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Sequence evolution behaves in a relatively consistent manner, leading to one of the fundamental paradigms in
biology, the existence of a ‘molecular clock’. The molecular clock can be distilled to the concept of
accumulation of substitutions, through time yielding a stable rate from which we can estimate lineage diver-
gence. Over the last 50 years, evolutionary biologists have obtained an in-depth understanding of this clock’s
nuances. It has been fine-tuned by taking into account the vast heterogeneity in rates across lineages and genes,
leading to ‘relaxed’ molecular clock methods for timetree reconstruction. Sequence rate varies with life history
traits including body size, generation time and metabolic rate, and we review recent studies on this topic.
However, few studies have explicitly examined correlates between molecular evolution and morphological
evolution. The patterns observed across diverse lineages suggest that rates of molecular and morphological
evolution are largely decoupled. We discuss how identifying the molecular mechanisms behind rapid functional
radiations are central to understanding evolution. The vast functional divergence within mammalian lineages that
have relatively ‘slow’ sequence evolution refutes the hypotheses that pulses in diversification yielding major
phenotypic change are the result of steady accumulation of substitutions. Patterns rather suggest phenotypic
divergence is likely caused by regulatory alterations mediated through mechanisms such as insertions/deletions in
functional regions. These can rapidly arise and sweep to fixation faster than predicted from a lineage’s sequence
neutral substitution rate, enabling species to leapfrog between phenotypic ‘islands’. We suggest research
directions that could illuminate mechanisms behind the functional diversity we see today.

[Janecka J, Chowdhary B and Murphy W 2012 Exploring the correlations between sequence evolution rate and phenotypic divergence
across the Mammalian tree will provide insights into adaptive evolution. J. Biosci. 37 897–909] DOI 10.1007/s12038-012-9254-y

1. Introduction

The molecular clock proposed by Zuckerkandl and Pauling
(1965) is one of the fundamental discoveries in evolu-
tionary biology of the 20th century. It was first ob-
served when these authors examined the level of
divergence in globin genes and found that the estimated
rate roughly behaved as a clock, with each substitution
representing a ‘tick’ in time (Zuckerkandl and Pauling
1965). As mutations become fixed they accumulate, and if
we know the rate and the number of mutational ‘ticks’
between any two species, we can estimate the time of their
shared ancestry.

It was quickly noted that there are remarkable differences
in rates of sequence evolution across lineages of mammals,
and other organisms, leading to the development of relaxed
molecular clocks that allow the rate to vary (Laird et al.
1969; Britten and Davidson 1971; Hart and Setlow 1974;
Welch and Bromham 2005). These observations led to our
understanding of radiations that occurred within life forms,
allowed us to link diversification with paleoecological
events, and identify cryptic diversity among taxa that are
phenotypically conserved (Murphy et al. 2004, 2007;
Janecka et al. 2007, 2008; Meredith et al. 2011). Hypotheses
developed now explain how pivotal events including major
asteroid impacts, continental drift or changes in atmospheric
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temperature have shaped life (Teeling et al. 2005; Murphy
et al. 2007; Meredith et al. 2011).

Factors that influence the sequence evolution rate and are
correlated with each other are important for several reasons.
First, mutations and the subsequent fixation of these aberra-
tions yield the initial heritable variation that leads to adapta-
tion and subsequently speciation. By understanding factors
that affect the substitution rate, i.e. the rate of fixed heritable
genetic change, we gain insight into the fundamental pro-
cesses that underpin the evolution of life forms. Second,
these interactions are critical for applying sequence data to
resolve both phylogenetic relationships and to estimate the
timing of events that occurred millions of years ago (Welch
and Bromham 2005; Bromham 2009). One of the missing
parameters in our current methods of estimating timetrees is
one that captures how rates vary in time; the majority of
models that allow the rate to vary are yet to incorporate
temporal variation along a branch. Finally, there is a remark-
able diversity of organisms as a result of many well-
described adaptive radiations. By studying molecular evolu-
tionary rates, and how they are correlated with phenotypic
change, we will better understand the fundamental processes
that lead to adaptive radiations.

2. Molecular and phenotypic evolution

Evolution can be construed in two ways. The first is simply
any change in a heritable character, even if it has no major
phenotypic manifestations, which we refer to as ‘static evo-
lution’. However, another interpretation is change in a heri-
table character that yields morphological and functional
alterations, in other words, continued change in the function
of an organism, or ‘dynamic evolution’. These are likely the
consequences of two different processes.

Static evolution is largely the product of time. As time
ticks by, populations eventually diverge into subpopulations,
then into subspecies, then into species and later into higher-
level lineages as mutations are fixed through drift, repeated
bottlenecks and/or selection (Orr and Turelli 2001). Yet all
these news species may appear and function roughly the
same and thus be ecologically equivalent, and so in effect
they have not ‘evolved’ in the sense of acquiring novel forms
or adapting to new niches. In contrast, dynamic evolution is
the acquisition of new traits and features that were not
present in the common ancestor and are absent from related
extant species. Therefore, the changes that accumulate dur-
ing dynamic evolution have major functional repercussions.

It is fascinating that these two processes (i.e. the steady
accumulation of mutations during static evolution versus the
acquisition of new traits during dynamic evolution), and
hence the two types of evolution described above, may be
decoupled. Most mutations are nearly neutral and therefore
become fixed through drift (Kimura 1983). In contrast,

because phenotypic change can be adaptive, mutations that
cause it could escape neutral processes through strong selec-
tion (Kimura 1983). Early on it was noted that larger animals
evolved more quickly in terms of morphology (i.e. faster
dynamic evolutionary rate) (Simpson 1953; Stanley 1973).
Stanley (1973) suggested that lower population sizes and
fecundity restrict gene flow, increasing opportunities for
divergence. On the other hand, body size has been found to
be negatively correlated with sequence evolution (i.e. static
evolution evolutionary rate) (Nabholz et al. 2008; Welch et al.
2008; Galtier et al. 2009; Nabholz et al. 2009; Tsantes and
Steiper 2009; Lartillot and Poujol 2011).

Interestingly, in cases where there is great functional
change, one often sees very little molecular change and vice
versa. This was noted early on in comparative genetics; one
of the classical examples shocking many people at the time,
particularly among the lay public, described high sequence
similarity between humans and chimpanzees despite their
drastic phenotypic divergence (Britten and Davidson 1971;
King and Wilson 1975). Later, there was evidence that
phenotypic evolution is not linked to species diversification
(Adams et al. 2009). Therefore, the forces that have the
greatest effects on dynamic versus static evolution must
differ. The disassociations observed led to a synthesis of
developmental and genetic studies and the establishment of
evolutionary development biology (Carroll 2008). The
resulting theory of morphological evolution attributes major
phenotypic changes to mutations in cis-regulatory sequences
that alter expression of regulatory loci and their targets, thus
modifying fundamental gene networks (Carroll 2008).

The phenotypic diversity present among organism is not
distributed equally across the tree of life. Understanding the
relationship between molecular and phenotypic evolution is
fundamental to grasping the diversification of organisms,
such as the post-Cretaceous radiation of mammals. In the
Cretaceous-Paleogene (KPg) boundary there is no evidence
for a pulse in diversification rate (Meredith et al. 2011).
However, the modern crown groups (i.e. orders) originated
at that time and underwent functional diversification into
novel ecomorphs (Meredith et al. 2011). This included the
acquisition of many traits used to define the respective
orders. Therefore, the evolutionary rate in terms of sequen-
ces and lineage diversification did not increase, but the level
of phenotypic diversification did. Although there are numer-
ous specific genomic alterations observed in select species or
lineages found to explain phenotypic evolution (Fondon and
Garner 2004), we are yet to understand the systematic ge-
nomic changes that yield rapid functional changes across
entire lineages during periods with ecosystem-level commu-
nity turnovers, such as those that transpired at the KPg
boundary. Once we elucidate these mechanisms and estab-
lish a framework for understanding their complexity, we will
better understand how phenotypic diversity evolves. We
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may even be able to predict the potential for adaptation to
changing environmental conditions and novel environments
for particular lineages.

In this article we review literature that explores the
correlation of molecular evolution, life history traits and
phenotypic evolution, and discusses potential hypotheses
on how these are linked. Recently we completed a
family-level phylogenetic and timetree reconstruction of
Mammalia (Meredith et al. 2011), giving us the opportunity
to examine the distribution of rapid functional radiations
relative to sequence evolution rate. We discuss the repercus-
sions on understanding mechanisms behind adaptive radia-
tions and propose research directions that may lead to
advances in this field.

2.1 Importance of taxon and gene sampling

Molecular rate differences have been observed across and
within lineages. Overall, the rate of nucleotide substitutions
increases from fish to amphibians to birds to mammals
(Adachi et al. 1993). Within these groups there are correla-
tions with life history traits – for example, body size and
generation time (table 1). However, many cases studies have
been biased by selecting only a few representatives of a
particular lineage or the use of only a few genes (table 1).
Even within groups there are additional rate differences
(Bleiweiss 1998; Lanfear et al. 2010; Meredith et al.
2011). For example, in rodents the rate varies greatly; yet,
most studies only include mouse or rat, which happen to be
among the fastest rodents (Bromham 2009, 2011). The
observed effect when comparing different lineages may de-
pend on which taxon was selected to represent that group. To
date, the correlations among all major lineages of mammals
have not been examined, nor have there been studies that
have sampled genes or taxa with the explicit purpose of
exploring these rate trends. This greatly hampers the
ability to characterize relationships between molecular rate
and life history traits.

2.2 Components of molecular evolution

It is important to consider the processes leading to variation
in populations and species. The first step is the introduction
of a mutation into the genome due to a replication error or
DNA damage. The second is the fixation of this mutation
over successive generations, thereby making the molecular
change a feature of the entire phylogenetic unit (i.e. popula-
tion, species or lineage). The molecular variation we typi-
cally use for comparing genes or species comes from these
fixed mutations (usually in the form of nucleotide substitu-
tions), and therefore the evolutionary rate we estimate is a
combination of the mutation rate and the rate of fixation
(table 1). Under the neutral model, the substitution rate is

equal to the mutation rate (Kimura 1983); however, there are
factors that disconnect these two values. When we compare
the rate between species or genes, a portion of the difference
comes from changes in the mutation rate and a portion from
changes in the rate of fixation (Bromham 2009, 2011). The
overall influence that a life history trait has on sequence
evolution rate is then largely a result of the magnitude and
directions of its effects on mutation and fixation rates. Be-
cause genetic drift will overcome selection to a greater extent
in smaller populations, slightly deleterious mutations are
more likely to become fixed in species with small effective
population sizes (Ne) (Kimura 1983; Welch et al. 2008).
This is supported by the greater rates of nonsynonymous
substitutions in mtDNA of species with larger body sizes (a
proxy for smaller Ne) (Popadin et al. 2007).

3. Correlations with life history

In many studies, sequence evolution scales with body size
and other related life history traits within and among lineages
of mammals, fish, birds and other organisms for both nucle-
ar, mitochondrial and plastid DNA (Read and Harvey 1989;
Martin and Palumbi 1993; Douzery et al. 1995; Bromham
et al. 1996; Oli 2004; Welch and Bromham 2005; Davies
and Savolainen 2006; Welch et al. 2008; Bromham 2009;
Jeschke and Kokko 2009; Bromham 2011) (table 1). In
addition, differences in substitution rates are also observed
among genomic locations, genes and even nucleotide
positions (Bromham et al. 1996; Rowe and Honeycutt
2002; Welch et al. 2008; Tsantes and Steiper 2009). The
sequence rate is tied so closely with body size, generation
time and population size that Bromham (2009) proposed it
be considered a life history trait.

However, many life history traits are also correlated with
each other (e.g. body size, metabolic rate, range size, popu-
lation size and generation time), and therefore it is hard to
determine which of these drives the relationship and if any of
them are causal. To complicate matters, the metric used to
capture particular life history traits are often not clearly
defined in many studies. In addition, among groups there
can be differences in the relationships between life history
traits. For example, in mammals and birds, species with
slower life histories (i.e. longer life span and generation
time) also tend to have lower fecundity, and yet in fish the
opposite pattern is more universal (Jeschke and Kokko
2009). These discrepancies add to the difficulties faced when
attempting to resolve which specific factors contribute to rate
heterogeneity. Nonetheless, there has been a wealth of re-
search leading to some common patterns that have led to
hypotheses explaining correlations between sequence evolu-
tion rate and life history traits. We highlight some of the
most important studies below and in table 1.
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3.1 Body size and longevity

Negative correlations with body size and longevity have
been observed in both nuclear and mitochondrial genes
(Bromham et al. 1996; Nabholz et al. 2008; Welch et al.
2008; Lartillot and Poujol 2011) (table 1). Body size and
longevity are hypothesized to put selective pressure on pro-
cesses that directly affect mutation rate including polymerase
fidelity, proofreading, excision-repair and the SOS response
(Kornberg 1980; Echols and Goodman 1991; Kunkel 1992;
Bromham et al. 1996). Larger, longer-lived animals are
theoretically better served with a more effective DNA copy
and repair systems to minimize cellular abnormalities that
may affect fitness. Therefore, selection should work to re-
duce mutation rates, particularly in mitochondria (Bromham
et al. 1996; Nabholz et al. 2008, 2009). This body size and
longevity effect is stronger in longer-lived mammals, further
supporting this hypothesis, and also across Aves (Nabholz
et al. 2008, 2009). Indeed, differences in the efficiency of
repair mechanisms have been correlated with body size and
longevity as would be expected if these were under selection
(Hart and Setlow 1974). For example, unscheduled DNA
synthesis in fibroblast lines is proportional to logarithm of
life span (Hart and Setlow 1974). The mutation rate differ-
ences between primates compared to rodents, and apes and
monkeys compared to more ancestral primates have been
also explained by differences in repair efficiency (Hart and
Setlow 1974, Britten 1986).

3.2 Generation time

Generation time has been correlated with rate both within and
among diverse lineages (Li et al. 1987; Ohta 1993; Mooers
and Harvey 1994; Li et al. 1996; Rowe and Honeycutt 2002;
Bromham 2011) (table 1). One of the first papers that
showed the rate is affected by generation time observed
rodents had a tenfold faster rate than artiodactyls, but this
diminished when scaled with generation time instead of
years (Laird et al. 1969). Generation time is believed to
affect rate in two ways. First, species with shorter generation
times undergo more meiotic events in a given amount of
time; therefore, there are more chances for mutations to
occur. In addition, with more generations per unit time, there
is a greater opportunity for any mutations to become fixed.
Both these factors would increase the substitution rate.

The slope of the log of the generation time and log of the
mutation rate has been estimated between −0.15 to −0.44,
which is not as steep as predicted if there was a direct
relationship (Nabholz et al. 2008; Welch et al. 2008). There-
fore, the generation time effect is likely mitigated by other
factors (Bromham 2011). One possibility is that variation in
the number of germline divisions reduces the impact from
generation time (Li et al. 1996). For example, humans have a

greater number of germline cell divisions than mice, and
therefore their substitution rate is not as low relative to mice
as would be predicted from just generation time (Li et al.
1996; Bromham 2011). Males have more germline divisions
than females, and this has been proposed to explain the
higher mutation rates in males for both primates and rodents
(Li et al. 1996). The number of divisions has also been used
to explain greater mutation rates in mtDNA compared to
nuclear loci (Bromham 2011).

3.3 Metabolic rate

It has been hypothesized that in species with higher meta-
bolic activity, DNA is exposed to a greater number oxidative
byproducts that cause damage (Martin and Palumbi 1993;
Mooers and Harvey 1994; Bromham et al. 1996; Gillooly
et al. 2001; Rowe and Honeycutt 2002, Lanfear et al. 2007).
This has also been used to explain the higher rate in mito-
chondrial compared to nuclear DNA (Bromham et al. 1996).
However, there is more inconsistency in the correlation
between metabolic rate and sequence evolution than for the
above life history traits; therefore, its effects are likely not as
universal or strong (Mooers and Harvey 1994; Bromham
et al. 1996; Rowe and Honeycutt 2002; Gillooly et al. 2005)
(table 1). For example, birds have a higher mass-specific
metabolic rate, and yet birds with small body mass (< 500 g)
evolve fourfold slower than mammals (Nabholz et al. 2009).
One potential explanation for the inconsistency is that the
primary factors that contribute to evolutionary rate differ
depending on the cellular environment of the locus (Bromham
2011). For instance, because mitochondria have greater
numbers of oxidative by-products, rate differences for
mtDNA genes may be driven more by metabolism (Brown
1983; Martin and Palumbi 1993; Bromham et al. 1996). In
contrast, nuclear DNA is not exposed to as many oxidative
byproducts, and so it may be more influenced by generation
time (Bromham et al. 1996; Tsantes and Steiper 2009).
Martin and Palumbi (1993) suggested that although meta-
bolic rate may not be the primary factor for rate variation, it
may potentially explain outliers that do not fit the sequence
rate–generation time correlation.

3.4 Modelling effects of multiple factors

There have been several attempts to model life history variables
together to test correlations with sequence rate (table 1). One
approach took into account the influence of body size and
temperature on metabolic rate, and the neutral theory, to
explain variation in sequence evolution with mass-specific
metabolic energy (Gillooly et al. 2001, 2002, 2005). Gillooly
et al. (2005) proposed such models may resolve inconsisten-
cies between molecular and fossil estimates of divergence
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time. Indeed, they were able to obtain more accurate diver-
gence dates by taking into account mass-specific metabolic
energy. This approach was recently used to reconcile molec-
ular and fossil estimates of crown primate origins by predict-
ing the molecular rate based on morphological traits
reconstructed from fossils assigned to specific time points
on branches (Steiper and Seiffert 2012). If a pattern can be
found that holds across diverse species and genes, this model
could be also used to predict the correct sequence evolution
rate for lineages that have very long branches and few good
fossil calibrations, e.g. marsupial moles and aardvarks.

4. Correlations with phenotypic evolution

Diversification patterns for many major clades are very
uneven across phylogenies, both in terms of species numbers
and phenotypes (Adams et al. 2009; Meredith et al. 2011;
Purvis et al. 2011) (table 2). Even sequence divergence
appears to have punctuated episodes of acceleration and
slowdown that lead to departures from the molecular clock
(Soltis et al. 2002; Pagel et al. 2006; Venditti and Pagel
2010). Previous studies have detected rapid evolution and
speciation as a result of selection on standing genetic varia-
tion over short time periods (Fondon and Garner 2004,
Schluter and Conte 2009). However, at broader temporal
and genomic scales few studies have identified process lead-
ing to large-scale functional diversification. Regulatory
changes are more likely to contribute to phenotypic diver-
gence during radiations than the accumulation of nucleotide
substitutions (Britten and Davidson 1971; Beall et al. 1999;
Carroll 2008). This is suggested in a transcriptome analysis
of two cichlids (Amphilophus astorquii and Amphilophus
zaliosus) that showed only 6 expressed sequence tag (EST)
contigs were under strong diversifying selection out of
13,106 orthologous ESTs, despite their rapid adaptive diver-
gence (Elmer et al. 2010).

Numerous natural history traits and environmental varia-
bles may impact both neutral drift and selection, including
geographic range, ecological specialization, body size, mat-
ing preferences, breeding patterns and interspecific compe-
tition. Therefore, they would also affect morphological
evolution (table 1). However, there has been controversy
about which of these predominate (Bromham 2009). This
is very difficult to resolve because the relative influence of
each one depends on ecological traits, effective population
size, functional diversity in the ecosystem and saturation of
niches (Davies and Savolainen 2006; Cooper and Purvis
2010; Mahler et al. 2010). For example, a wide geographic
range across diverse ecosystems would subject subpopula-
tions to different selective pressures facilitating divergence.
However, local selection can be overcome by gene flow if
individuals disperse long distances and there is frequent
migration (Stanley 1973). The dispersal ability of a species

mitigates the correlation between geographic range and the
rate of phenotypic divergence of subpopulations. From an
evolutionary historical perspective these interactions will be
even more complex because selection regimes, ranges and
even species themselves change through time. Despite these
challenges, are there patterns from which we can infer the
primary factors that shape functional divergence and lead to
adaptive radiations?

Attempts have been made to answer the above question
by testing for correlations between phenotypic divergence
and diversification rate, substitution rate or life history traits
(table 2). Life history correlations with morphological evo-
lution are in general the opposite of those observed for
sequence evolution, or are not present at all (Omland
1997; Bromham et al. 2002; Davies and Savolainen 2006;
Seligmann 2010; Collar et al. 2011; Goldie et al. 2011; Safi
et al. 2011)(table 2). Cooper and Purvis (2009) examined the
associations between phenotypic evolutionary rate with nu-
merous traits including body mass, mass-specific metabolic
rate, gestation length, maximum longevity, population den-
sity, geographic range size, mean annual temp across the
range, competition and ecological speciation (Adams et al.
2009; Cooper and Purvis 2009, 2010). The fastest rates of
morphological change occurred with larger body sizes (Cooper
and Purvis 2009). However, the rate and patterns were not
always consistent. Morphological evolution was faster in
small- and large-bodied rodents than in rodents with moder-
ate body sizes (Cooper and Purvis 2009). Other factors
appeared to be more important in some lineages. Low
mass-specific metabolic rate contributed the most to mor-
phological change in marmotine squirrels, while high envi-
ronmental temperatures did so in phyllostomid bats (Cooper
and Purvis 2009). There are also likely environmental effects
on phenotypic divergence; in a study of mammalian body
size evolution (3473 species in dataset) this trait appeared to
be influenced by a combination of geography, climate and
history (Cooper and Purvis 2010).

Bromham et al. (2002) found no association between
molecular and morphological rates of evolution, which was
also supported in several other studies (Davies and Savolai-
nen 2006). However, Seligmann (2010) reanalysed data of
Bromham et al. (2002) and observed a positive correlation
between the two, refuting the original work. The discrepancy
observed was attributed to the loss of power in the
Bromham et al. (2002) analyses caused by exclusion of tips.
For Lamellodiscus gill parasites, morphology remained near-
ly constant even with rapid sequence evolutionary rates
(Poisot et al. 2011). This was partly explained by very strong
host-induced constraints on form and function (Poisot et al.
2011). In plants, Davies and Savolainen (2006) detected
weak positive correlations, potentially a result of processes
linked to size and growth. This relationship only held when
data were combined and individual clades were analysed
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together. The authors speculated that the lack of corre-
lations in mammals may have resulted from fewer sam-
pling points (Davies and Savolainen 2006). The absence
of evidence for significant patterns in other studies may have
also been due to insufficient samples sizes (Bromham et al.
2002; Davies and Savolainen 2006; Goldie et al. 2011).
However, it is also possible that the difference among line-
ages has biological significance and may reflect fundamental
dissimilarities in molecular mechanisms and selection coef-
ficients. The discrepancies suggest that there is no strong
relationship between phenotypic evolution and substitution
or diversification rates.

5. Patterns of phenotypic divergence across
the mammalian phylogeny

A recent family-level phylogeny of Mammalia provides an
opportunity to develop a framework for understanding ge-
nomic mechanisms that are responsible for the extensive
phenotypic diversification that has occurred over the ~220
million year history of this group (Meredith et al. 2011). The
rate of diversification varies greatly across different branches
as can be seen in the family-level mammalian phylogeny
(figure 1). Among the orders with the slowest sequence
evolution rate are the Perissodactyls (odd-toed ungulates),
today represented only by three families: Equidae (horses,
zebras and asses), Tapiridae (tapirs) and Rhinocerotidae
(rhinos). This order originated 56.8 million years ago
(Mya), yet underwent extensive phenotypic divergence in
conjunction with their explosive taxonomic radiation during
the Eocene. Indeed, there are many more extinct than extant
perissodactyls, particularly among the equids and rhinos: 14

perissodactyl families are extinct compared to only 3 that are
extant (McKenna and Bell 1997).

Another laurasiatherian group with intermediate se-
quence diversification rates is Cetartiodactyla, which
originated around 65.4 Mya (figure 1). Yet within this
group there were also extensive adaptive radiations that
resulted in incredible morphological, physiological and
behavioural modifications. One lineage, the cetaceans (ori-
gin 33.9 Mya), has undergone among the most drastic phe-
notypic divergence of any mammals, yet also happens to
have the potentially slowest nucleotide substitution rate
(Meredith et al. 2011). Even after the shift to an obligate
aquatic lifestyle, there have been additional adaptive radia-
tions within this group (Deméré et al. 2005).

The phenotypic divergence described above stands in
stark contrast to the relative phenotypic conservatism within
certain mammalian clades having much faster nucleotide
substitution rates. Among these are some lineages within
the Eulipotyphla (insectivores) and Rodentia (rodents)
orders. Both of these groups are older (77.3 Mya and 69.0
Mya, respectively) and are characterized by very rapid se-
quence evolution rates compared to both Perissodactyls and
Cetartiodactyls (Meredith et al. 2011). Despite their age,
faster rates and, in the case of rodents, much greater species
diversity, many of their lineages have remained relatively
conserved in life history, ecology, and behaviour. There are a
few rodents and insectivores that do have very divergent
phenotypes; for example, some of the fossorial species in-
cluding the naked mole rat (Rodentia) and the moles (Euli-
potyphlans), however, these have among the slowest
nucleotide substitution rates among their orders.

6. Mechanisms behind phenotypic evolution

Molecular and morphological evolutionary rates are either
not correlated or negatively associated (Bromham et al.
2002; Davies and Savolainen 2006; Goldie et al. 2011). As
we describe above, in mammals some of the greatest pheno-
typic divergence occurs among groups that have lower rates
of nucleotide substitution. Since mutations are ultimately the
source of heritable variation, this suggests three things. The
first is that we are yet to characterize genomic regions that
lead to the remarkable phenotypic divergence of lineages
such as Perissodactyls and Cetartiodactyls. Second, most of
the mutations examined to date are neutral or nearly neutral.
Third, the processes that lead to nucleotide versus phenotypic
divergence likely differ.

One potentially important factor may be effective popu-
lation size (Ne). As described above, there appears to be a
disassociation between phenotypic evolution and sequence
evolution; in many cases the ‘slow’ lineages are the ones that
have the most drastic phenotypic change. Often these are
larger-bodied animals with smaller Ne, which means that

Figure 1. Maximum likelihood family-level phylogeny of Mamma-
lia (reduced data set from Meredith et al. 2011). Each order is
illustrated with a different color. Four groups that show great disparity
between molecular and phenotypic divergence are highlighted.
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more mutations will become fixed by drift and with a smaller
influence from selection. In species with small Ne, the fixa-
tion of slightly deleterious mutation is more likely (Woolfit
2009). Since deleterious mutations are by definition the ones
that negatively affect the function of proteins, it follows that
more mutations that influence the phenotype would be-
come fixed. This could theoretically result in greater
phenotypic variation in small populations that may become
advantageous after a change in selection regimes.

If balancing selection is important in maintaining species
shape and morphology, then small population size would
enable more stochastic variation in mutations affecting form
and function (Bromham 2009). In a variable environment,
the new phenotypes that are either neutral, or slightly dele-
terious, may suddenly give a selective advantage and be-
come exaptations (Gould and Vrba 1982). Is it possible that
functional diversifications may have been initiated after fix-
ation of mutations that were initially deleterious? Potentially.
Once a novel phenotype arises, it may enable the species to
fill unoccupied niches or escape competition, and subse-
quently become the basis for additional adaptations. Because
of the effect population size has on drift, one can predict
there will be more phenotypic divergence in species with
smaller Ne, even though the neutral substitution rate would
be slower. Consistent with the prediction, species with larger
body size (a proxy for Ne) have been observed to undergo
more rapid phenotypic evolution, although this needs to be
rigorously tested (Meredith et al. 2009). Furthermore, large
species also have higher nonsynonymous (dN)/synonymous
(dS) ratios than smaller taxa (Popadin et al. 2007; Goldie
et al. 2011; Lartillot and Poujol 2011).

Although there must be a molecular basis to phenotypic
evolution, not all molecular changes affect form or func-
tion. Across large parts of the genome there appear to be
relatively few areas that have major effects on phenotypes,
and specifically morphology. Therefore, only small subsets
of mutations alter phenotypic traits. It then follows that on
any given phylogenetic branch most mutations are irrele-
vant in terms of functional evolution. In a way, this is a
reaffirmation of the neutral theory stating that a vast ma-
jority of genetic changes are neutral, or nearly neutral, and
therefore most mutations have no selective advantage or
disadvantage (Kimura 1983).

If most mutations examined thus far are neutral, and there
is a decoupling of molecular and morphological evolutionary
rates, how can we identify genetic alterations that lead to
major adaptive radiations, i.e. dynamic evolution? The
leading hypothesis postulates that mutations in regulatory
elements play the key role (Carroll 2008). One of the
most important observations from which this arose de-
scribed cooption of conserved proteins for different and
independent functions across disparate tissues and organisms
(McMahon et al. 2003). This strongly suggests that changes

in regulation of proteins can produce unique structures with
different functions. Such regulatory changes can also alter
fixed morphological traits. Fondon and Garner (2004) found
indels of trinucleotide repeats in the coding regions of reg-
ulatory genes that influence skull morphology and polydac-
tyly in the domestic dog. There was strong evidence that
these mutations arose after the formation of the breeds, over
the course of only 50–100 years. This is possible because of
the much higher mutation rates of microsatellite indels com-
pared to substitutions. Insertions and deletions that affect
phenotypes are not restricted to short tandem repeats. For
example, the three independent mutations that cause melanism
in felids are deletions within exons of genes (Eizirik et al.
2003). Additional indels and substitutions can occur in 5′
and 3′ untranslated regions and cis- and trans-regulatory
elements, and noncoding mRNAs that would also affect
regulation of genes (Carroll 2008).

The patterns in phenotypic divergence and the genetic
variants affecting form have three very important implica-
tions for evolutionary biology. First, nucleotide substitu-
tions, which represent the variation predominantly used to
reconstruct phylogenies and estimate evolutionary rates, may
not be the class of mutations that produces the vast majority
of functional changes we are interested in understanding.
Second, there are classes of mutations much more common
than SNPs and these may be a more important source of
adaptive variation. Third, the types of mutations that may
most affect phenotypes are often not present in sequence
datasets because the sites where they occur are usually dis-
carded from phylogenetic and timetree analyses.

7. Conclusions and future prospects

The patterns observed in previous studies and a family-level
phylogeny of mammals suggest that the predominant pro-
cesses affecting phenotypic changes are not tied directly to
nucleotide substitutions rates. The most likely mechanisms
are indels in coding and noncoding regions of genes, dupli-
cations and deletions, gene losses, gene gains, and substitu-
tions that affect regulatory elements, and changes in
expression patterns (Carroll 2008).

One of the first steps that would increase our under-
standing of phenotypic evolution would be more exhaus-
tive analyses of the associations between nucleotide
substitution rates and phenotypic divergence. Although
there is strong evidence that these are not directly
linked, the relationship between them could shed light
on what natural history traits and environmental factors
influence them. Ideally the analyses would incorporate
fossil records to avoid biases introduced from ancestral
state reconstruction. Stem fossils for the respective lin-
eages could be used to more accurately infer the amount
of phenotypic divergence in each branch, so that it
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could be compared to sequence evolutionary rate. We
now have unprecedented sampling of taxa for both mo-
lecular and morphological data, which allows us to se-
lect groups that would provide the most power for
comparative analyses.

The second important step in understanding phenotypic
evolution would be to construct genomic datasets specifical-
ly for the purpose of capturing variation that likely explains
phenotypic divergence. Next-generation sequencing technol-
ogies could be leveraged to produce the large amounts of
data that this would require. Initially, RNA-Seq could be
used to sequence cDNA libraries from different embryonic
and adult tissues in several representatives of two groups.
The first would have great functional divergence but slow
rate of nucleotide substitutions and the second group would
have little functional divergence but very fast substitution
rate. The differences in gene expression, sequence variation
and splice variants could be used to identify candidate gene
networks that may drive phenotypic divergence. Next, cap-
ture arrays could be designed to re-sequence these regions in
additional individuals and species from both groups, to ex-
ecute a comprehensive exploration of genomic factors driv-
ing functional diversification.

There are many remarkable organisms that thrive across
our planet, inhabiting nearly every corner, from the mildest
environments to the most extreme. The Origin of Species
described how life evolves and developed a framework for
understanding adaptive radiations. With the recent develop-
ments in genomics, we can now decipher the mechanisms
behind these adaptive radiations. There have been many
population-level studies that identified causal genetic var-
iants that influence phenotypes. In parallel, phylogenetic
research has resolved many relationships among species
and the timing and pattern of radiations. Now is the time to
merge these approaches into a comprehensive study that will
elucidate evolutionary mechanisms responsible for the re-
markable phenotypic diversity we see today.
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