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Abstract

Heterochrony, or a change in developmental timing, is an important mechanism of evolutionary
change. Historically the concept of heterochrony has focused alternatively on changes in size and
shape or changes in developmental sequence, but most have focused on the pattern of change. Few
studies have examined changes in the mechanisms that embryos use to actually measure time
during development. Recently, evolutionary studies focused on changes in distinct timekeeping
mechanisms have appeared, and this review examines two such case studies: the evolution of
increased segment number in snakes and the extreme rostral to caudal gradient of developmental
maturation in marsupials. In both examples, heterochronic modifications of the somite clock have
been important drivers of evolutionary change.
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1. Introduction

Development consists of a series of events that take place in a highly regulated spatial and
temporal context. In most organisms there is a clear directionality to development as later
events are commonly contingent on the proper completion of prior events. In animals at
least, with a few exceptions such as regeneration and some processes that occur during
metamorphosis there is rarely significant reversibility in developmental processes. In
multicellular organisms, development proceeds from large scale patterning of the whole
organism to events that are increasingly smaller in scale, and more modular and localized as
individual parts differentiate and become more specialized. The field of developmental
biology largely consists of the study of the mechanisms by which these intricate processes
are controlled in space and time.
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The process of timing and the role of changes in timing during development have been a
strong focus of studies of comparative development and the interaction of development and
evolution. The processes of development construct the organism and biologists have looked
for ways that changes in developmental processes produce evolutionary change. Historically
one kind of developmental change — the change in the timing of events — has received
particular focus. Change in the timing of developmental events generally is termed
heterochrony. The term heterochrony was initially coined to designate changes in the
relative time of developmental processes between ancestors and descendants but in practice
heterochrony is applied in a comparative sense to changes among taxa that are related at
some level [1].

1.1 Historical perspective

The concept of heterochrony has evolved considerably over the past century. The term
“heterochrony” was coined by Haeckel to denote certain deviations from his now discredited
Biogenetic Law, which states that ontogeny recapitulates phylogeny. Haeckel believed that
during development, an embryo repeated the, “...most important of the form changes which
its ancestors traversed during the long and slow course of their paleontological evolution”
[Haeckel quoted by 2]. Heterochrony indicated a shift in which a feature appeared at a
different time in an organism’s developmental sequence than which it appeared in the
sequence of that organism’s phylogeny [3,4]. Haeckel’s definition stands in contrast to the
contemporary definition in that it is a comparison of changing ontogenies across phylogeny
rather than a comparison of an ontogenetic sequence in an individual species with its
presumed evolutionary pattern.

In an effort to refute Haeckel’s concept of recapitulation and join the fields of
developmental biology, evolutionary biology and genetics, de Beer showed how timing
changes during development could generate diversity among organisms [5-8]. He contended
that heterochrony did not require an association with recapitulation; rather, de Beer used
heterochrony to denote differences in the ontogenies of related taxa [9]. It is this
comparative definition that is the principal one currently in use [3].

While de Beer’s treatment of heterochrony is regarded as a valuable early effort to join
development and evolution, Gould made heterochrony a well-known concept in the field of
evolutionary biology [9,10]. His work, and that of his colleagues, defined the scope of
heterochrony for many years. Gould’s view of heterochrony, largely adopted by
evolutionary biologists at the time, was characterized by a re-association of heterochrony
with recapitulatory patterns and a focus on relative rates of growth rather than
developmental sequences. Gould shifted the emphasis on heterochrony from the relative
timing of developmental events to changes in the relationship between size and shape. In the
1980’s and early 1990’s, a surge of heterochrony studies focused nearly exclusively on size
and shape changes such that the concept of heterochrony came to be practically synonymous
with allometry [3].

In the late 1990’s the application of Gould’s definition of heterochrony was questioned. In
certain instances “evolution by heterochrony” was invoked to explain a change in the
relative proportion of any structure and often studies were so non-specific as to lack
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explanatory power. Attention was primarily on size and shape, and size was frequently used
as a surrogate for time. In certain circumstances size can be a suitable proxy for age, but in
other cases this exchange is inappropriate as rate of development, size and shape can evolve
separate from one another [11-18]. Finally, the attention on size and shape restricted studies
to global, organismal-level events and later processes in development [19,20]. Numerous
variations among closely related species do result from growth heterochrony, but these
methods cannot be used to examine a number of the most significant events in development:
patterns of gene expression, cell and tissue specification and differentiation, induction and
signaling cascades, and the emergence of segmental or regional identity, for example.
Heterochronies in events such as these are absolutely critical in producing evolutionary
change [3,19,21-25].

1.2 Heterochrony today

The study of heterochrony has been revitalized in the last two decades by a shift in focus
from relative growth to relative timing of developmental events, and also an increasing
focus on events at molecular and genetic levels. These studies focus on specific elements
and increasingly on the underlying developmental mechanisms responsible for evolutionary
change. New analytical tools now offer methods to analyze multiple events in many taxa, as
well as to test hypotheses in a phylogenetic context. Thus the combination of modern
developmental biological approaches using molecular and genetic data, with the renewed
approach to heterochrony has brought new explanatory power to classic problems in
evolutionary biology. Instead of emphasizing size and shape changes, modern heterochrony
studies examine the basis for variation in an array of mechanisms and types of phenotypic
modifications. Processes including shifts in critical periods, inductive events, and relative
timing of gene expression have been studied; phenomena include patterning mechanisms,
the timing of formation of organs and structures, alterations in life history phases, and
morphological changes [3].

Most studies of heterochrony do not examine changes in timing mechanisms in the explicit
sense—that is, the mechanisms that embryos use to actually measure time. This is partly due
to the nature of development: many events in development are simply contingent on the
completion of prior events. Within an embryo scheduling is often based on a sequence of
events as opposed to clock time. The occurrence of many events depends on induction, cell
and tissue interactions, and connections within signaling cascades. It is more appropriate to
describe these types of control processes as scheduling rather than timing mechanisms. In
addition, there appears to be no one mechanism organisms use for time assessment during
development [26-41]. Diverse organisms at different stages of their life history use an array
of mechanisms to track developmental time, complicating any evolutionary comparison of
changes in timing mechanisms across taxa. However, our understanding of developmental
timing mechanisms has increased dramatically in recent years, and heterochrony studies
addressing the modification of timing mechanisms are beginning to emerge.

1.3 The somite clock

One such timing mechanism that has recently been the focus of heterochrony studies is the
somite clock. Somites are transient structures in vertebrate embryos that are the first
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morphological sign of segmentation; they ultimately give rise to skeletal muscle, cartilage,
tendons, endothelial cells, and dermis. Somites “bud off” from the anterior presomitic
mesoderm, forming in rostral to caudal sequence. The most commonly referenced model for
the mechanism of somitogenesis is that of the “Clock and Wavefront” [27,28,42,43]. The
model posits that each cell in the presomitic mesoderm has its own internal clock, which
oscillates between permissive and non-permissive states for formation of a segment
boundary; cells are coupled so that oscillations within the presomitic mesoderm are
synchronized. A wavefront travels rostro-caudal through the presomitic mesoderm, and after
it has passed, cells are competent to form a segment boundary. In this fashion, a segment
boundary is formed when the clock is in the permissive state and wherever the wavefront
happens to be at that time. A large number of studies have detailed the specific molecular
components of the Clock and Wavefront; these include members of the Notch, FGF, and
Whnt signaling pathways [26-28,44]. While the identity of the clock pacesetter remains
unknown, the readout of the clock can be seen in the periodic expression of members of the
Notch, Wnt and Fgf signaling pathways in the presomitic mesoderm.

It is important to note that while an array of experimental evidence supports the Clock and
Wavefront model, alternative models exist for which there is also experimental evidence,
and not all models of the segmentation process rely on a clock mechanism [45,46]. For the
purposes of this review, the discussion is framed in terms of the Clock and Wavefront
model.

2. Case studies

2.1 Segmentation in snakes

One example of a heterochronic mechanism of evolutionary change comes from the study of
segment number in vertebrates, and in particular, work by Gomez and colleagues [47] on
somitogenesis in snakes. Among vertebrates the number of vertebrae is constant within a
species, but varies widely from species to species, ranging from as few as six in some frogs
to several hundred in certain fish and snakes. After investigating a number of possible
mechanisms, the authors found that in the evolution of the snake body plan, heterochrony in
somitogenesis rate is predominantly responsible for the impressive increase in segment
number [47].

Segment number, and hence vertebral number, depends primarily on two factors—elongation
of the body axis and segment size. A greater number of segments can be formed in a longer
axis, and more smaller-sized segments can be formed in an axis of the same length [48].
According to the Clock and Wavefront model, segment size is determined by the speed of
wavefront regression and the rate of the segmentation clock. Smaller sized somites are
formed when either the wavefront regresses more slowly or when the segmentation clock
ticks more quickly. In cases in which the segmentation clocks ticks more quickly, the
wavefront covers a smaller area of the presomitic mesoderm between the delineation of each
somite boundary, leading to more smaller-sized somites (Figure 1).

One possibility to explain the dramatic increase in somite number in snakes and other
animals with elongated body plans is that axis growth and extension continue for a longer
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period of time. Modeling of axis growth has shown that the number of cell generations in the
presomitic mesoderm needed to produce the snake embryonic axis is approximately 21,
compared to 16 and 13 generations in the mouse and chicken axes, respectively [47]. As the
number of somites in snakes can be five times or more that of chicken or mouse, number of
cell generations of axis growth only partially explains the increase in segment number in
snakes.

Another possibility to account for the increase in segment number in snakes is that there are
many more smaller-sized somites. Measurements of somite size in chicken, mouse, and
snake indicated that snake somites are at a minimum three times smaller than mouse and
chicken somites [47]. As discussed above, smaller somites can result from the slowing of
determination front regression or acceleration of the somite clock. Gomez and colleagues
compared determination front regression in snake and other amniote embryos, but did not
find a considerable difference. The authors also compared the time required to form a
somite, which is equal to the clock period, among various species. In the corn snake one
somite pair forms every 100 min, which is comparable to the 90 min required in chicken.
However, the overall developmental rates of snake and chicken are different. Using the time
between the formation of conserved developmental landmarks, the study authors determined
that the overall developmental rate is three times slower in snake versus chicken, and
therefore, the cell cycle is three times slower in the tail bud. The whiptail lizard is much
more similar in overall developmental time to the snake but has a 4 hour clock pace, much
slower than that of the snake. These results imply that the rate of somitogenesis is
accelerated in snake relative to axis growth.

Gomez and colleagues additionally observed within the presomitic mesoderm multiple
stripes of dynamic lunatic fringe (LFNG) expression [47]. LNFG is one of the cyclic genes,
whose expression is driven by the somite clock. Vertebrates examined previously exhibit
only one to three stripes of cyclic gene expression. Mathematical modeling was used to
show that the increase in stripe number is explained by the increased clock rate relative to
axis growth in snakes compared to other amniotes. Accelerated clock rate causes more
traveling waves so that an increased number of stripes are seen concurrently in the
presomitic mesoderm. Given this evidence, a relatively accelerated clock rate in the snake
was determined to lead to the greatly increased number of smaller-sized segments.

2.2 Heterochrony in segmentation and limb development in marsupials

Marsupial and placental mammals are distinguished by reproductive mode where
marsupials, relative to eutherian mammals, are born at a highly embryonic state after a short
gestation. The altricial newborn must possess sufficient adaptations for independent survival
at a stage that is equivalent to a 10-12 week human or 10 day mouse [49]. This embryonic
neonate crawls unaided to the teat and completes most development while attached to the
teat, nursing. The morphological configuration of the neonate is highly distinctive with an
extreme rostral to caudal gradient in development (Figure 2). The forelimbs are well
differentiated and relatively large and are used to crawl to the teat directly after birth (Figure
4G). In contrast the hindlimbs are much smaller, comparatively under-developed, and not
yet functional. The steep anterior-posterior developmental gradient can also be seen in the
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degree of chondrification of the axial skeleton (Figure 2). A comparison of cleared skeletal
preparations of model marsupial and eutherian mammals shows that vertebrae at cervical
and upper thoracic levels are well chondrified at birth in an opossum, while in posterior
regions structures are relatively undifferentiated. In contrast, a mouse at a similar stage of
development displays much mare uniform chondrification along the anterior-posterior axis.

Using the opossum, Monodel phis domestica, as a model marsupial, we have investigated the
developmental origins of the steep anterior-posterior gradient, focusing on the forelimb/
hindlimb disparity and timing of segmentation [50-52]. Many of the structures discussed
above are derived from the somites. Somites give rise to much of the axial skeleton, all
postcranial skeletal muscles, including limb muscles, as well as the tongue muscle
precursors which migrate from the anterior-most somites. While certain elements of
somitogenesis appear to be conserved—gene expression of Clock and Wavefront components
and rate of somite maturation along the anterior-posterior axis are consistent with expression
reported for other amniotes—two changes in the relative timing of somitogenesis in M.
domestica contribute to the characteristic configuration of the marsupial neonate [51]. There
exists a four-fold change in the rate of somitogenesis along the anterior-posterior axis
(Figure 3). Somitogenesis slows from approximately one hour per somite pair at cervical
levels, to at least four hours per somite pair at caudal levels, one of the slowest
somitogenesis rates so far reported for any vertebrate. The rate of somitogenesis slows to a
greater extent in marsupials than has been previously observed in other amniotes with
similar overall rates of development, contributing to the steep anterior-posterior gradient.
Additionally, somitogenesis initiates early relative to other events in development, when the
embryo is little more than a flat featureless plate, providing anterior somitic derivatives at an
earlier stage of development (Figure 4B).

Slowing of somitogenesis in marsupials likely involves regulation of the length of the
presomitic mesoderm. Under the Clock and Wavefront model, as the somite clock slows,
movement of the determination front must also slow in order to maintain consistent somite
size. (If the clock were to slow with no compensatory change in determination front
progression, somite size would increase, as the wavefront would cover more of the
presomitic mesoderm between the delineation of consecutive segment boundaries.)
Progression of the determination front depends in part on the rate of addition of new cells to
the end of the embryonic axis [53]. As the growth of the axis slows and the length of the
presomitic mesoderm decreases, movement of the determination front also slows. Given
how dramatically the somite clock slows in marsupials without a corresponding increase in
caudal somite size, we predict that in the context of the Clock and Wavefront model,
presomitic mesoderm length and rate of axis extension may decrease precociously or to a
greater extent than in other amniotes.

We have also investigated the discrepancy at birth in fore- and hindlimb maturation [50]. It
was previously known that the forelimb is accelerated from first appearance, while the
hindlimb is delayed from the bud stage onward [54-56]. We have shown that during
embryonic development the marsupial forelimb is accelerated through a combination of
early field specification, early initiation of outgrowth and patterning, and greater tissue
allocation [50]. Concomitant with forelimb field expansion and early specification, the
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number of somites contributing limb muscle myocytes appears to be greater than in other
vertebrates, and the migration of myocytes into the forelimb bud occurs earlier. The
expression of the Hox genes, known to be involved in limb positioning, has also shifted
along the AP axis in correlation with increased limb field size. The acceleration of forelimb
development in M. domestica appears to be produced by multiple changes in early limb
development. However, because the limb development program is a well integrated
network, a complete cascade of events most likely arises from two simple shifts in
development: first, an early initiation of the forelimb field, or heterochrony, and second, a
shift in the area of the early limb field, or heterotopy. Once the forelimb field is specified
early, as evidenced by early initiation of Thx5 expression (Figure 4B), downstream genes,
Fgf10 and then Fgf8, are also expressed early, as Fgfl0 is a direct target of Thx5 [57] and
Fgf8 a target of Fgf10 [58]. Limb lateral plate mesoderm induces myocyte migration from
the somites to the limb area [59,60]. Therefore, shifts in the timing and extent of these latter
events are likely to be a consequence of the early and expanded forelimb field. One
heterochronic and one heterotopic change in early limb development may lead to an entire
series of shifts in gene expression and cellular behavior which contribute to the precocial
forelimb of the marsupial neonate.

The heterochronies of the paraxial mesoderm and of the limbs are likely linked in
marsupials. Early initiation of somitogenesis is most likely critical for timely development
of the forelimb musculature and somite-derived supporting structures. This theory is
supported by a number of observations. Firstly, limb muscle develops from myocytes, which
migrate from limb-level somites. In M. domestica forelimb specification, outgrowth, and
patterning all occur early relative to other developmental events [50]. Myocyte migration is
induced by FGF signaling from the apical ectodermal ridge (AER) of the limb bud [60].
Relative to other events in the M. domestica embryo, the appearance of Fgf8 in the AER is
early and myocytes migrate early [50]. Secondly, in M. domestica the anterior-posterior
developmental gradient can be observed even within the population of migrating forelimb
myocytes. Myocytes originating from more anterior somites begin migration from the
somites earlier than myocytes from more posterior somites (Figure 4D). In mouse there is no
discernible gradient in timing of anterior to posterior myocyte migration at forelimb level
[61]. The presence of this gradient in M. domestica suggests that myocytes migrate as soon
as they are mature enough to do so; there exists a constraint on the timing of myocyte
maturation and migration. Thirdly, Weisbecker et al. have demonstrated early ossification of
anterior axial skeletal elements, including cervical vertebrae, scapula, and ribs—all somite
derived structures and points of attachment for limb muscles [62,63]. For these reasons,
early initiation of somitogenesis anteriorly likely allows for timely development of the
forelimb musculature and somite-derived supporting structures.

Contrary to most expectations, the hindlimb field is also specified and patterned early in
marsupials despite the fact that the hindlimb is small and not functional at birth. It is
possible that a common developmental mechanism in anterior-posterior patterning couples
specification of the limb fields as evidenced by expression of the limb specific T-box genes:
once Thx5 is induced early in the forelimb field, early expression of Thx4 in the hindlimb
field follows. Additionally, downstream genes, Shh and Fgf10, are expressed early in the
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hindlimb in M. domestica, as would be expected given the model of a tightly integrated
developmental module. However, unlike the forelimb, there is no expansion in the relative
size of the field. Moreover, when Thx4 is first expressed, little mesoderm has accumulated at
the posterior end of the body. Thx4 is expressed as cells destined to become the hindlimb
mesoderm leave the primitive streak. Outgrowth of the hindlimb cannot be observed until
later, after further addition of the caudal somitic and lateral plate mesoderm [50].

These results thus suggest that the disparity in the size and stage of development of the
opossum forelimb and hindlimb at birth are not due to changes in the timing of hindlimb
specification, but of later events in hindlimb development. It appears that the hindlimb is
first specified when there is little cellular material available to build the limb bud and
produce subsequent outgrowth. The fact that hindlimb Fgf8 expression is delayed in the
opossum (not early relative to mouse) suggests a pause in development after limb field
specification. Other studies have also hypothesized a period of developmental “dormancy”
at much later stages [55,62]. Differential expression of Igf1 and other growth-related genes
in developing opossum limbs suggests that divergent growth rate additionally contributes to
the forelimb/hindlimb disparity at birth [64].

Is there a developmental mechanism that unifies the deceleration of somitogenesis and
hindlimb outgrowth? There exists a delay caudally in the production of somites, derived
from presomitic mesoderm, as well as a delay in hindlimb outgrowth, derived from lateral
plate mesoderm. As the somites and limb buds have different mesodermal origins, the delay
in their development is likely linked through a delay in generation of mesoderm from the
primitive streak, and later the tailbud. As discussed above, a slowing of somitogenesis
strongly suggests that the production of presomitic mesoderm from the end of the axis
should slow as well. Slowing of the generation of the entire posterior axis in marsupials may
link the delay in maturation of posterior structures of varied mesodermal origin, and remains
to be investigated further.

The newborn marsupial does not only exhibit a steep anterior-posterior gradient in the
postcranium, but also shows an intricate pattern of heterochrony within the cranial region
[1,22,65-71]. In the head elements of the feeding apparatus are accelerated, while the central
nervous system is generally delayed in development. Given the demands for elaborated
anterior structures and a functional feeding apparatus during the short period from primitive
streak to birth (approximately 4.5 days in M. domestica) it has been proposed that an energy
trade-off exists to emphasize structures required at birth and de-emphasize non-necessary
structures, such as the hindlimbs and pelvis [62,72,73]. Somitogenesis slows posteriorly in
opossum relative to mouse [51]. With somitogenesis occurring more slowly, the maturation
of posterior somites is delayed, possibly freeing resources for other structures in the embryo.
Newnborns of different marsupial species with differing lengths of gestation tend to have
anterior-posterior developmental gradients that are more or less steep [49,74], supporting the
energy trade-off hypothesis. For example, Dasyurus viverrinus (eastern quoll) is ultra-
altricial at birth, undergoing organogenesis in just 2.5 days and weighing only 10-15 mg
[75]. D. viverrinus and other dasyurid neonates exhibit the steepest anterior-posterior
gradients among marsupial newborns, most obvious in the huge difference in the relative
degree of development of the fore- and hindlimb [76]. In dasyurids the oral apparatus is also
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extraordinarily large relative to the brain or sense organs. At the other extreme are the
macropodid marsupials (kangaroos and wallabies). Macropus eugenii (Tammar wallaby)
goes from primitive streak to birth in approximately 10 days, neonates weigh roughly 370
mg, and the forelimb to hindlimb difference is much less pronounced. The exact constraints
that bring about this difference in overall timing among various marsupial species are
unknown. It is hypothesized that limited resources, possibly in the form of cellular material
and/or metabolic energy, are available to marsupial embryos during gestation, provided by
the mother in the oocyte and later through the placenta. During the relatively short time for
gestation, metabolic energy expenditure must allow for the development of a functional
forelimb at birth. This includes significant soft tissue development-muscle, nerves, and
blood vessels—essential for the climb to the teat, and may take place at the metabolic
expense of the hindlimb [62]. The shorter the period of gestation in a given marsupial
species, the less time these embryos have to build structures necessary for survival at birth,
and the less time they have to absorb nutrients through the placenta. Therefore the necessary
structures must be accelerated to a greater extent with presumably fewer resources, resulting
in the range of developmental gradients observed.

3. Developmental timing mechanisms and the nature of developmental time

In many instances timing appears to simply arise from other properties of developmental
processes and regulation (growth, induction, or differentiation), while in other cases timing
is explicitly controlled by a molecular mechanism [38]. Thus, a change in the timing of
specific events does not necessarily signify a change in a definitive timing mechanism.
Heterochrony may result from changes in any number of developmental mechanisms that
are not explicitly involved in the regulation of developmental timing. For example,
modifications of a regulatory pathway governing differentiation or induction of one structure
may delay or accelerate the formation of a dependent tissue or cell type.

Timing mechanisms separate from other fate regulation have been identified using
experimental methods in model systems. A number of cell types are able to monitor
developmental time or schedule events in embryos. As described above, the somite clock in
vertebrate embryos directs the timing of formation of somite boundaries from cells within
the presomitic mesoderm [27]. In the central nervous system, timers control specific
differentiation programs in retinal neuron precursors, oligodendrocyte precursors, and
Drosophila neuroblasts [29-32]. In the zebrafish neural rod, cells contain an intrinsic timer
that directs the schedule of epithelial polarization during neural tube formation [33].
Developmental timers also direct global, whole embryo transitions in development, such as
the Xenopus midblastula transition, the maternal to zygotic transition in Drosophila and
zebrafish, and apoptosis at the onset of gastrulation in Xenopus [34-36,77]. The
heterochronic gene network in the worm, Caenorhabditis elegans, specifies temporal cell
fate selection using the microRNAs lin-4 and let-7 [37,41,78]. The microRNA let-7 is
conserved in sequence and expression across wide evolutionary distance, and the
developmental timing role of microRNAS in general appears to be conserved as well
[39,41,79-85].
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Recent evidence suggests that the molecular oscillator of the segmentation clock may
function to provide temporal information in other embryological tissues. Cyclic gene
expression associated with the clock commences in the primitive streak as gastrulation is
initiated, but expression is not restricted to presomitic mesoderm precursors. Precursors of
many different mesodermal tissues experience waves of cyclic expression before they
migrate to their individual positions in the embryo [86]. It is unknown whether early
exposure to this molecular oscillator plays a role in the timing of differentiation or
regionalization of other primitive streak derived tissues [87]. Additionally, Hairy2, a hairy/
E(spl) family member which encodes a component of the somitogenesis clock, oscillates in
cells at the tip of the chick wing bud [88] and may function in proximo-distal patterning of
the wing [89]. Finally, a cell culture experiment performed with several mouse cell lines of
different tissue types demonstrated that following exposure to serum shock the hesl mMRNA
and protein exhibit a 2 hour oscillation period [90]. These findings suggest that the hairy/
E(spl) oscillator is not limited to somitogenesis and that a molecular clock may provide
timing cues to cells in many different embryonic tissues, although at tissue-specific time
periods [87].

Among developmental timing mechanisms, a distinction can be made between true clock-
like, “timekeeping” mechanisms and other scheduling or sequencing processes, which
control the timing of specific events, but do not necessarily track time, per se. A
timekeeping mechanism tracks increments of time, such an in the case of the somite clock,
in which the readout of the clock is the oscillating expression of the cyclic genes and the
periodic formation of somite boundaries. For other scheduling mechanisms, changes in the
timing pathway may result in heterochrony, but the underlying mechanism is fundamentally
different in that time itself is not measured. Scheduling or sequencing mechanisms appear to
be quite common in development, while true timekeeping mechanisms are relatively rare.
Why is this the case? This fact reflects the nature of development and developmental time:
for most processes, what matters most to the embryo is that events occur in the correct order
relative to one another, not that the events occur at a specific clock time. Sequencing is
sufficient to ensure that development proceeds smoothly, and may even be a more robust
mechanism in most situations.

An alternative or additional explanation for the apparent rarity of developmental clocks is
that explicit timekeeping mechanisms may have been difficult to observe in most animals
and may actually be more common than previously thought. For example, the heterochronic
gene pathway was discovered in C. elegans, in part, because the worm has such well-defined
developmental stages, each of which is delineated by a molt. Timing changes between stages
were therefore much easier to detect. Developmental stages in vertebrates are not as discrete
and each tissue is likely to be regulated independently [38]. In addition, oscillations
characteristic of many timers have been difficult to identify. Oscillating gene expression of
the somite clock is easier to observe because cells are coupled within the presomitic
mesoderm and a large group of cells expresses the cyclic gene concurrently. However in
other tissues, oscillators within cells may not be synchronized. Advances in genetics, live
cell imaging and biotechnology are likely to improve our ability to identify these single-cell
oscillators.
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Molecular timers tend to share certain features of their mechanisms. Many timers are
oscillators, typically driven by delayed negative feedback loops. The length of the period of
oscillations depends on the lengths of delays in the loop. In the case of the segmentation
clock, the period of intracellular oscillation is approximately equal to the time required to
synthesize and deliver each molecule of MRNA and protein, plus the lifetimes of these
molecules. Recent work has demonstrated that the presence of introns within oscillatory
genes of the Notch pathway and their associated splicing delays are major determinants of
clock period, and thus of somite spacing and number [91,92]. Together, the kinetics of
mRNA and protein production and destruction can account for much of the oscillatory
period, as MRNA splicing and export are much slower than transcript elongation [93].
Synchronization of oscillations between cells by Delta-Notch coupling also regulates the
collective period of the segmentation clock [94]. In C. elegans, rising and falling levels of
LIN-42A allow the start and completion, respectively, of larval molts [95]. The period of
these molts is undoubtedly influenced by similar delays in transcription, translation, and
other molecular processing of gene products. Heterochronic mechanisms of evolutionary
change will likely be found through the examination of the critical delays of these
oscillatory loops within a comparative context.

Another common mechanism, sometimes referred to as an “hour glass” mechanism, features
time measurement using the decay or accumulation of a substance to a threshold level. This
type of mechanism has been proposed in the case of the maternal-zygotic transition in
Xenopus and zebrafish, in which changing nuclear to cytoplasmic ratio across cell divisions
appears to be important in zygotic genome activation [35,96]. In the case of Xenopus laevis,
the maternal-zygotic transition requires titration of four DNA replication factors by
embryonic nuclei. These proteins are limiting for initiation of replication at increasing
nuclear to cytoplasmic ratios. They trigger cell cycle slowing, transcriptional onset, and
check-point kinase (Chk1) activation, which becomes transiently activated at the time of the
maternal-zygotic transition [96]. Heterochronies in hour glass type mechanisms can be
accomplished through shifts in the threshold or the initial levels of critical substances.

We have seen in the past few decades a major expansion in studies of heterochrony in a
wide variety of animals and systems. Also the past few decades have witnessed an explosion
in our understanding of the underlying mechanisms and also the mechanisms of timing
during development. However, thus far there have been few evolutionary studies on
heterochrony that integrate these data on timekeeping mechanisms. Most evolutionary
studies focus on pattern rather than underlying mechanism. As the specific molecular
components of these pathways are identified in model organisms, evodevo studies focusing
on the modification of timekeeping mechanisms will undoubtedly become more common.

4. Conclusions

The concept of heterochrony has changed significantly since it was first introduced in the
late nineteenth century. Heterochrony studies are now largely focused on changes in
developmental sequences and increasingly include events at the molecular level, linking
classic questions in evolutionary biology with modern advances in developmental biology.
Studies addressing the modification of explicit timing mechanisms are still quite rare.
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However, our understanding of the basic developmental biology governing timing has
grown to the point where a sufficient knowledge base now exists upon which to build a

co

mparative framework and pose evolutionary questions.
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Figure 1.
Somitogenesis compared between different vertebrate models. In the corn snake, more

stripes of cyclic gene expression are seen simultaneously in the presomitic mesoderm and
many more smaller-sized somites are formed because the rate of the somite clock is
accelerated. Dotted line indicates the position of the determination front. Anterior is to the
top, posterior to the bottom. PSM, presomitic mesoderm. Redrawn from [48].
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A - B

Figure 2.
Alcian blue and alizarin red skeletal preparations of an E14 mouse (A) and a two day old

opossum (B). Bone is red and cartilage is blue. Modified from [51].
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Figure 3.
Somitogenesis rate in opossum decreases 4-fold from rostral to caudal, slowing to greater

extent than the caudal rate for mouse. Opossum embryo is stained with antibody to
neurofilament to highlight spinal nerves. FL indicates forelimb; HL indicates hindlimb.
Mouse data from [97].
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Figure 4.
A, stage 24 somite-matched opossum embryos hybridized with in situ probe to Lnfg. Three

different phases of cyclic gene expression can be seen in the presomitic mesoderm. B, stage
22 opossum embryo hybridized with Thx5 probe and shown with first two somites
highlighted by dotted lines. At this stage the first somites form and the forelimb field is
specified. C, stage 23 opossum embryo hybridized with probe to Mesp2, a gene that defines
the future segmental boundary. D, stage 26 opossum embryo hybridized with Pax3 probe.
Pax3 positive myocytes can be seen leaving the somites and migrating into the forelimb.
Note that more anterior myocytes have migrated further from the somites than more
posterior myocytes. Anterior and posterior limits of the forelimb bud are indicated by the
dashed lines. E, stage 28 opossum embryo hybridized with Pax3 probe. Asterisk indicates a
stream of myocytes en route to the future tongue. Note the difference in the size of the fore-
and hindlimb buds. F, opossum embryo stained with antibody to neurofilament. Note the

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Keyte and Smith

gradient in spinal nerve maturation and outgrowth from rostral to caudal. G, newborn
opossum crawling. Anterior is to the top. fl, forelimb; hl, hindlimb.
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