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Chapter 21

Experimental Approaches to Evaluate  
the Contributions of Candidate Cis- regulatory  
Mutations to Phenotypic Evolution

Mark Rebeiz and Thomas M. Williams 

Abstract

Elucidating the molecular bases by which phenotypic traits have evolved provides a glimpse into the past, 
allowing the characterization of genetic changes that cumulatively contribute to evolutionary innovations. 
Historically, much of the experimental attention has been focused on changes in protein-coding regions 
that can readily be identified by the genetic code for translating gene coding sequences into proteins. 
Resultantly, the role of noncoding sequences in trait evolution has remained more mysterious. In recent 
years, several studies have reached an unprecedented level of detail in describing how noncoding mutations 
in gene cis-regulatory elements contribute to morphological evolution. Based on these and other studies, 
we describe an experimental framework and some of the genetic and molecular methods to connect a 
particular cis-regulatory mutation to the evolution of any phenotypic trait.

Key words: Cis-regulatory elements, CRE, Morphological evolution, Enhancers, Pleiotropy, 
Noncoding sequences, Modularity, Gene expression

A central aim of evolutionary research is to identify the genetic 
changes that have contributed to the evolutionary diversification of 
phenotypic traits – more specifically, which genes, and what regions 
of these genes, have been modified? The answers to these questions 
allow us to trace the history of genetic changes that collectively 
have enabled organisms to phenotypically adapt to their environ-
ment, and to determine which gene components are tolerant to 
change. Furthermore, as we learn more about the mutations that 
cause different phenotypes, certain classes of genetic and molecular 
modifications may turn out to be favored evolutionarily.

1.  Introduction
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At the most fundamental genetic level, new traits arise either 
by the evolution of new genes or through the modification of pre-
existing genes. Although genome content has certainly changed 
over eons, much of the evolutionary diversification of animals has 
occurred with a common set of regulatory, or “toolkit”, genes (1). 
Hence, a large portion of the evolutionary narrative involves the 
modification of preexisting genes. For such cases, the evolution of 
gene function can be due to either changes in the attributes of the 
encoded proteins, via mutations in coding sequences, or changes 
in the noncoding regions of the gene. Although the relative con-
tribution of coding and noncoding mutations to phenotypic varia-
tion has been hotly debated, several recent studies have shown how 
noncoding sequences play an important role (2), and must be con-
sidered when trying to understand the genetic basis of an evolved 
phenotype.

There are several types of cis-regulatory mutations that alter a 
variety of gene components including the following: the core-
promoter region, which recruits the basal transcription machin-
ery during transcriptional initiation; introns, which can alter how 
the primary RNA transcripts are spliced to make processed 
mRNAs; and the 5¢ and 3¢ untranslated regions (UTRs), where 
changes can alter mRNA stability or the rate at which mRNA 
transcripts are translated into proteins. Lastly, mutations in 
sequences here referred to as cis-regulatory elements (CREs), but 
also known as enhancers or cis-regulatory modules, can alter 
when, where, and how many mRNA transcripts are made for a 
given gene. For example, the gene Sonic hedgehog (Shh) encodes a 
signaling molecule deployed in a complex pattern that extends 
over multiple tissues during development (Fig. 1a). This complex 
gene expression profile is subject to individual regulation of spe-
cific subpatterns. Each subpattern is controlled by a relatively 
short segment of DNA that is bound by multiple transcription 
factors that temporally, spatially, and quantitatively restrict expres-
sion (Fig. 1b).

With so many mechanisms by which cis-regulatory sequences 
contribute to a gene’s function, and given the relative difficulty in 
identifying important noncoding regions by DNA sequence 
inspection, it appears to be a daunting challenge to determine 
which cis-regulatory changes alter a gene’s function. Fortunately, 
the tools and methods are now available to implicate and identify 
cis-regulatory mutations. In this chapter, we present a general 
experimental approach to determine whether a cis-regulatory 
mutation in a candidate gene is responsible for an evolutionary 
change.
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Typically, studies investigating the genetic and molecular bases for 
animal phenotypic variation have operated at different taxonomic 
scales of comparison. By analyzing traits that arise between closely 
related species or populations within a species, so-called microevo-
lutionary comparisons, one can identify candidate genes for an 
evolutionary change through genetic mapping. For example, such 
comparisons have been employed to find the genes that contribute 
to regressive traits in cave-dwelling fish (3), stickleback fish body 
armor and melanism (4–6), and Drosophila trichomes and pigmen-
tation (7, 8), among others. By contrast, macroevolutionary com-
parisons identify how evolutionary processes give rise to differences 

2. Up Close and 
Far Away: Tracing 
Evolution at the  
Micro and  
Macroevolu- 
tionary Levels

Fig. 1.  A modular array of cis-regulatory elements controls the expression of many of the genes that pattern development. 
(a) In the developing mouse embryo, the signaling molecule sonic hedgehog (SHH) is deployed in a complex pattern that 
includes a variety of tissues. (b) This overall pattern is controlled by CREs spread across the surrounding genomic region 
of approximately a million base pairs. Each CRE controls a specific aspect of the Shh gene’s expression pattern, such that 
all CREs combined will add up to the full profile of SHH deployment. Adapted from refs. 30, 54.
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between more distantly related species. These comparisons involve 
species that cannot be crossed, and therefore, candidate genes are 
typically identified by the knowledge of their developmental func-
tion in a given reference species. For example, such comparisons 
have been successfully applied to study the evolution of pigmenta-
tion, bristle and trichome patterns in fruit flies (9–11), limblessness 
in snakes (12), and the morphologies of crustacean appendages 
(13), vertebrate axes (14), and bat digits (15).

Microevolutionary comparisons are often, but not exclusively, 
of relatively modest changes in morphology or function compared 
to macroevolutionary traits. What is lost in glamor is offset by the 
ability to precisely and confidently identify the causative gene and 
mutations. Furthermore, these studies provide the opportunity to 
find new genes and types of mutations that contribute to a trait’s 
development and evolution. Macroevolutionary comparisons are 
desirable as they probe deeper into evolutionary history, delving 
into how elaborate traits and novelties were forged. However, 
these studies do not allow the causative gene to be identified with 
the same degree of certainty as microevolutionary studies, and the 
genetic differences can be so numerous that the exact causative 
mutations cannot be resolved. By embracing the application of 
both approaches, the full spectrum of evolutionary innovations can 
be appreciated, generating a more comprehensive perspective of 
how traits evolve.

Over the past several years, both microevolutionary and mac-
roevolutionary studies have revealed mechanistic insights about 
the evolution of phenotypic traits via the modification of gene 
CREs through cis-regulatory mutations. From these studies, a 
general experimental approach can be distilled to determine 
whether a trait stems from cis-regulatory mutations, and if so, 
which ones. In this chapter we draw from studies that have used 
both microevolutionary and macroevolutionary approaches to 
explore the genetic and molecular bases for the evolution of fruit 
fly pigmentation traits to detail the key steps to determine whether 
a cis-regulatory mutation in a candidate gene region is responsible 
for an evolutionary change. The general concepts and experimen-
tal progression detailed here can, in principle, be extended to any 
trait in any species group being compared.

All studies of phenotypic evolution eventually zero in on candidate 
genes that may or may not contribute to the trait in question. 
Microevolutionary comparisons often initiate by means of genetic 
mapping to delineate a genomic interval in which the causative 
mutations reside, the ultimate goal being to identify the gene and 
the particular genetic changes causing the evolved trait. However, 
QTL intervals often include a large number of genes (16), and 
even when the genetic changes responsible for a trait are narrowly 
circumscribed to a small region, the affected gene may lie outside 

2.1. Obtaining  
and Evaluating 
Candidate Genes
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of the interval. Thus, the candidate gene approach is an almost 
inevitable tactic in identifying the causative locus.

For example, the gene ovo/shaven-baby (ovo/svb) was impli-
cated by genetic mapping to possess the genetic changes causing 
an evolutionary shift in larval trichome pattern between Drosophila 
sechellia and its sister species D. simulans (7). Using a deficiency 
mapping approach, the causative locus was restricted to a ~40 kb 
region containing about 20 genes. Among these genes, ovo/svb was 
a natural candidate due to its known role in trichome formation. 
Further investigation of this candidate clearly demonstrated that it 
was the gene responsible for the evolved phenotype. The demon-
strated role for ovo/svb in this microevolutionary change subse-
quently facilitated its use as a candidate gene in a macroevolutionary 
study of convergent trichome patterns (9).

Often a candidate gene is suspected from the outset. In such 
cases, the suspected gene’s role in the evolved trait can be validated 
by testing for a genetic association in hybrid offspring between a 
particular molecular marker genotype for the candidate gene and 
the presence of the evolved phenotype. For example, by sequenc-
ing the progeny of a cross between strains of wild-derived deer 
mice, a genotype–phenotype association was found for certain 
diagnostic haplotypes in the agouti gene, which correlated with 
cryptic coloration (17).

For macroevolutionary comparisons, candidate genes cannot 
be implicated using genetic mapping approaches, as the extant 
organisms cannot be intercrossed. Candidate genes emerge from 
an understanding of a gene, or a network of genes, that functions 
during a trait’s development, often in a reference species evolution-
arily diverged from the species under study. For example, a genetic 
study in mice had shown that the Prx1 gene, which encodes a tran-
scription factor, promotes skeletal elongation including the digits 
(18). Based on this knowledge, the RNA expression of the orthol-
ogous gene in a bat species was shown to be upregulated compared 
to the mouse gene. This increased expression evolved by the modi-
fication of a bat Prx1 gene CRE, which is sufficient to account for 
a significant degree of the elongated bat forelimb digits (15).

For any candidate gene, it is useful to consider the function of 
the encoded protein, and the extent of its use. If the gene is used 
in multiple contexts (a so-called pleiotropic gene) and is controlled 
by multiple CREs, cis-regulatory mutations are a likely path for 
evolutionary change (19). On the contrary, if the gene is dedicated 
to a single function (not pleiotropic) and hence, is expressed in a 
single tissue under the control of a single CRE, this candidate gene 
may have evolved by a cis-regulatory change though it would not 
be predicted a priori. In this case, a change in gene expression is 
just as pleiotropic as a change to the protein-coding sequence. 
Irrespective of the degree of gene pleiotropy, to determine whether 
a cis-regulatory mutation is the causative change, the next step is to 
examine the gene’s expression in relation to the divergent trait.
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The strongest indication that a candidate gene might possess a 
relevant cis-regulatory change is the demonstration that its expression 
pattern has changed. By comparing the state of gene expression in 
several species, one can determine whether a change in the candi-
date gene’s expression correlates with the evolved trait in question. 
There are two primary levels at which to assess gene expression: 
the mRNA transcript and protein abundance levels. A variety of 
suitable methods exist for assessing a gene’s expression pattern/
level, ranging from the quantitative (such as quantitative RT-PCR 
(see Chapter 17), microarray (see Chapter 13), and mass spec-
trometry) to the qualitative (RNA in situ hybridization (see 
Chapters 19 and 20) and protein immunohistochemistry).

Detecting gene expression at the RNA transcript level measures 
the abundance of a gene’s mRNA, which generally reflects the rate 
of gene transcription as well as the stability of the gene’s mRNA. 
In eukaryotes, assays of transcript abundance can also detect differ-
ences in gene splicing which may impinge on the gene’s function; 
for example, the sexually dimorphic alternative splicing of the 
D. melanogaster doublesex (dsx) gene results in the production of 
sex-specific DSX protein isoforms and hence, sex-specific traits 
(20). Protein abundance is additionally influenced by posttran-
scriptional gene regulatory mechanisms that can be encoded in cis 
to a gene (on the same DNA molecule as the encoded protein) to 
control the level of transcription or the subsequent rate of transla-
tion. The complementary binding of miRNAs to mRNA transcripts 
represents a major mechanism that exerts posttranscriptional con-
trol. For example, developmental timing in Caenorhabditis elegans 
is controlled by the let-7 miRNA, which binds to the mRNAs of 
target genes and ultimately results in their reduced expression and 
hence, function (21, 22). A second posttranscriptional mechanism 
operates through translational repression caused by the binding of 
mRNA transcripts by RNA-binding proteins. For example, bind-
ing of glp-1 gene mRNAs by the RNA-binding protein GLD-1 
results in the repression of GLP-1 translation during C. elegans 
embryonic asymmetry establishment (23).

The analysis of gene expression at the RNA or protein level 
respectively presents both advantages and disadvantages (see Note 1). 
Quantitative RT-PCR (see Chapter 17) provides a precise determi-
nation of the amount of transcript present in a particular cell or 
tissue type, but can only coarsely identify a spatial change in gene 
expression. On the contrary, RNA in situ hybridization (see 
Chapters 19 and 20) and immunohistochemistry are best suited to 
reveal spatial changes in RNA and protein levels, respectively, 
though some quantitative and semiquantitative approaches exist 
(24, 25). Thus, it may be pragmatic to employ both a quantitative 
and qualitative approach to validate a potential expression differ-
ence for a candidate gene.

2.2. Determine 
Whether a Candidate 
Gene’s Expression 
Pattern Has Changed
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Analyses of gene expression by RNA in situ hybridization (see 
Note 2) and protein immunohistochemistry (see Note 3) have 
been a part of the armament of developmental biologists for 
several decades, and as a result protocols are widely available. 
In recent years, these methods have been employed to demon-
strate evolutionary changes in gene expression. For example, RNA 
in situ hybridization demonstrated that fruit flies with different 
degrees of body pigmentation (Fig. 2a, b) differ in the level and 
pattern of ebony gene expression (Fig. 2c, d) (25), a gene that was 

Fig. 2. Detection of gene expression differences at the RNA transcript and protein abundance level. RNA in situ hybridization 
and protein immunohistochemistry are two techniques for the visualization of gene expression patterns and differences. 
Drosophila melanogaster fruit flies can differ in the degree of abdominal pigmentation with some individuals being lightly 
(a) or darkly pigmented (b). This phenotypic difference results from differential expression of the ebony gene. RNA in situ 
hybridization demonstrates the high level of ebony expression in flies with lighter pigmentation (c), compared to those with 
darker abdomens (d). Abdominal pigmentation of D. melanogaster is sexually dimorphic, where males (e) are more fully 
pigmented than females (f). This trait is derived from a sexually monomorphic ancestor with light pigmentation similar to 
that of the extant species D. willistoni (i and j). A key gene expression difference, here, revealed by protein immunohis-
tochemistry was the transition from the monomorphic expression of the Bab1 protein throughout the abdomen (k and l), 
to a sexually dimorphic pattern where Bab1 expression is now absent from the posterior segments A5 and A6 of males (g), 
and yet expression persists in these segments in females (h). (a–d) is adapted from ref. 25 and (e–l) from ref. 27.
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formerly implicated by genotype–phenotype association to underlie 
this adaptive trait variation (26). Elsewhere, immunohistochemical 
analysis revealed an interspecific difference in Bab1 protein expres-
sion (compare Fig. 2g, h with k, l). This difference correlates with 
the evolved sexually dimorphic pigmentation pattern (compare 
Fig. 2e, f with i, j), and the known developmental function of the 
Bab1 protein (27). In addition to spatial changes in gene expression, 
it is also important to consider the dimension of time (see Note 4).

The case that an expression change is relevant to the trait rests 
heavily upon both the correlation of the expression change with 
the trait difference and what is known about the gene. For example, 
the Pitx1 gene is expressed in and required for limb development 
in diverse vertebrates. Thus, the correlation of a loss of Pitx1 gene 
expression in the regions where hindlimbs normally develop with 
the absence of hindlimbs would suggest that this expression change 
underlies the evolved trait. A priori though, such an expression 
change can be due to changes in the Pitx1 gene itself or in another 
gene regulating Pitx1. In a comparison of stickleback fish popula-
tions differing in the size of pelvic fins, genetic mapping first impli-
cated Pitx1 as a candidate gene to underlie the phenotypic difference 
and subsequently, a correlated change in Pitx1 gene expression was 
found (6). Recently, the reduced pelvic fin phenotype was shown 
to stem from a cis-regulatory change at the Pitx1 locus that elimi-
nated Pitx1 gene expression in pelvic fin precursors (28). In cases 
where the molecular functions of a candidate gene are not known, 
the correlation between a change in gene expression and the trait’s 
phenotype may be considered a strong enough impetus to fur-
ther characterize the gene for a relevant cis-regulatory change (see 
Subheading 2.4).

For microevolutionary comparisons, if the two strains or species 
can be crossed, one can obtain definitive evidence that the gene 
expression change is encoded in cis by measuring allele-specific 
gene expression in hybrid organisms that contain a copy of each 
allele. Since the two alleles are in the exact same genetic back-
ground, if the alleles differ in expression, then the sole interpreta-
tion is that a cis-regulatory change contributes to the expression 
change. On the contrary, if both alleles are expressed similarly in 
the hybrid genetic background, then one can infer that the observed 
change in expression stems from either change outside of the gene 
locus in question (so-called trans-change) or a mix of cis and trans 
changes. Allele-specific gene expression can be measured by pyrose-
quencing cDNA from hybrid animals (see Chapter 18), in which 
the relative abundance of mRNA transcripts derived from each 
allele for a gene (distinguished by DNA sequence polymorphisms) 
is proportional to the number of times an allele is sequenced in a 
reaction (29). Alternately, if mRNA sequences are sufficiently 
different, in situ hybridization using probes that can distinguish 
both alleles can be performed in hybrids (see Chapter 19).

2.3. Demonstrating a 
Cis-regulatory Change 
in Hybrids
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Techniques such as RNA in situ hybridization and protein 
immunohistochemistry can reveal an expression difference for 
the candidate gene underlying an evolved trait. However, the 
observation of an expression difference does not prove that the 
difference is the result of a cis-regulatory change in the candi-
date gene. Rather the expression change may be due to changes 
at another gene or genes that function in trans. Such “trans” 
changes would result in differing transcriptional outputs with-
out any functional divergence in a cis-regulatory element (CRE) 
for the candidate gene. This scenario may be dismissed through 
genetic mapping, or by demonstrating the existence of a func-
tional cis-regulatory change in a CRE or CREs that controls the 
candidate gene’s expression. In the later case though, one must 
often first identify the relevant CRE(s).

To establish that a cis-regulatory change caused a certain gene 
expression change, one must first identify the CRE(s) responsible 
for generating the pattern of expression in the cell or tissue under 
scrutiny. This can be an onerous task, as unlike protein-coding 
sequences, which typically are composed of several hundred to 
several thousand base pairs, the scope of gene noncoding sequences 
can be an order to several orders of magnitude larger in size. For 
example, in the gene Sonic hedgehog (Shh), a CRE that controls Shh 
gene expression in the developing limbs resides roughly a million 
base pairs upstream of the first exon of Shh and within a second 
gene, Lmbr1 (Fig. 1b) (30). Hence, not only was this CRE difficult 
to find, but if this CRE was the root of an evolved limb morphol-
ogy trait, Shh might not even lie in the genetically identified inter-
val for the variable trait!

By comparing orthologous DNA sequences from several spe-
cies, functionally important noncoding sequences can often be 
identified as DNA sequences that remain relatively unchanged 
throughout evolution (so-called “conserved sequences”). However, 
the utility of such sequence conservation is limited, as not all evo-
lutionarily conserved noncoding sequences are CREs. Even if a 
conserved sequence is indeed a CRE, it remains unknown whether 
the sequence controls the candidate gene and the expression pattern 
of interest. Thus, when the CRE content of a locus is unknown, it 
is often necessary to map the CRE content by the production of 
transgenic organisms that possess “reporter genes”. Here, a reporter 
gene includes both a noncoding sequence from a candidate gene, 
which is fused to a minimal gene promoter, and the coding sequence 
for a gene that produces an easily observable product (see Chapter 23). 
Commonly employed reporter genes are the lacZ and GFP genes 
(see Note 5) that respectively encode the b-galactosidase enzyme 
and green fluorescent protein (Fig. 4a, b).

Before initiating a survey to identify a relevant CRE or CREs 
for a candidate gene, one must decide which species’ gene locus to 

2.4. Identifying the 
Functional Mutations 
in a Cis-regulatory 
Element

2.4.1. Identify the  
Relevant CRE(s)
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evaluate and what species will serve as the host for the reporter 
transgenes. If the candidate gene for an evolved trait is expressed in 
the cells or tissue responsible for the derived phenotype, then it is 
advantageous to investigate the locus from this species. However, 
if the candidate gene is not expressed, and it appears that its expres-
sion was lost, it would then be pointless to perform the CRE sur-
vey using this species gene locus. In this case, it would be beneficial 
to survey the CREs from a species that has the ancestral expression 
pattern. Regarding the choice of host species for transgenes, typi-
cally it is either the species under investigation (derived trait) or a 
surrogate genetic model organism (see Note 6 regarding host 
choice). Depending on the nature of the transgene system, reporter 
genes are either incorporated extra-chromosomally, hence 
transiently, or into the genome, for long term propagation. 
D. melanogaster and the mouse are convenient hosts as protocols 
are both well-established and readily available (see Note 7), and the 
work can be outsourced (see Note 12). Any CRE activity can then 
be identified by assessing where and when during development the 
reporter gene’s protein product is observed, and this CRE activity 
can be compared to the endogenous pattern of gene expression.

For example, the CREs that control the sexually dimorphic 
expression pattern of the D. melanogaster tandem duplicate bric-
à-brac (bab) genes were identified by systematic transgenic inspec-
tion of the noncoding sequences for this locus (Fig. 3a; see Note 8 
for a general strategy) (27). This screen resulted in the identifica-
tion of several CREs within this locus that collectively contribute 
to the composite bab gene expression pattern (Fig. 3c–g). In recent 
years, recombination-based methods have been developed for use 
in various model organisms to aid in the analysis of very large loci 
(see Note 9 and Chapters 24 and 26).

Once a noncoding sequence possessing the relevant CRE activity 
has been located, for two reasons it is wise to determine the mini-
mal sequence necessary to confer the expression pattern. First, with 
the ultimate goal being the identification of the precise mutation 
or mutations that cause the gene expression change, the larger the 
noncoding sequence under study the more mutational differences 
will exist between the sequences being compared. Secondly, a rela-
tively large noncoding sequence may contain more than one CRE. 
In the aforementioned study of the bab locus, a noncoding sequence 
was found that activated sexually dimorphic expression in male and 
female fruit fly pupae (compare Fig. 3f, g). After the analysis of 
numerous truncated versions of this large noncoding sequence 
(Fig. 3b), it was found that the originally observed dimorphic 
expression pattern was the product of the activity of two separate 
CREs (Fig. 3h, i).
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When a candidate CRE has been found, the next step is to determine 
whether its activity has changed in a way consistent with and explain-
ing the RNA transcript or protein expression difference observed. 
One simple approach is to separately test the orthologous sequences 
derived from multiple species, or individuals under comparison, for 
the capability to regulate reporter gene expression in transgenic ani-
mals. If a difference is observed in the developmental timing, spatial 
pattern, and/or level of reporter gene expression that is consistent 
with what was observed for the endogenous gene, then it can be 
concluded that genetic changes within the CRE have caused 
the evolutionary transition in CRE activity. Comparable methods 
have successfully been employed to uncover the regulatory basis of 
evolutionary changes amongst diverse traits and taxa including 

2.4.2. Do the Orthologous 
CRE Sequences Possess 
Differing Gene-Regulatory 
Capabilities?

Fig. 3. A systematic screen of the noncoding sequences for a gene locus reveals the CRE content. For many genes where 
the expression pattern has evolved through mutations in noncoding sequences, the relevant CRE(s) remain unidentified. 
Here, for the bab locus (a) an initial screen of 20 noncoding sequences (ranging between 5 and 15 kb of sequence) were 
evaluated for the ability to activate GFP reporter gene expression in transgenic pupae. The sequences from the regions 
indicated ROO and mdg were not tested for CRE activity, as they are derived from transposable elements. Regulatory 
sequences were identified that individually control part of the overall bab gene expression pattern (c–g), including the 
sexually dimorphic expression in the abdominal epidermis (f and g). Further analysis of the large sequence found to control 
the sexually dimorphic pattern of expression, fragment 17, by a series of nested sequences (b) determined that this expres-
sion pattern is conferred by the action of two separate CREs (h, fragment 32; and i, fragment 23). Adapted from ref. 27.
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tetrapod axial morphology (14), nematode excretory system (31), 
fruit fly pigmentation traits (11, 32, 33), fruit fly dorsocentral bristles 
(10), and stickleback fish pelvic reduction (28).

The aforementioned pioneering studies relied on the random 
nature by which transgenes generally integrate into the genome, 
which introduces a considerable degree of variation in transgene 
activity due to the site of integration and imposes technical difficul-
ties and experimental limitations (see Note 10). In recent years, 
new site-specific integration technologies have been adapted to 
model organism systems to allow the incorporation of transgenes 
into the same genomic location, allowing a quantitative compari-
son of CRE activity (see Note 11). For example, the phiC31-integrase 
system (34, 35) has enabled the quantitative study of CRE evolu-
tion of Drosophila pheromone (36) and pigmentation (25, 27) 
traits. In a comparison of orthologous abdominal CREs from the 
bab locus (27), it was demonstrated that a female-specific CRE 
activity had evolved a qualitatively expanded domain of regulatory 
activity (Fig. 4a, b). By incorporating the reporter transgenes into 

Fig. 4. Elucidation of key genetic changes that underlie a macroevolutionary transition in orthologous CRE activity using 
reporter transgenes. (a–b) Schematic of reporter transgenes possessing the orthologous fruit fly bab gene CREs upstream 
of a heterologous gene promoter (arrow ) and EGFP gene. These CREs share many of the same transcription factor binding 
sites due to common descent but differ in the number (X marks a lost site), topology (II indicates a region where the spacing 
between conserved binding sites is expanded in D. willistoni ), and polarity (curved arrow indicates a site with reversed 
polarity) of binding sites between the related species. The wild-type D. willistoni CRE’s activity is both spatially and quan-
titatively reduced compared to that of D. melanogaster (compare c and d). Candidate mutations can be introduced into 
CREs and evaluated for an effect on reporter gene expression in transgenic animals. Here, both the removal of a binding 
site (e) and the alteration of the spacing between adjacent binding sites (f) of the D. melanogaster CRE, which are charac-
teristic of the other species, result in the CRE activity becoming more like that of the D. willistoni CRE. Reciprocally, revers-
ing the polarity of a binding site in the D. willistoni CRE (g), a characteristic of D. melanogaster, causes the activity to 
increase towards the level of the D. melanogaster CRE. Here, CRE activity measurements are represented as the percent 
of the D. melanogaster female activity ± SEM. Adapted from ref. 27.
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the same genomic position, a quantitatively measurable difference 
in regulatory capability was identified for the orthologous CREs 
(compare Fig. 4c, d).

In this section, we have detailed an experimental approach to both 
identify the CRE content for a candidate gene implicated to under-
lie an evolutionary change, and to demonstrate whether two 
orthologous CREs possess divergent activity. At this juncture, it is 
now imperative to address which of the often numerous sequence 
differences are responsible for the evolutionary difference.

Which and how many mutations were necessary to cause the rele-
vant change in gene expression? The difficulty in answering this 
question in large part depends upon the amount of sequence diver-
gence between the two orthologous CREs being compared. CRE 
sequences are notorious for evolving rapidly, such that even when 
the transcriptional output remains unchanged, the number and 
location of transcription factor binding sites can change markedly 
(37, 38). In general, for microevolutionary comparisons the degree 
of the sequence difference between orthologous CREs is often 
reduced compared to macroevolutionary comparisons, as the num-
ber of mutations (both neutral and functionally relevant) increases 
with the time since species divergence. This simplifying feature of 
microevolutionary comparisons makes the identification of the 
nucleotide change(s) responsible for the trait change more feasible. 
An effective approach to pinpoint the causative mutations is to gen-
erate so-called chimeric CREs that introduce sequences or combine 
features of the “evolved” CRE into or with the “ancestral” CRE 
(or vice versa). Subsequently these chimeric CREs are tested in a 
transgenic reporter gene assay to determine whether the modifica-
tions convert the activity to the likeness of the orthologous CRE. 
Modified CREs can be assembled by PCR-stitching (see Chapter 
27) to assemble a nonredundant subset of sequences from the com-
pared CREs into a chimeric CRE, or by replacing the sequence of 
one CRE with the sequence present in the other by site-directed 
mutagenesis. For example, modified CREs led to the identification 
of a series of mutations that cause reduced ebony gene expression 
and pigmentation in a D. melanogaster population (25).

Another approach available to microevolutionary comparisons is 
to genetically map at a high resolution the sequences causing an evo-
lutionary transition in gene expression between interfertile species or 
populations. For example, it was shown by high-resolution interspe-
cific genetic mapping that genetic differences within three separate 
CREs at the svb gene locus are necessary and sufficient to account for 
the evolutionary transition in larval trichome pattern between 
D. mauritiana and its sister species D. sechellia (39). Impressively, 
besides locating where the cis-regulatory mutations reside, this 
approach produced definitive proof that these genetic changes are 
responsible for the evolutionary modification of this trait.

2.4.3. Identify the 
Causative Mutation(s)
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For macroevolutionary comparisons, it is often more difficult 
to determine the mutations responsible for evolved CRE activity, 
as sequence differences between the compared CREs are typically 
more numerous. In such cases, it may be beneficial to focus on one 
of the orthologous CREs and determine key sequences within it 
that are essential to generate the relevant gene expression pattern. 
This can be done by mutating particular sequence motifs and test-
ing whether the introduced mutations alter CRE activity in a trans-
genic reporter gene assay. Upon successful identification of key 
sequences, the next step is to inspect the orthologous CRE with 
divergent activity for any differences in the content or quality of 
the key sequences. Any differences are candidates for mutations 
that underlie or contribute to the evolved gene regulatory differ-
ence. Candidate differences can be validated or invalidated through 
the production and transgenic analysis of modified CREs as 
described above. For example, the prior elucidation of the key 
transcription factor binding sites for a CRE within the bab locus 
led to the determination that the evolved CRE activity was due to 
the cumulative changes in transcription factor binding site num-
ber, polarity, and topology (Fig. 4c–g) (27).

In this section we outlined an experimental approach to iden-
tify which mutations cause orthologous CREs to differ in gene-
regulatory activity. Traditionally, the execution of this experimental 
sequence is stymied by the requisite time and expense to generate 
derivations of an altered CRE sequence by methods such as PCR-
stitching (see Chapter 27) or site-directed mutagenesis, which is a 
significant obstacle when many candidate mutational changes must 
be considered and tested in transgenic assays. However, recent 
developments in gene synthesis technologies have allowed investi-
gators to obtain altered CREs by emailing the desired sequence to 
vendors to synthesize de novo, and the production of transgenic 
organisms can often be outsourced as well (see Note 12).

In the event that experiments yield no CRE that explains the 
observed change in gene expression, there are several explanations: 
Is CRE activity being assayed in the correct species background? 
Could the expression change stem from a change in trans, such as 
a mutation in an upstream regulator of the candidate gene? Could 
the observed change in expression be explained by a change in 
some other gene regulatory mechanism, for example, regulation 
by a distantly acting CRE, or alteration in either RNA splicing, 
mRNA stability, or yet a posttranscriptional mechanism such as 
regulation by either a miRNA or RNA-binding protein?

The most direct way to distinguish between these other mech-
anisms is to first demonstrate that the gene indeed contributes to 
the trait, e.g., by transgenically introducing the candidate gene 
into a surrogate species (expanded upon in Subheading 2.5). Once 
it has been demonstrated that the gene contributes, then the 

2.4.4. What if a Modified 
CRE Is Not Found?
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possibility of a trans-change has been eliminated, and the causative 
mutations lie somewhere in the transgenic construct used.

The location of such causative mutations can be pinpointed 
through the generation of chimeric constructs that map the phe-
notypically relevant variation down to a successively smaller area. 
If the variation maps to the 3¢UTR, one might suspect that a 
binding site for either miRNAs or RNA-binding proteins has 
changed. If the variation maps to the protein coding region of a 
gene, perhaps a relevant coding sequence change occurred. If the 
variation maps to a noncoding region, it is possible that it is part 
of a more complex gene expression regulatory architecture. For 
example, the ebony gene contains separate noncoding sequences 
that function as repressive elements that are essential to produce 
the endogenous ebony abdominal expression pattern (25). In cases 
like this, negative regulatory elements will not show up in a 
reporter assay, unless properly situated in the context of positively 
acting elements. If the variation maps to an intronic location, it is 
entirely possible that splicing has changed, and as such, the abun-
dance of mRNA splice variants can be compared to the total RNA 
abundance of the gene through the careful design of riboprobes or 
RT-PCR primers (see Note 13). With the numerous types of gene 
regulatory mechanisms, it is a possibility that other types of cis-
regulatory change can be overlooked if our preconceptions of 
what is possible are incorrect. Therefore, the use of transgenic 
assays represents a powerful approach for functionally mapping 
causative changes, regardless of the mechanism of change.

Thus far, we have given a perspective of how to determine whether 
cis-regulatory mutations are likely (via gene expression analysis), 
and whether they are responsible for expression differences 
(reporter gene analysis). Yet the experiments detailed thus far do 
not directly connect the changes in gene expression to a particular 
phenotypic effect. The clearest demonstration that an evolutionary 
change modified a phenotypic trait is to show the repercussions of 
making such a gene modification in vivo. This can be done in a 
variety of ways, which vary depending on the circumstances of the 
trait. If a gene expression pattern was lost in a particular context, 
the phenotypic outcome of restoring this expression pattern could 
be assessed. If gene expression was gained, then the effects of the 
relevant expression specificity should be assessed in a background 
that doesn’t have this derived expression pattern.

When undertaking the functional validation of a cis-change, an 
important consideration is in what species to perform the genetic 
manipulation. One must ask how feasible is such a transgenic anal-
ysis in the species being studied? For many applications, transgenic 
manipulation of a closely related model organism might be the best 
bet for simplicity. For example, in studying the role of Prx1 gene in 
bat wing evolution, transgenic mice were generated expressing 

2.5. Demonstrate that 
a Particular Cis-
regulatory Change 
Contributes to the 
Evolved Trait
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Prx1 gene under the control of a bat CRE (15). This resulted in 
elevated Prx1 gene expression, and increased limb length compared 
to the mouse Prx1 CRE. However, the most clear-cut case studies 
are those where gene activity is directly demonstrated in the species 
in question, since this eliminates confounding effects from work-
ing in a heterologous genetic background. For example, to dem-
onstrate a role for the ebony gene in the evolution of abdominal 
pigmentation in D. melanogaster, transgenic complementation 
tests were performed with ebony transgenes derived from high-
expressing (lightly pigmented) and low-expressing (darkly pig-
mented) fly lines (Fig. 5) (25). The differing transgenes were 
assayed in an ebony null mutant background, to compare pheno-
typic effect of replacing different ebony gene alleles. In this experi-
ment, the ebony allele from darker flies resulted in a darker 
phenotype, compared to flies with the lighter animal’s ebony allele, 
demonstrating that variation at the ebony gene contributes to varia-
tion in the adaptive pigmentation phenotype.

There are two additional benefits to the transgenic construct 
approach of functionally validating gene effects: (1) demonstrating 
the target gene of a cis-change and (2) eliminating coding sequence 
changes. As exemplified by the case of Shh gene (Fig. 1), a CRE 
can exist far away from its target gene. Even if one could engineer 
a cis-change of a single nucleotide at a locus, the target of this cis-
regulatory mutation remains to be determined. This typically can 
be resolved by selectively including only a single gene and its CREs 
in a transgenic assay. An additional advantage of transgenic rescue 
constructs is that they can be used to eliminate the possible contri-
bution of protein-coding sequence differences (see Note 14). By 
generating chimeric transgenes that separated the ebony gene CREs 
from the ebony-coding region, it was demonstrated that an 
abdominal CRE was the source of genetic variation causing the 
abdominal pigmentation phenotype (Fig. 5) (25).

Often, macroevolutionary studies on the evolution of pleiotro-
pic genes disregard differences in the protein-coding sequence 
content between orthologous genes, as a vast body of experimental 
literature has demonstrated cases of functional equivalence between 
orthologous genes over long stretches of evolutionary divergence 
(2). The habit of reasoning away the impact of coding sequence 
changes instead of more definitive experiments largely stems from 
the difficulty in conducting gain- and loss-of-function experiments 
in nonmodel organisms. However, with the emergence of RNA 
interference (RNAi, see Chapter 28), it has become more routine 
to perform loss-of function experiments for gene function in non-
model organisms (40–42). Additionally, improved transgenesis 
methods (43) have better facilitated gain-of-function experiments 
in an organism whether it is a canonical model or not. Thus, with 
the increased capabilities to manipulate genes in many organisms, 
the standard of experimental evidence should increase as well.



Fig. 5. The use of transgenic assays to directly connect allelic variation to phenotypic outcome. (a) Schematic of the ebony 
locus, and encompassing transgenes, derived from lightly and darkly pigmented fly lines from Uganda. When tested in an 
ebony null mutant background (d, g, j, m, p, s), the ebony gene from the lightly colored line can rescue all of the ebony 
mutant phenotypes (b, e, h, k, n, r). However, when the ebony mutant is rescued by a dark line’s ebony gene, a dark abdomen 
phenotype results (c), while the other phenotypes are indistinguishable from the light line (f, i, l, o, r). Tissues shown are 
Abdomen (b, c, d), Head (e, f, g), Thorax (h, i, j), Haltere (k, l, m), Wing (n, o, p), and T2 Legs (q, r, s). Adapted from ref. 25.
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Studies revealing the genetic changes causing phenotypic traits to 
evolve due to alterations of noncoding or cis-regulatory sequences 
were slow to emerge as suitable methods were lacking. Over the 
past several decades, these methodological limitations have been 
remediated, and as a result numerous examples of cis-regulatory 
mutations underlying evolutionary change have been detailed. 
Here, we present the key steps to rigorously demonstrate that a 
cis-regulatory change in a candidate gene is responsible for a trait’s 
evolution and which particular mutation or mutations has caused 
this change. These steps are to (1) determine whether the candi-
date gene’s expression has been altered in the cells or tissues pro-
ducing the phenotype, (2) identify the relevant cis-regulatory 
element(s), (3) determine which mutational differences are respon-
sible for the change in gene-regulatory activity and if possible, (4) 
validate the phenotypic significance of such, changes using in vivo 
assays. For every trait and candidate gene under study, all steps may 
not be feasible or even possible. However, each and every case 
must be evaluated by taking into consideration the body of evi-
dence. If the candidate gene has an expression change, and if that 
change maps to mutations in a CRE, it is clear that some or all of 
the differences in expression are inscribed in some functional com-
ponent of the CRE. The level of confidence in the phenotypic con-
sequences of such cis-regulatory mutations can range from 
extremely high (the allele with divergent expression has been 
shown transgenically to confer a direct difference in phenotype) to 
moderate (the repercussions of manipulating the orthologous gene 
in a related species have been shown), to suggestive (an aspect of 
the gene’s expression pattern is often associated with the trait 
across many species). As technologies develop, standards of evi-
dence are expected to steadily rise over time. With advances in 
gene manipulation technologies, the previous roadblocks should 
less often be encountered, and hence, studies should aim for results 
providing high confidence in their conclusions.

In the past several years numerous studies in diverse taxonomic 
comparisons have detailed how traits evolved due to changes in 
gene CREs. These studies have emboldened the argument that 
CREs have prominently contributed to the evolution of animal 
morphology (2, 44, 45), but they have additionally shown com-
plexity both in the type and number of mutations needed to cause 
an evolutionary change in gene expression. Additional case studies 
documenting CRE evolution will emerge and add to the growing 
list, but how are the questions advancing as other instances of a 
more general phenomenon are reported? The evolution of pheno-
typic traits by alterations of gene CREs now rests upon a sufficient 

3.  Moving Forward

3.1. What Is Sufficient 
Evidence?

3.2. Where Do We 
Go from Here?
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scientific foundation opening up a new cohort of questions to 
address. How pervasive is variation in CRE activity within and 
between species? How many sequences of CRE mutations – “muta-
tional paths” – lead to the same evolved activity? What are the 
molecular alterations by which CRE genotypic variation is trans-
lated into gene expression variation? How do new CRE activities 
evolve to deploy old genes in new ways?

Moving forward, a major obstacle in our understanding of this 
important facet of phenotypic evolution is the elucidation of the 
so-called “regulatory logic” that underlies evolved CRE activities. 
Prominently, what are the transcription factor proteins that bind to 
CREs, do these factors activate or repress gene expression, and if 
so where? How have the CRE sequences to which these factors 
bind been modified? It is relatively straightforward now to test 
whether a cis-regulatory mutation in a candidate gene contributes 
to a given trait. Yet it remains prohibitively difficult to understand 
at a molecular level how such mutations alter the regulatory logic 
for a CRE. The major obstacles to an understanding of regulatory 
logic are (1) the permissive binding of transcription factors to many 
short simple sequences, (2) the lack of knowledge of what prefer-
ence particular transcription factors have for particular binding 
sequences, and (3) the dearth of techniques available to identify 
factors that bind to a particular sequence with high confidence. 
Currently, techniques such as yeast one-hybrid or biochemical 
selection from nuclear extracts have a reputation for finding many 
false positives, and the validation of candidates from such approaches 
is a lengthy and laborious task. As new technologies facilitate a better 
understanding of the regulatory logic controlling gene expression, 
a whole new array of biological problems and mechanisms will be 
open for investigation.

The past several decades have been an exciting time in the field 
of evolutionary genetics, as we have witnessed first the emergence 
of genetic data suggesting the importance of gene regulatory 
sequence evolution and subsequently the emergence of case studies 
demonstrating its past evolutionary application. However, the 
excitement of cis-regulatory mutations and CRE evolution has not 
passed, but rather we are now prepared for a new series of ques-
tions to be answered.

 1. From a practical standpoint, the visualization of RNA tran-
script abundance is simpler, as both quantitative RT-PCR and 
RNA in situ hybridization protocols utilize DNA primers, 
which are cheaply and quickly synthesized. These primers are 
used to amplify by PCR a sequence for a given gene directly 

4.  Notes
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from the species being studied. By contrast, generating an 
antibody specific to the protein under investigation for immu-
nohistochemical analysis of protein abundance is a relatively 
long and expensive process. The added time and expense to 
generate an antibody may be worth it, however, as assessing 
the level and pattern of protein expression surveys all potential 
cis-regulatory changes altering a gene’s function. It is also worth 
noting that many antibodies, particularly polyclonal antibodies, 
are cross-reactive to distantly related species, and so, it is worth 
investigating whether an antibody exists to the protein of 
interest or developing one de novo.

 2. A protocol for RNA in situ hybridization can be obtained at: 
http://www.molbio.wisc.edu/carroll/methods/abdomen_
insitu.pdf.

 3. A detailed protocol for carrying out protein immunohis-
tochemistry on the epidermis of Drosophila pupae can be 
obtained at: http://www.ibdml.univ-mrs.fr/equipes/BP_
NG/Methods-files/pupal_epidermis.pdf.

 4. Gene expression comparisons between strains or species must 
be performed during the developmental time when a candi-
date gene is expressed and in age-matched individuals. 
Evolutionary modifications in the timing of gene expression 
(heterochrony) may underlie the phenotype, and traditionally, 
these types of changes are relatively difficult to pinpoint. In gen-
eral, a suitable time point to compare gene expression can be 
determined by assessing gene expression over a broad range of 
times during development. Even so, a drastic change in expres-
sion over a short timeframe may be missed, and could yet be 
the cause of the change. It is important to note that because of 
the perdurability of protein compared to mRNA, antibody 
stains and reporter constructs may prove easier for detecting 
expression differences irrespective of the subtleties of develop-
mental time.

 5. Expression of the bacterial enzyme b-galactosidase can be 
observed by exposing a transgenic organism or tissue to the 
colorless substrate X-gal, which is converted to a colored pre-
cipitate that stains the cells at an intensity that is proportional 
to the amount of LacZ enzyme present. The EGFP gene is 
modified version of the GFP gene that was originally isolated 
from the jellyfish species Aequorea victoria. It encodes the 
EGFP protein whose expression is revealed by its emission of 
light at a wavelength of 509 nm when excited by light at a 
wavelength of 488 nm. Variants of the EGFP gene have been 
derived that are optimized to be excited by and emit light of 
different wavelengths (EBFP, ECFP, and EYFP). Additionally, 
the reporter gene DsRed, discovered in the anthozoan genus 
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Discosoma, is also used, as it encodes a red fluorescent protein, 
DsRed, which is excited by and emits light at 558 nm and 
583 nm, respectively.

 6. In reporter assays, the choice of host species for transgenes is 
an important parameter. In the best case, the CRE can be 
tested in one (or better yet, both) of the species being com-
pared. However, this is not always convenient, or possible. 
Many studies utilize the nearest convenient model organism in 
which to conduct reporter assays. For example, human and bat 
CREs have been tested in the mouse (15, 46). Various insect 
CREs have been shown to work in D. melanogaster, including 
beetle (47), honeybee (48), mosquito (49), and sepsid (38) 
CREs. With increasing evolutionary divergence time between 
host species and that from which the CRE under investigation 
is derived, the level of faithful recapitulation tends to decrease. 
For example, the nematode C. elegans generally failed as a host 
for D. melanogaster CREs (50).

 7. These transgenes were introduced into D. melanogaster by 
P-element based germ-line transformation. A detailed proto-
col for Drosophila germ-line transformation is available at: 
http://www.ibdml.univ-mrs.fr/equipes/BP_NG/Methods-
files/injection.pdf. This protocol has also been adapted for use 
with other transposon systems (25, 27, 36).

 8. An effective approach to indentify the CRE content for a gene 
typically begins with a coarse survey of the entire locus by a set 
of reporter genes, each possessing a relatively large noncoding 
sequence. The large noncoding sequence size serves two pur-
poses: to minimize the number of transgenic organisms to be 
developed to screen the entire locus; and to enable the identi-
fication of CREs that are more diffuse in composition than 
those typically published (100–1,000 base pairs is a commonly 
observed CRE size). It is also advantageous to design contigu-
ous noncoding sequences to overlap by 500–1,000 base pairs. 
The analysis of partially overlapping noncoding sequences 
protects your initial screen from the unfortunate event that 
arbitrarily assigned start and end points for noncoding 
sequences divides a functional CRE into two nonfunctional 
pieces. When a CRE activity of interest is identified to be within 
a noncoding sequence, it is typically worthwhile to perform a 
second transgenic screen that tests smaller portions of the 
larger noncoding sequence as a set of overlapping but trun-
cated sequences. This second transgenic screen will refine both 
the DNA sequence that encodes a particular CRE activity and 
where the causative CRE changes are likely to occur.

 9. A recombination-based method was developed to assess very 
large regions of genomic DNA for CRE activity in transgenic 
Drosophila (51). This P(acman) method allows the modification 
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of a bacterial artificial chromosome (BAC) sequence in bacteria 
to contain a reporter gene. This large fragment of genomic 
DNA with an incorporated reporter gene can be inserted into 
the genome of D. melanogaster using phiC31-mediated trans-
genesis. In the manuscript describing this technology a 133-kb 
sequence was successfully inserted into the genome of D. mela-
nogaster (51). This fruit fly technology is comparable to a 
method routinely used is mouse genetic studies to investigate 
the regulatory content of a locus (52). Although technically 
more challenging than working with small transgenes, these 
methods are suitable when the candidate interval for a cis-
regulatory mutation remains quite large.

 10. In order to control for variation caused by the random inser-
tion of transgenes, studies typically assess numerous indepen-
dent integrations for each transgene being evaluated, often 
around 6–10. Even after this substantial amount of work, the 
conclusions drawn regarding CRE activity is restricted to qual-
itative differences and not quantitative differences.

 11. In D. melanogaster, transgenes can be site-specifically inte-
grated by either the use of a Cre recombinase- (53) or phiC31-
integrase- (34, 35) derived system. These methods allow the 
comparisons of transgenes with different or modified CRE 
sequences when placed in the same genomic environment. 
This removes the complication of position effects, and allows 
the identification of qualitative and quantitative differences in 
gene regulatory activity.

 12. A time- and cost-effective way to generate mutant CRE 
sequences, compared to the more traditional method of site-
directed mutagenesis, is to have the sequence synthesized 
de novo commercially by vendors such as GenScript (http://
www.genscript.com/). Additionally, for labs not set up for 
the production of transgenic animals, the procedure can be 
outsourced to vendors such as Best Gene (http://www.
thebestgene.com/) or Genetic Services (http://www.
geneticservices.com/) for fruit flies and genOway (http://
www.genoway.com/) for mice.

 13. When designing a probe for in situ hybridization or RT-PCR, 
it is important to carefully choose the portion of the gene to 
assay. A common practice is to start with a portion of the gene 
that would be expressed in most or all contexts (i.e., a domain 
that is common to all of the alternate transcripts). That way, a 
change in gene expression can be detected regardless of which 
promoter or splice variant is being used in the tissue being 
studied. However, as one’s confidence in a gene increases, the 
possibility of splice variants should be considered: are there 
sequenced cDNAs that show an alternate pattern of splicing? If 
so, the alternates can be visualized by generating short in situ 
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hybridization probes that are specific for alternate exons 
(traditional probes can be as small as ~100 bp). RT-PCR prim-
ers that flank alternatively spliced introns (to discern bona fide 
mRNA signal from genomic contamination) can be strategi-
cally designed to monitor which alternate transcripts are being 
produced in a tissue.

 14. In the best-case scenarios, there are no coding sequence differ-
ences in the orthologous genes. More likely though, there will 
exist some sequence differences within the coding sequences, a 
fraction of which do not alter the amino acid specified, referred 
to as synonymous changes. Often, such sequence differences 
are dismissed as neutral mutations that do not explain the 
evolved phenotype; however, these sequence changes may 
indeed be causative and should be considered. Changes that 
substantially alter the encoded protein, such as frameshift or 
nonsense mutations due to insertion or deletion events, are 
more decisive indicators that the coding sequence function has 
changed. Point mutations that result in the specification of a 
different amino acid, so-called nonsynonymous mutations, are 
more ambiguous and may or may not contribute to the trait 
(see Chapter 22).
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