve stripe enhancers from sepsid flies,

however, drive expression in stripes that do not have coincident
boundaries with D. melanogaster eve enhancers’ stripe expression
[15]. More functional divergence has accumulated in these
enhancers between sepsids and D. melanogaster than has accumulated among Drosophila flies.
While it is possible that multi-gene regulatory networks can be
polymorphic within species [78], it seems more likely that variable
inputs into otherwise conserved networks are the seeds of regulatory divergence. If multiple interacting variants exist in a
single population, the risk of maladaptive combinations arising in
individuals could be substantial. Considerable gene expression variation exists within species, and finding the source of that variation will test our hypothesis: cis or trans variants alone affect most
gene expression variation within and between closely related
species, and cis-trans coevolution is more likely to accumulate as
lineages diverge.
We predict that divergence of Categories 2 and 3 and
misregulation of Categories 4 and 5 will evolve at different rates.
Evolution in cis alone has been shown to be a distinct mode of
regulatory change from evolution in trans alone, and they have
been found to accumulate differently within and between species
[63]. Perhaps examining the mode of cis-trans coevolution among

Figure 2. Divergence and misregulation proceed through different molecular mechanisms. (A) Evolution in cis alone, for example via
binding site gain, can require only a single evolutionary step. Solid versus dashed lines/shapes represent different species. Binding sites (black) and
transcription factors (gray) interact in the same way in both species, but a binding site (star) has been gained in the donor’s cis-regulatory element,
recruiting an existing regulator into the gene regulatory network. An enhancer swap combines this cis element (in needle) with the trans
environment of the host (in circle), which is sufficient to drive a donor-like pattern. Divergence in trans alone is also possible, but is not depicted here.
(B) cis-trans coevolution leads to misregulation upon swap. Binding sites and transcription factors interact in different ways in the two species. The
donor cis element lacks the information that the host trans factors need to drive proper expression, so the pattern is not interpreted correctly. Not all
cis-trans coevolution will take place through divergence of transcription factors and their binding sites as depicted; interactions with co-factors, the
distribution of factors, etc. can also cause divergence in trans to a given enhancer (not shown).
doi:10.1371/journal.pgen.1002432.g002
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under directional selection by modifying preexisting regulatory
logics. In other cases, the more time passes since divergence from a
common ancestor, the more changes accumulate in the logic of a
regulatory network [59]. This accumulation could also be caused
by selection on the network in one or both species, or possibly as a
byproduct of other evolutionary forces. The rate at which
misregulation accrues in conserved traits versus divergent traits
should be tested explicitly. If the distinction holds up, different
modes of evolution may underlie divergent gene regulation and
deeply conserved expression patterns.

more distantly related species will reveal additional information
about how regulatory systems change over time.
To this end, we compared groups of greater and lesser genetic
divergence. Misregulation is observed half as frequently as
divergence within both Caenorhabditis worms and Drosophila flies
(Table 1), which have a similar amount of genetic divergence (see
above). The proportions are not statistically different between
these two groups (Fisher’s exact test p.0.9). Because enhancers
from distantly related nematodes were primarily swapped in a
non-controlled fashion, we do not have the resolution to distinguish Categories 2 and 3 from Categories 4 and 5 (Table 1 and
Table S1). Our examination of divergence at greater phylogenetic
distances therefore focused on the insects where better controls
were performed. Enhancers from non-Drosophila insects expressed
in D. melanogaster were misregulated over three times more often
than they were diverged (Table 1); enhancers from other Drosophila
flies expressed in D. melanogaster were misregulated just over half as
often as they were diverged. One possible interpretation of
this significant difference (Fisher’s exact test p,0.001) between
enhancer swaps among Drosophila flies and those involving other
insects (Table 1) is that over time, regulatory systems that first
change either in cis or in trans (Categories 2 and 3) accumulate
additional changes that result in misregulation when swapped
(Categories 4 and 5). This interpretation would be undermined if
the types of genes used in swaps between distantly related insects
were somehow more likely to be misregulated, rendering the two
types of experiments incomparable. We do not believe this to be
the case, as the experiments conducted at both phylogenetic
distances were an almost perfectly even mix of developmental
regulatory genes and structural genes (Box 2), with several genes
tested at both distances (Table S1).
If misregulation accumulates by the same processes that lead to
Dobzhansky-Muller incompatibilities—divergence in multiple
interacting molecules—there are theoretical [79] and empirical
[80,81] reasons to suggest they will increase dramatically over
time. The timescales considered by the studies we included are
much greater than those over which speciation occurs, but if the
same principle of snowballing accumulation of divergence in
interacting loci is at play, regulatory elements from more distant
taxa are likely to show misregulation in a swap. We do not
currently have enough information to test this hypothesis, but
enhancer swaps targeted to a particular phylogeny and large
enough gene set could do just that.
Coevolution between transcription factors and their targets has
been implicated in misregulation [82,83]. Whether the endogenous expression patterns are divergent (Category 4) or conserved
(Category 5), the information contained in cis-regulatory sequences
and the loci that regulate them in trans are coevolving. These
results suggest that some well-studied cases of regulatory evolution
underlying divergent traits between closely related organisms, like
stickleback fins [71] and mouse coat color [84], may constitute a
particular type of gene regulatory evolution. It proceeds quickly

TEMPO and MODE: Sex-Specific Regulation
Diverges Faster than Tissue-Specific Regulation
We next examined sex-specific genes, whose expression we
expected to evolve fairly rapidly, as they were our best candidates
for making the comparison between recently diverged and more
deeply diverged taxa. Our hypothesis is that they will show
evidence of divergence in cis or trans (Categories 2 and 3) among
close relatives and misregulation (coevolution between cis and trans,
Categories 4 and 5) at greater phylogenetic distances.
Indeed, enhancers of genes with sex-specific expression are
frequently misregulated when swapped into a distantly related
organism (the trend described in the section above is robust to
removing the sex-specific genes). Among flies of the same subgenus
as D. melanogaster (the Sophophora, Figure 3), 14/15 enhancers drive
proper sex-specific expression upon swap. In sharp contrast,
enhancers from more distantly related insects only showed proper
sex-specific expression in 3/15 cases. They were typically
misregulated with respect to sex only, and not tissue (11/12
misregulated enhancers maintained tissue-specific expression).
Two conclusions can be drawn from this evidence. First, the
tempo of sex-specific gene expression evolution is rapid. Of the 30
enhancers with sex-specific expression patterns, all but two [76,85]
show evidence of evolution in sex or tissue. This concords with
what is known about the rapid evolution of sex-biased genes and
their expression [45,86]. The second conclusion is that when a
gene is expressed in both a sex-specific and tissue-specific manner,
the former evolves more rapidly. This observation reflects the
modularity of gene regulation, as different functions are independently mutable, and apparently subject to different constraints. A
similar phenomenon has been observed with the cis elements of
distantly related nematodes in C. elegans, where stage-specific
regulation was seen to diverge faster than tissue-specific regulation
(Table S1, and reviewed by [87]). In even more distant swaps, heat
shock promoters of D. melanogaster in C. elegans were found to retain
inducibility upon heat shock, but not tissue-specificity [88]. Tissue,
sex, stage, and inducibility are all aspects of gene expression that
can apparently diverge at different rates.
The hypothesis that independent protein-DNA interactions
determine different aspects of expression follows from these
observations, and subsequent experiments have identified some

Table 1. Misregulation increases with phylogenetic distance.

Taxa of Comparison

Conservation (Category 1)

Divergence (Categories 2, 3)

Misregulation (Categories 4, 5)

Caenorhabditis worms

7

11

6

Non-Caenorhabditis worms

3 (Category I)

10 (Category 4, 5, II)

10 (Category 4, 5, II)

Drosophila flies

23

39

22

Non-Drosophila insects

11

6

21

doi:10.1371/journal.pgen.1002432.t001
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Figure 3. Sex-specific expression evolves faster than tissue-specific expression. When swapped into D. melanogaster, very few enhancers
from other species of the Sophophora subgenus are misregulated with respect to sex or tissue. Enhancers from more distantly related insects,
however, are misregulated more frequently with respect to sex than tissue when expressed in D. melanogaster. The total number of sex-specific
enhancer swaps performed with Sophophora and with other insects is coincidentally 15 in each case.
doi:10.1371/journal.pgen.1002432.g003

of the regulatory information that may impart sex-specificity
[85,89]. Greater attention to sex- and stage-specificity of gene
expression in other studies [90] will continue to reveal new insights
into their evolution. Enhancer swaps of a set of orthologous cisregulatory elements from progressively more distant species could
test fidelity of sex-specific expression, and could point to particular
transitions in sex-determination [91]. Nematodes, which have
extensively modified reproductive modes [32,49,92], could be
particularly appropriate organisms for such a study.
While the trend we observe is strong, there are some remarkable
counterexamples. An enhancer from the closest relative to D.
melanogaster that was tested by any study , Drosophila sechellia, was not
expressed at all upon swap [85]. On the other hand, two chorion
gene enhancers from the silk moth Bombyx mori, the most distantly
related organism to D. melanogaster for which sex-specific genes
were tested, were properly regulated with respect to sex, despite
lacking orthologs in the D. melanogaster genome [93].

and trans, without much evidence to indicate shared changes [53].
This is true of other genes for which multiple enhancers from
multiple species have been tested [15,42,82,85,94–97]. Conversely, when considering single species pairs (like C. elegans and C.
briggsae, which were tested by most of the nematode experiments),
studies of some enhancers found regulatory conservation and
others found divergence in a gene-specific way (Table S1). Overall,
most evolutionary changes observed by these studies occurred in
taxon-specific ways, with ancestral states being modified independently on multiple descendant lineages [53,54].
Both the abundance of regulatory evolution and the fact that it
is widely observed on terminal branches accord with what is
known about its mechanisms, further suggesting that speciesspecific divergence is not an experimental artifact of this hodgepodge assortment of enhancer swaps. Transcription-factor binding
events are known to be species-specific [98], and may be subject to
positive selection [99,100] in their independent lineages. Terminal
branches are also enriched for endogenous divergence in gene
expression as measured by microarray [50], and endogenous
divergence contributes to the divergence we observed (Figure 1A,
Categories 2–4; and Figure 1B, Category II). Theoretical models
of gene regulatory evolution suggest that many mutational paths
can be followed by a given regulatory sequence while preserving its
output [101]. The fact that general trends emerge from a big
picture of gene regulatory evolution does not deny the importance
of idiosyncratic changes in gene expression. These changes are
important in that they are widespread. In some swaps, the
enhancer from one species can be used to drive expression of the
gene it normally regulates to test if it can rescue a host of the other
species that lacks activity of the enhancer. One of the rare studies
that did this type of experiment in flies found that the ability of
enhancers from three species to rescue was inversely correlated to
their phylogenetic distance from D. melanogaster [42]. While such an
inverse correlation is unlikely to be found generally, this result is an
excellent example of how regulatory changes accumulate on
different lineages in a non-linear, unpredictable way. Such

MODE: Regulatory Changes Are Gene- and
Species-Specific
The examples cited in the last section that counter the general
trend we observe for sex-specific genes led us to ask whether
lineage-specific contingency is rare or common. Will phylogenetic
distance be able to predict whether a particular enhancer will
function properly in a swap? Or will it be misleading to generalize
the results of a single experiment to the behavior of regulatory
elements of other genes or species?
Most evolutionary changes are highly specific with respect to the
genes and species in which they occur. The dataset on which we
are basing this conclusion is by its nature idiosyncratic, but the
trend holds when we examine single genes or single taxon pairs.
An instructive example is offered by the yellow gene, whose
expression has been compared among multiple Drosophila species.
Depending on the lineage, experiments found conservation,
divergence in cis alone, trans alone, and coevolution between cis
PLoS Genetics | www.plosgenetics.org
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changes offer insight into the irregular nature of gene regulatory
evolution. Far from accumulating equally in all loci over time,
functional changes are episodic in a way that sometimes implies,
and sometimes belies, phenotypic evolution. Functional tests of
enhancer activity are therefore crucial.

Drosophila and Caenorhabditis, regulatory divergence keeps pace with
genetic divergence; however, counterexamples to this trend reinforce the lineage- and gene-specific nature of regulatory change.
Functional tests of divergent regulatory sequences are necessary
for understanding particular cases of regulatory evolution, as well
as for bolstering the trends documented here. There is plenty of
evidence of regulatory evolution written in animal genomes, and
new techniques and directed investigations are bound to reveal
more of it.

Conclusions
Whether or not they were looking for it, the majority of
enhancer swap experiments performed over the past three decades
on insects and nematodes have found evidence for gene regulatory
evolution. This is true whether the output of the regulatory system
is conserved or divergent. Divergent gene expression patterns are
more often explained by evolution in cis than in trans; however, the
abundance of cis-trans coevolution that is found by enhancer swap
experiments means that both cis and trans evolution play an
important role in shaping gene regulatory systems. Coevolution of
this sort predominates among more distantly related organisms,
especially with respect to sex-specific gene expression. In at least

Supporting Information
Figure S1 Changes in expectations and observations of
evolution in published literature over time.
(PDF)
Table S1 Reference list and categories of experiments analyzed.

(XLSX)

References
1. Simpson GG (1944) Tempo and mode in evolution. New York: Columbia
University Press.
2. Darwin C (1859) On the origin of species. London: John Murray.
3. Davidson EH (2001) Genomic regulatory systems: Development and evolution.
San Diego (CA): Academic Press.
4. Stern DL (2010) Evolution, development, and the predictable genome.
Greenwood Village (CO): Roberts & Company Publishers.
5. Carroll SB, Grenier JK, Weatherbee SD (2001) From DNA to diversity:
Molecular genetics and the evolution of animal design. Malden (MA): Blackwell
Scientific.
6. King MC, Wilson AC (1975) Evolution at 2 levels in humans and chimpanzees.
Science 188(4184): 107–116.
7. Akam M (1989) Hox and hom - homologous gene clusters in insects and
vertebrates. Cell 57(3): 347–349.
8. Panganiban G, Irvine SM, Lowe C, Roehl H, Corley LS, et al. (1997) The
origin and evolution of animal appendages. Proc Natl Acad Sci U S A 94(10):
5162–5166.
9. Quiring R, Walldorf U, Kloter U, Gehring WJ (1994) Homology of the eyeless
gene of Drosophila to the small eye gene in mice and aniridia in humans. Science
265(5173): 785–789.
10. Aparicio S, Morrison A, Gould A, Gilthorpe J, Chaudhuri C, et al. (1995)
Detecting conserved regulatory elements with the model genome of the
japanese puffer fish, Fugu rubripes. Proc Natl Acad Sci U S A 92(5): 1684–1688.
11. Cooper GM, Brown CD (2008) Qualifying the relationship between sequence
conservation and molecular function. Genome Res 18(2): 201–205.
12. Weirauch MT, Hughes TR (2010) Conserved expression without conserved
regulatory sequence: The more things change, the more they stay the same.
Trends in Genetics 26(2): 66–74.
13. Wray GA, Hahn MW, Abouheif E, Balhoff JP, Pizer M, et al. (2003) The
evolution of transcriptional regulation in eukaryotes. Mol Biol Evol 20(9):
1377–1419.
14. Frankel N, Davis GK, Vargas D, Wang S, Payre F, et al. (2010) Phenotypic
robustness conferred by apparently redundant transcriptional enhancers.
Nature 466(7305): 490–493.
15. Hare EE, Peterson BK, Iyer VN, Meier R, Eisen MB (2008) Sepsid even-skipped
enhancers are functionally conserved in Drosophila despite lack of sequence
conservation. PLoS Genet 4(6): e1000106. doi:10.1371/journal.pgen.1000106.
16. Barriere A, Gordon KL, Ruvinsky I (2011) Distinct functional constraints
partition sequence conservation in a cis-regulatory element. PLoS Genet 7(6):
e1002095. doi:10.1371/journal.pgen.1002095.
17. Swanson CI, Evans NC, Barolo S (2010) Structural rules and complex
regulatory circuitry constrain expression of a notch- and EGFR-regulated eye
enhancer. Dev Cell 18(3): 359–370.
18. Stern DL, Orgogozo V (2008) The loci of evolution: How predictable is genetic
evolution? Evolution 62(9): 2155–2177.
19. Carroll SB (2005) Evolution at two levels: on genes and form. PLoS Biol 3(7):
e245. doi: 10.1371/journal.pbio.0030245.
20. Price MD, Lai ZC (1999) The yan gene is highly conserved in Drosophila and its
expression suggests a complex role throughout development. Dev Genes Evol
209(4): 207–217.
21. Kuwabara PE (1996) Interspecies comparison reveals evolution of control
regions in the nematode sex-determining gene tra-2. Genetics 144(2): 597–607.
22. Chang Y, Liu FR, Yu N, Sung H, Yang P, et al. (2008) Roles of cis- and transchanges in the regulatory evolution of genes in the gluconeogenic pathway in
yeast. Mol Biol Evol 25(9): 1863–1875.

PLoS Genetics | www.plosgenetics.org

23. Gilad Y, Oshlack A, Smyth GK, Speed TP, White KP (2006) Expression
profiling in primates reveals a rapid evolution of human transcription factors.
Nature 440(7081): 242–245.
24. Parikh A, Miranda ER, Katoh-Kurasawa M, Fuller D, Rot G, et al. (2010)
Conserved developmental transcriptomes in evolutionarily divergent species.
Genome Biol 11(3): R35.
25. Negre N, Brown CD, Ma L, Bristow CA, Miller SW, et al. (2011) A cisregulatory map of the Drosophila genome. Nature 471(7339): 527–531.
26. Gerstein MB, Lu ZJ, Van Nostrand EL, Cheng C, Arshinoff BI, et al. (2010)
Integrative analysis of the Caenorhabditis elegans genome by the modENCODE
project. Science 330(6012): 1775–1787. Erratum in Science 2011 Jan 7;
331(6013): 30.
27. Bradley RK, Li X, Trapnell C, Davidson S, Pachter L, et al. (2010) Binding site
turnover produces pervasive quantitative changes in transcription factor
binding between closely related Drosophila species. PLoS Biol 8(3): e1000343.
doi:10.1371/journal.pbio.1000343.
28. Wittkopp PJ, Haerum BK, Clark AG (2008) Regulatory changes underlying
expression differences within and between Drosophila species. Nat Genet 40(3):
346–350.
29. Tuch BB, Galgoczy DJ, Hernday AD, Li H, Johnson AD (2008) The evolution
of combinatorial gene regulation in fungi. PLoS Biol 6(2): e38. doi:10.1371/
journal.pbio.0060038.
30. Tsong AE, Tuch BB, Li H, Johnson AD (2006) Evolution of alternative
transcriptional circuits with identical logic. Nature 443(7110): 415–420.
31. Hinman VF, Davidson EH (2007) Evolutionary plasticity of developmental
gene regulatory network architecture. Proc Natl Acad Sci U S A 104(49):
19404–19409.
32. Hill RC, de Carvalho CE, Salogiannis J, Schlager B, Pilgrim D, et al. (2006)
Genetic flexibility in the convergent evolution of hermaphroditism in
Caenorhabditis nematodes. Dev Cell 10(4): 531–538.
33. Wang X, Sommer RJ (2011) Antagonism of LIN-17/Frizzled and LIN-18/Ryk
in nematode vulva induction reveals evolutionary alterations in core developmental pathways. PLoS Biol 9(7): e1001110. doi:10.1371/journal.pbio.1001110.
34. Pickrell JK, Marioni JC, Pai AA, Degner JF, Engelhardt BE, et al. (2010)
Understanding mechanisms underlying human gene expression variation with
RNA sequencing. Nature 464(7289): 768–772.
35. Dori-Bachash M, Shema E, Tirosh I (2011) Coupled evolution of transcription
and mRNA degradation. PLoS Biol 9(7): e1001106. doi:10.1371/journal.pbio.
1001106.
36. Le MT, Shyh-Chang N, Khaw SL, Chin L, Teh C, et al. (2011) Conserved
regulation of p53 network dosage by microRNA–125b occurs through evolving
miRNA–target gene pairs. PLoS Genet 7(9): e1002242. doi:10.1371/journal.
pgen.1002242.
37. Nirenberg M, Matthaei JH (1961) The dependence of cell-free protein synthesis
in E. coli upon naturally occurring or synthetic polyribonucleotides. Proc Natl
Acad Sci U S A 47(10): 1588–1602.
38. Gaunt MW, Miles MA (2002) An insect molecular clock dates the origin of the
insects and accords with palaeontological and biogeographic landmarks. Mol
Biol Evol 19(5): 748–761.
39. McGregor AP, Orgogozo V, Delon I, Zanet J, Srinivasan DG, et al. (2007)
Morphological evolution through multiple cis-regulatory mutations at a single
gene. Nature 448(7153): 587-U6.
40. Frankel N, Erezyilmaz D, McGregor AP, Wang S, Payre F, et al. (2011)
Morphological evolution caused by many subtle-effect substitutions in
regulatory DNA. Nature 474: 598–598-603.

9

January 2012 | Volume 8 | Issue 1 | e1002432

72. Lowe C, Wray G (1997) Radical alterations in the roles of homeobox genes
during echinoderm evolution. Nature 389(6652): 718–721.
73. Keys D, Lewis D, Selegue J, Pearson B, Goodrich L, et al. (1999) Recruitment
of a hedgehog regulatory circuit in butterfly eyespot evolution. Science 283(5401):
532–534.
74. Sung H, Wang T, Wang D, Huang Y, Wu J, et al. (2009) Roles of trans and cis
variation in yeast intraspecies evolution of gene expression. Mol Biol Evol
26(11): 2533–2538.
75. Rebeiz M, Pool JE, Kassner VA, Aquadro CF, Carroll SB (2009) Stepwise
modification of a modular enhancer underlies adaptation in a Drosophila
population. Science 326(5960): 1663–1667.
76. Jeong S, Rebeiz M, Andolfatto P, Werner T, True J, et al. (2008) The evolution
of gene regulation underlies a morphological difference between two Drosophila
sister species. Cell 132(5): 783–93.
77. Ludwig MZ, Patel NH, Kreitman M (1998) Functional analysis of eve stripe 2
enhancer evolution in Drosophila: Rules governing conservation and change.
Development 125(5): 949–958.
78. Hittinger CT, Goncalves P, Sampaio JP, Dover J, Johnston M, et al. (2010)
Remarkably ancient balanced polymorphisms in a multi-locus gene network.
Nature 464(7285): 54-U61.
79. Orr HA, Turelli M (2001) The evolution of postzygotic isolation: Accumulating
Dobzhansky-Muller Incompatibilities. Evolution 55(6): 1085–1094.
80. Matute DR, Butler IA, Turissini DA, Coyne JA (2010) A test of the snowball
theory for the rate of evolution of hybrid incompatibilities. Science 329(5998):
1518–1521.
81. Moyle LC, Nakazato T (2010) Hybrid incompatibility ‘‘snowballs’’ between
Solanum species. Science 329(5998): 1521–1523.
82. Crocker J, Tamori Y, Erives A (2008) Evolution acts on enhancer organization
to fine-tune gradient threshold readouts. PLoS Biol 6(11): e263. doi:10.1371/
journal.pbio.0060263.
83. Gregor T, McGregor AP, Wieschaus EF (2008) Shape and function of the
bicoid morphogen gradient in dipteran species with different sized embryos.
Dev Biol 316(2): 350–358.
84. Linnen CR, Kingsley EP, Jensen JD, Hoekstra HE (2009) On the origin and
spread of an adaptive allele in deer mice. Science 325(5944): 1095–1098.
85. Shirangi TR, Dufour HD, Williams TM, Carroll SB (2009) Rapid evolution of
sex pheromone-producing enzyme expression in Drosophila. PLoS Biol 7(8):
e1000168. doi:10.1371/journal.pbio.1000168.
86. Ellegren H, Parsch J (2007) The evolution of sex-biased genes and sex-biased
gene expression. Nat Rev Genet 8(9): 689–698.
87. Gilleard JS (2004) The use of Caenorhabditis elegans in parasitic nematode
research. Parasitology 128: S49–S70.
88. He Z, Eichel K, Ruvinsky I (2011) Functional conservation of cis-regulatory
elements of heat-shock genes over long evolutionary distances. PLoS ONE 6(7):
e22677. doi:10.1371/journal.pone.0022677.
89. Skavdis G, SidenKiamos I, Muller HM, Crisanti A, Louis C (1996) Conserved
function of Anopheles gambiae midgut-specific promoters in the fruitfly. EMBO J
15(2): 344–350.
90. Lott SE, Villalta JE, Schroth GP, Luo S, Tonkin LA, et al. (2011) Noncanonical
compensation of zygotic X transcription in early Drosophila melanogaster
development revealed through single-embryo RNA-seq. PLoS Biol 9(2):
e1000590. doi:10.1371/journal.pbio.1000590.
91. Williams TM, Carroll SB (2009) Genetic and molecular insights into the
development and evolution of sexual dimorphism. Nat Rev Genet 10(11):
797–804.
92. Pires-daSilva A (2007) Evolution of the control of sexual identity in nematodes.
Semin Cell Dev Biol 18(3): 362–370.
93. Mitsialis Sa, Kafatos FC (1985) Regulatory elements controlling chorion gene
expression are conserved between flies and moths. Nature 317(6036): 453–456.
94. Marri S, Gupta BP (2009) Dissection of lin-11 enhancer regions in
caenorhabditis elegans and other nematodes. Dev Biol 325(2): 402–11.
95. Ho MCW, Johnsen H, Goetz SE, Schiller BJ, Bae E, et al. (2009) Functional
evolution of cis-regulatory modules at a homeotic gene in Drosophila. PLoS
Genet 5(11): e1000709. doi:10.1371/journal.pgen.1000709.
96. Zinzen RP, Cande J, Ronshaugen M, Papatsenko D, Levine M (2006)
Evolution of the ventral midline in insect embryos. Developmental Cell 11(6):
895–902.
97. Liberman LM, Stathopoulos A (2009) Design flexibility in cis-regulatory control
of gene expression: Synthetic and comparative evidence. Dev Biol 327(2):
578–589.
98. Dowell RD (2010) Transcription factor binding variation in the evolution of
gene regulation. Trends in Genetics 26(11): 468–475.
99. Haddrill PR, Bachtrog D, Andolfatto P (2008) Positive and negative selection
on noncoding DNA in Drosophila simulans. Mol Biol Evol 25(9): 1825–1834.
100. He BZ, Holloway AK, Maerkl SJ, Kreitman M (2011) Does positive selection
drive transcription factor binding site turnover? A test with Drosophila cis-regulatory
modules. PLoS Genet 7(4): e1002053. doi:10.1371/journal.pgen.10002053.
101. Bullaughey K (2011) Changes in selective effects over time facilitate turnover of
enhancer sequences. Genetics 187(2): 567-U328.
102. True JR, Haag ES (2001) Developmental system drift and flexibility in
evolutionary trajectories. Evol Dev 3(2): 109–119.
103. Swanson CI, Schwimmer DB, Barolo S (2011) Rapid evolutionary rewiring of a
structurally constrained eye enhancer. Current Biology 21(14): 1186–1196.

41. Bickel RD, Kopp A, Nuzhdin SV (2011) Composite effects of polymorphisms
near multiple regulatory elements create a major-effect QTL. PLoS Genet 7(1):
e1001275. doi:10.1371/journal.pgen.1001275.
42. Ludwig MZ, Palsson A, Alekseeva E, Bergman CM, Nathan J, et al. (2005)
Functional evolution of a cis-regulatory module. PLoS Biol 3(4): e93.
doi:10.1371/journal.pbio.0030093.
43. Molin L, Mounsey A, Aslam S, Bauer P, Young J, et al. (2000) Evolutionary
conservation of redundancy between a diverged pair of forkhead transcription
factor homologues. Development 127(22): 4825–4835.
44. Emerson JJ, Hsieh L, Sung H, Wang T, Huang C, et al. (2010) Natural
selection on cis and trans regulation in yeasts. Genome Res 20(6): 826–836.
45. Gibson G, Riley-Berger R, Harshman L, Kopp A, Vacha S, et al. (2004)
Extensive sex-specific nonadditivity of gene expression in Drosophila melanogaster.
Genetics 167(4): 1791–1799.
46. McManus CJ, Coolon JD, Duff MO, Eipper-Mains J, Graveley BR, et al.
(2010) Regulatory divergence in Drosophila revealed by mRNA-seq. Genome
Res 20(6): 816–825.
47. Pennacchio LA, Ahituv N, Moses AM, Prabhakar S, Nobrega MA, et al. (2006)
In vivo enhancer analysis of human conserved non-coding sequences. Nature
444(7118): 499–502.
48. Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama JA, et al. (2010) ChIP-seq
identification of weakly conserved heart enhancers. Nat Genet 42(9): 806–810.
49. Kiontke K, Gavin NP, Raynes Y, Roehrig C, Piano F, et al. (2004)
Caenorhabditis phylogeny predicts convergence of hermaphroditism and
extensive intron loss. Proc Natl Acad Sci U S A 101(24): 9003–9008.
50. Kalinka AT, Varga KM, Gerrard DT, Preibisch S, Corcoran DL, et al. (2010)
Gene expression divergence recapitulates the developmental hourglass model.
Nature 468(7325): 811–814.
51. Rifkin SA, Kim J, White KP (2003) Evolution of gene expression in the
Drosophila melanogaster subgroup. Nat Genet 33(2): 138–144.
52. Wittkopp PJ, Vaccaro K, Carroll SB (2002) Evolution of yellow gene regulation
and pigmentation in Drosophila. Current Biology: CB 12(18): 1547–1556.
53. Prud’homme B, Gompel N, Rokas A, Kassner Va, Williams TM, et al. (2006)
Repeated morphological evolution through cis-regulatory changes in a
pleiotropic gene. Nature 440(7087): 1050–1053.
54. Kalay G, Wittkopp PJ (2010) Nomadic enhancers: Tissue-specific cis-regulatory
elements of yellow have divergent genomic positions among Drosophila species.
PLoS Genet 6(11): e1001222. doi:10.1371/journal.pgen.1001222.
55. Jeong S, Rokas A, Carroll SB (2006) Regulation of body pigmentation by the
abdominal-B hox protein and its gain and loss in Drosophila evolution. Cell
125(7): 1387–1399.
56. Gompel N, Prud’homme B, Wittkopp PJ, Kassner Va, Carroll SB (2005)
Chance caught on the wing: Cis-regulatory evolution and the origin of pigment
patterns in Drosophila. Nature 433(7025): 481–487.
57. Werner T, Koshikawa S, Williams TM, Carroll SB (2010) Generation of a
novel wing colour pattern by the wingless morphogen. Nature 464(7292):
1143–1148.
58. Wittkopp PJ, Stewart EE, Arnold LL, Neidert AH, Haerum BK, et al. (2009)
Intraspecific polymorphism to interspecific divergence: Genetics of pigmentation in Drosophila. Science (New York, N.Y.) 326(5952): 540–544.
59. Lemke S, Stauber M, Shaw PJ, Rafiqi AM, Prell A, et al. (2008) bicoid
occurrence and Bicoid-dependent hunchback regulation in lower cyclorrhaphan
flies. Evol Dev 10(4): 413–420.
60. Cavener DR (1992) Transgenic animal studies on the evolution of genetic
regulatory circuitries. Bioessays 14(4): 237–244.
61. Brem RB, Yvert G, Clinton R, Kruglyak L (2002) Genetic dissection of
transcriptional regulation in budding yeast. Science 296(5568): 752–755.
62. Tirosh I, Reikhav S, Levy AA, Barkai N (2009) A yeast hybrid provides insight
into the evolution of gene expression regulation. Science 324(5927): 659–662.
63. Lemos B, Araripe LO, Fontanillas P, Hartl DL (2008) Dominance and the
evolutionary accumulation of cis- and trans-effects on gene expression. Proc Natl
Acad Sci U S A 105(38): 14471–14476.
64. Wittkopp PJ, Haerum BK, Clark AG (2004) Evolutionary changes in cis and
trans gene regulation. Nature 430(6995): 85–88.
65. Veyrieras J, Kudaravalli S, Kim SY, Dermitzakis ET, Gilad Y, et al. (2008)
High-resolution mapping of expression-QTLs yields insight into human gene
regulation. PLoS Genet 4(10): e1000214. doi:10.1371/journal.pgen.1000214.
66. Stern DL (2000) Perspective: Evolutionary developmental biology and the
problem of variation. Evolution 54(4): 1079–1091.
67. Takahasi KR, Matsuo T, Takano-Shimizu-Kouno T (2011) Two types of cistrans compensation in the evolution of transcriptional regulation. Proc Natl
Acad Sci U S A 108(37): 15276–15281.
68. Landry CR, Wittkopp PJ, Taubes CH, Ranz JM, Clark AG, et al. (2005)
Compensatory cis-trans evolution and the dysregulation of gene expression in
interspecific hybrids of Drosophila. Genetics 171(4): 1813–1822.
69. Ranz JM, Namgyal K, Gibson G, Hartl DL (2004) Anomalies in the expression
profile of interspecific hybrids of Drosophila melanogaster and Drosophila simulans.
Genome Res 14(3): 373–379.
70. Brem RB, Kruglyak L (2005) The landscape of genetic complexity across 5,700
gene expression traits in yeast. Proc Natl Acad Sci U S A 102(5): 1572–1577.
71. Chan YF, Marks ME, Jones FC, Villarreal G, Jr., Shapiro MD, et al. (2010)
Adaptive evolution of pelvic reduction in sticklebacks by recurrent deletion of a
Pitx1 enhancer. Science 327(5963): 302–305.

PLoS Genetics | www.plosgenetics.org

10

January 2012 | Volume 8 | Issue 1 | e1002432

104. Rosenthal R (1979) The file drawer problem and tolerance for null results.
Psychol Bull 86(3): 638–641.
105. Ruvinsky I, Ruvkun G (2003) Functional tests of enhancer conservation
between distantly related species. Development 130(21): 5133–5142.
106. Locascio A, Aniello F, Amoroso A, Manzanares M, Krumlauf R, et al. (1999)
Patterning the ascidian nervous system: Structure, expression and transgenic
analysis of the CiHox3 gene. Development 126(21): 4737–4748.

PLoS Genetics | www.plosgenetics.org

107. Brennan MD, Wu CY, Berry AJ (1988) Tissue-specific regulatory differences
for the alcohol-dehydrogenase genes of hawaiian Drosophila are conserved in
Drosophila melanogaster transformants. Proc Natl Acad Sci U S A 85(18):
6866–6869.
108. Wang XD, Chamberlin HM (2004) Evolutionary innovation of the excretory
system in Caenorhabditis elegans. Nat Genet 36(3): 231–232.

11

January 2012 | Volume 8 | Issue 1 | e1002432

