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Although we are used to the idea that many organisms stop growing when they reach a
predictable size, in many taxa, growth occurs throughout the life of an organism, a phenom-
enon referred to as indeterminate growth. Our comparative analysis suggests that indetermi-
nate growth may indeed represent the ancestral condition, whereas the permanent arrest of
growth may be a more derived state. Consistent with this idea, in diverse taxa, the basal
branches show indeterminate growth, whereas more derived branches arrest their growth.
Importantly, in some closely related taxa, the termination of growth has evolved in mecha-
nistically distinct ways. Also, even within a single organism, different organs can differ with
respect to whether they terminate their growth or not. Finally, the study of tooth development
indicates that, even at the level of a single tissue, multiple determinate patterns of growth can
evolve from an ancestral one that is indeterminate.

hen we think of adult mammals, especial-

ly humans, we think of growth having
ceased. That is, there is no further increase in
the length of the major body axis because the
long bones and vertebrae no longer grow. In
fact, slow shrinkage becomes the norm, al-
though we also are aware that some tissues, no-
tably adipose tissue, and in humans, ears and
noses, continue to grow; enormous weight gains
can occur in adults. Thus, we are familiar with
organisms that achieve a predictable size and
form at the end of their development. The
ways that the growth and proliferation of indi-
vidual cells is arrested as an organism approach-
es its final size and shape are currently the sub-
ject of intense investigations. However, many
organisms, from diverse kingdoms and phyla,
show the property of indeterminate growth
(Sebens 1987)—a condition in which the growth

of the organism likely occurs throughout its life.
Mammals, among a few other taxa, typically,
appear to show determinate growth, and hu-
mans are a prime example. Here, we examine
the growth properties of organisms from diverse
taxa in an attempt to understand whether deter-
minate growth or indeterminate growth repre-
sents the ancestral condition.

Organisms differ greatly in size and shape,
even within clades, and when comparing them,
one must proceed using appropriate compara-
tive methods and phylogenetic hypotheses.
There has been a continuous unfolding of the
grand tree of life, but along the way, there have
been many reversals and fresh starts. Without a
phylogenetic hypothesis, it is impossible to tell
“which way is up.” The tree of life has taken on
more and more structure, and the time is right
to use it to examine cell-level properties, such as
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growth, development, and regeneration; there is
a rapidly growing literature. Here, we examine
similarities and differences between those or-
ganisms that clearly stop growing and closely
related organisms that do not.

ONTOGENETIC TRAJECTORY: A
FRAMEWORK FOR STUDYING WHEN
AND HOW GROWTH CEASES

To move beyond a discussion of growth that is
purely descriptive and to emphasize the devel-
opment of an organism as a dynamic process,
the concept of an ontogenetic trajectory was
developed. A detailed and more mathematical
treatment of the subject is covered by Alberch
et al. (1979) and Alberch (1980). Here, we pre-
sent the essence of the concept in a highly sim-
plified way and emphasize its utility in compar-
ing the growth properties of different organisms
both within and among species.

The ontogenetic trajectory of an organ or
organism is a mathematical representation of
the pathway that it follows from the beginn-
ing of its development through to its mature
form. This is an idealization that is no less
than the complete record of the physical ap-
pearance of a system through time. The ante-
cedents of this idealization are ancient, going
back to one of the founders of developmental
biology, Karl von Baer, and including the ear-
ly evolutionist Ernst Haeckel, who argued that
evolution was the modification of ontogeny
and was perhaps the first to place evolution-
ary changes in ontogeny into the context of a
phylogenetic tree.

Ontogenetic trajectories can be realized by
selecting an arbitrary starting point in the de-
velopment of an organ or organism, measuring
it, and then making comparable measurements
as growth occurs. Alternatively, development
of an organ, for example, a skull, can be studied
by recording the time of appearance of its con-
stituent bones. For simplicity, the progress of an
organ or organism can be envisioned as a point
moving through three dimensions: size, shape,
and age (Fig. 1A). “Shape” refers to a parameter
that could be defined as the ratio of multiple
measurements that together convey a sense of

changes in form. Unless growth is strictly iso-
metric (rarely encountered), “shape” changes
with respect to the age of the organism (allom-
etry) (Huxley 1932; Gould 1977). A three-di-
mensional plot showing a hypothetical ontoge-
netic trajectory is shown in Figure 1A. Different
individuals of the same species and gender have
similar ontogenetic trajectories. Thus, a popu-
lation can be visualized as a “cloud” of points
tracing closely similar ontogenetic trajectories.
Standard statistics can then be applied and a
mean ontogenetic trajectory determined. This
allows a quantitative comparison of the ontog-
eny of different species.

Most of the ontogenetic trajectories can be
linearized and the trajectory for a species that is
used as reference can be represented as a straight
line with slope k, with a characteristic onset and
offset (Fig. 1B). This, of course, does not mean
that the organism increases in size at alinear rate;
this representation is merely convenient from a
mathematical viewpoint. A related species may
have a different mean trajectory, which can be
compared and analyzed with respect to factors
responsible for differences. For example, if one
takes the ontogenetic trajectory of species 1 as a
starting point, that of species 2, which reaches a
larger size and, hence, a different shape, could
occur either because the species has a higher rate
of growth, an earlier onset of growth, or a de-
layed offset signal.

In each of these idealized examples, the spe-
cies arrests its increase in size at a specific point
in size—shape—age space. However, in reality,
most organisms seldom maintain a constancy
of size and shape throughout their lives. For
those organisms that show determinate growth,
a maximal size is attained at some point in de-
velopment. For those that show indeterminate
growth, it is not obvious that the growth process
has ceased at the end of its life span. Thus, the
ontogenetic trajectory of the organism would
continue along a path of increasing size (Fig.
1C), although its rate of growth could keep de-
creasing. What makes the phenomenon of inde-
terminate growth difficult to define with com-
plete certainty is the possibility that some
organisms may eventually stop growing at an
age that far exceeds their life span under normal
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Figure 1. Ontogenetic trajectories. (A) The ontogenetic trajectory of an organism is shown as a point moving in
three dimensions: size (S), shape (), and age (a). (B) Linearized ontogenetic trajectories are shown as a plot of
shape (o) versus age (). Species 2 can achieve a final shape that is different to that of species 1 either by having a
different rate of shape change (2), a different time of onset of growth (2'), or a delayed offset (2”). (C) Species 1
has determinate growth, whereas species 2 has indeterminate growth. By showing plots of shape versus age,
rather than size versus age, the growth characteristics of species that differ considerably in size can be easily

compared.

conditions. With this caveat in mind, we will
apply the term indeterminate growth to those
organisms for which there is no clear evidence
for a developmental mechanism that arrests
growth. First, we consider several invertebrate
taxa in which the study of specific model organ-
isms has provided important insights into
mechanisms that regulate growth. Second, we
examine the distribution of determinate and in-
determinate growth among vertebrates. Third,
we discuss the development of teeth within ver-
tebrate taxa to illustrate how the patterns of ini-
tiation and cessation of growth can differ widely
even within a single tissue.

GROWTH PROPERTIES OF INVERTEBRATES

Among invertebrates, we have focused on four
major taxa—arthropods, annelids, planaria,
and hydrozoa, because an examination of each
of these provides interesting insights into mech-
anisms underlying the termination or persis-
tence of growth. These taxa belong to diverse
phyla. The phylum Arthropoda belongs to the
superphylum Ecdysozoa, whereas Annelida and
planaria belong to the superphylum Lophotro-
chozoa. Lophotrochozoa include segmented
worms (Annelida) as well as the phyla Mollusca
and Platyhelminthes ( planarians and other flat-
worms, tapeworms) and many others (Ferrier
2012).Hydrozoabelongto the phylum Cnidaria.

Growth Patterns in Arthropods

Both arthropods and annelids are segmented.
However, unlike annelids, where the number
of segments can continue to increase through-
out life, most arthopods generate a fixed num-
ber of segments relatively early in development
and growth subsequently occurs by an increase
in size of the segments. Because most arthro-
pods have a rigid exoskeleton, growth occurs
intermittently between molts when the old in-
tegument is shed. Thus, those that show a deter-
minate pattern of growth have a fixed number of
molts, whereas those that have indeterminate
growth continue to molt indefinitely.

Among the arthropods, most studies of
growth have been conducted on crustaceans
and insects. Recent phylogenetic studies (Giri-
bet and Edgecombe 2012) favor a model in
which Hexapoda (which includes insects) arises
as amonophyletic (including an ancestor and all
of its descendants) group from within the Crus-
tacea, thus making Crustacea a paraphyletic (in-
cluding an ancestor but only some of its descen-
dants) taxon. Although the growth properties
of relatively few crustacean species have been
characterized, clear differences in their growth
properties emerge; some taxa have been docu-
mented to show indeterminate growth, whereas
others show determinate growth (Hartnoll
1983, 2001). For example, the Branchiopoda,
which are characterized by the presence of gills
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on their appendages and include the water flea
Daphnia, show indeterminate growth (Yampol-
sky and Ebert 1994). In contrast, the Ostracoda,
whose bodies are encased in two chitinous valve-
like structures, and the Copepoda terminate
their growth at a specific stage and have a defined
number of molts. Even in those crustaceans that
have indeterminate growth, the rate of growth
slows down as the organism ages, both by in-
creasing the time between successive molts and
by decreasing the extent of growth that occurs
between molts (Hartnoll 1983). Thus, in prac-
tice, growth appears to level off as if the organ-
ism does have an upper size limit.

Within the order Decapoda, which includes
lobsters and crabs, there is a diversity of growth
patterns. The lobster Homarus has indetermi-
nate growth, whereas within the group of crabs,
growth is determinate in some species and in-
determinate in others. The characteristics of
growth have been studied in relatively few spe-
cies of crabs, thus precluding definitive phylo-
genetic conclusions. Despite this, there are hints
that a condition of determinate growth could
have evolved from an ancestral pattern of in-
determinate growth by distinct mechanisms in
related species. Like lobsters, some crabs, such
as Cancer magister (the Dungeness crab) and
Paralithodes camtschaticus (the red king crab),
show indeterminate growth and continue to
molt throughout their lives (Wainwright and
Armstrong 1993; Zhou et al. 1998), whereas oth-
ers stop molting when they reach sexual matu-
rity. Remarkably, in two species of crabs that
show determinate growth, the shore crab Carni-
cus maenas and the spider crab, Acanthonyx
lunulatus, the cessation of molting occurs for
different reasons. Two important regulators of
molting are a steroid hormone, which promotes
molting, 20-hyroxyecdysone, made by the molt
glands or Y-organs (Lachaise et al. 1993), and
the peptide hormone molt-inhibiting hormone
(MIH), which is produced by neurosecretory
cells in the eyestalk (Webster and Keller 1986).
In C. maenas, there is continued production of
high levels of MIH after the terminal molt that
likely prevents further molting. In A. lunulatus,
the Y-organs degenerate, thus preventing the
production of 20-hydroxyecdysone necessary

for molting (Hartnoll 2001). Thus, even among
crabs, the mechanistic basis underlying the ces-
sation of molting can differ between species,
suggesting that determinate growth could have
evolved in a variety of ways from indeterminate
growth.

Among insects, the earliest branching taxa
show indeterminate growth, whereas growth is
clearly determinate in more derived taxa, such
as Diptera (flies), thus supporting the conjec-
ture that the ancestral condition may be one of
indeterminate growth (Fig. 2A). Ametabolous
insects, which are basal branches in the insect
radiation (Giribet and Edgecombe 2012), lack
wings (apterygote hexapods) and include the
Archeognatha (bristletails) and the Zygentoma
(silverfish). The newly hatched organism resem-
bles the adult in most ways except that it is much
smaller. Growth occurs between molts, yet the
overall form of the organism remains relatively
constant. The apterygote hexapods are reported
to show indeterminate growth and some have
been reported to undergo as many as 50 molts
(Richards and Davies 1977). Their long-term
growth properties have, thus far, received rela-
tively little attention.

The hemimetabolous insects, which in-
clude cockroaches, crickets, dragonflies, and
the true bugs (Hemiptera), undergo an incom-
plete metamorphosis. The embryo hatches into
a nymph, which resembles the adult in some
ways but is smaller and lacks wings or geni-
talia. A series of molts terminates with a final
imaginal molt that results in an adult insect
with functional reproductive organs and ex-
tended wings. Molting in insects is promoted
by increasing levels of a steroid hormone pro-
duced by the prothoracic gland (PG). In cock-
roaches, the PG is broken down after the final
imaginal molt, thus ensuring that no further
molts can occur (Mané-Padros et al. 2008,
2010). However, implanting multiple PGs can
cause adults to molt (Bodenstein 1953), thus
demonstrating that the presence of these tissues
is sufficient for molting to occur. Thus, the ces-
sation of molting and, hence, growth occurs by
the destruction of the PG.

In the holometabolous insects, a clade that
includes flies, moths, beetles, and wasps, the
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A Insects
Archeognatha Indeterminate
Zygentoma growth
Hemimetabola Determinate
growth
Holometabola
B Annelids
Polychaetes* )
Indeterminate
growth
]» Oligochaetes*
[ } Leeches } Determinate

growth

Figure 2. Phylogenetic relationships of (A) insect (Giribet and Edgecombe 2012), and (B) annelid (Ferrier
2012) species. Note that the more basal branches show indeterminate growth. The asterisks indicate paraphyletic

taxa.

final larval instar results in pupariation, de-
struction of the larval body, and a complete
metamorphosis when the adult body is gener-
ated from primordia within the larva known as
imaginal discs. The hormonal regulation of
metamorphosis has been studied most inten-
sively in the moth Manduca sexta and the fly
Drosophila melanogaster (Rewitz et al. 2013;
Nijhout et al. 2014). In both organisms, the
timing of the molts and of entry into metamor-
phosis is regulated by an interplay between ju-
venile hormones (JHs), which are derivatives of
farnesoic acid made by paired glands, the cor-
pora allata, and the steroid hormone ecdysone
made by the PG. In Drosophila, a pulse of ecdy-
sone precedes the first two molts. The last
(third) larval instar is characterized by three
ecdysone pulses of relatively low amplitude
and a final surge of ecdysone production at
the time of onset pupariation. The PG is de-
stroyed together with many other larval tissues
during metamorphosis thus preventing further
molts from occurring (Dai and Gilbert 1991).
In Drosophila, an additional mechanism that
involves terminal differentiation of precursor
cells, precludes further growth. Much of the
adult epidermis is generated from cells of the
larval imaginal discs. These cells are potentially
capable of indefinite proliferation, as shown
by serial transplantation of imaginal disc frag-

ments (Hadorn 1968), and can, therefore, be
regarded as a lineage-specific pool of progenitor
cells with the potential for continued prolifera-
tion. The extrinsic controls imposed on these
cells during metamorphosis alter their prolifer-
ative properties such that they complete their
final divisions during the pupal stage and arrest
permanently in a postmitotic state (Buttitta and
Edgar 2007). The destruction of the PG together
with the terminal differentiation of imaginal
disc cells results in a definitive termination of
both molting and growth in these insects.

Annelid Growth Patterns

A particularly illuminating case of how a state of
determinate growth can derive from an ances-
tral species that has indeterminate growth oc-
curs among the annelids (Fig. 2B). Annelidais a
phylum of segmented worms that belongs to the
superphylum Lophotrochozoa, along with the
phyla Mollusca and Platyhelminthes (planari-
ans and other flatworms, tapeworms) and many
others (Ferrier 2012). Among the annelids is a
large paraphylectic group, the Polychaeta,
whose members have large numbers of bristles
or chaetae that are used for locomotion. Nested
within this group is a monophyletic group, the
Clitellata, which are composed of a paraphyletic
group, the Oligochaeta (which have fewer chae-
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tae than the polychaetes) and a single branch
from which derive the Hirudinea (the leeches).
Most polychaete annelids generate a small num-
ber of anterior segments during embryonic and
larval stages and then proceed to add segments
throughout their lives (de Rosa et al. 2005). In
contrast, the Clitellata have no independent lar-
val stages and generate all their segments with-
out an obvious temporal discontinuity. This
addition of segments occurs toward the poste-
rior end of the worm at a posterior subterminal
growth zone. Although polychaetes keep add-
ing segments throughout their lives, they typi-
cally die at a reasonably predictable size. For
example, the polychaete Platynereis dumerilii
dies shortly after reaching sexual maturity,
which usually occurs when the worm has ~80
segments (Fischer et al. 2010; Gazave et al.
2013). However, there is no obvious evidence
that P dumerilii stops making segments before
the time of death. Although this appears to be
the ancestral pattern of growth among the an-
nelids, sublineages of annelids have evolved dif-
ferent growth strategies. For example, the nai-
dine annelids, a group of aquatic oligochaetes,
reproduce asexually by undergoing fission that
can break the worm into two pieces of similar
length (Bely and Sikes 2010). Most remarkably,
the leeches make exactly 32 segments and no
more. In leeches, segments are generated by
five pairs of lineage-restricted stem cells called
teloblasts, which undergo asymmetric divisions
to generate segment founder cells. Lineage-trac-
ing experiments (Liu et al. 1998) showed that,
once they have generated their full complement
of segmental founder cells, the teloblasts fuse
with the syncytial yolk cell. Thus, the elimina-
tion of this stem-cell population, which occurs
as a result of cell-fusion events, prevents the
formation of future segments.

Growth and Degrowth in Planarians

Although it is generally assumed that growth isa
unidirectional process, there are several types of
organisms that are capable, under conditions of
nutritional deprivation, to reduce their size—a
process sometimes referred to as “degrowth”
(Abeloos 1930; Baguna 1998). Although this

process has been studied most extensively in
planarians (flatworms), it has also been report-
ed to occur in other phyla including cnidarians
and nemertines. The process of degrowth can
occur to such an extent that the mature organ-
ism can reach a size that is less than its size at
hatching. The ability of an organism to grow
and shrink in response to changes in nutrient
availability calls into question whether organ-
isms even need to either achieve or approach a
fixed final size during development.

Planarians can grow and reproduce either
sexually or asexually. During asexual reproduc-
tion, the posterior end of the worm attaches
to the substrate. The movement of the anterior
end of the worm away from the point of attach-
ment results in fission of the worm, typically
at some point posterior to the pharynx. Each
fragment grows and undergoes repatterning to
restore a fully functional and complete body.
For a given set of nutritional conditions and
temperature, a particular flatworm species un-
dergoes fission at a relatively predictable size.
How the worm senses its size and activates be-
haviors that result in fission are not known. For
asexually reproducing planaria reared under
nutritionally favorable conditions, growth really
never ceases; the growing mass is periodically
partitioned into two or more parts and each
continues to grow.

The cellular basis of degrowth can, in many
ways, be seen as a simple reversal of growth be-
cause the rates of growth and degrowth are
similar and occur at linear rates, ~1 mm every
2 weeks for Schmidtea mediterranea (Oviedo
et al. 2003). The change in size occurs mainly
as a result of a change in cell number along the
long axis of the worm (Baguna and Romero
1981). The cells of a flatworm undergo turnover
as part of a homeostatic mechanism. Neoblasts
are constantly undergoing proliferation and
their differentiated progeny replace cells that
have been eliminated. In such a system, growth
and degrowth could potentially occur simply by
altering the difference between the rate at which
cells are being generated and the rate at which
they are being replaced. It is, therefore, conceiv-
able that the organism does not have any kind of
mechanism that senses and adjusts its overall
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size with any precision; rather, its size may sim-
ply be determined by rates at which cells are
being generated and eliminated.

The ability to use RNA-mediated interfer-
ence to reduce gene activity in planarians (New-
mark et al. 2003) provides exciting opportuni-
ties to identify the signaling mechanisms that
regulate growth and degrowth. Indeed, a reduc-
tion in the activity of the insulin-like peptide in-
1 or the insulin receptor mimics starvation and
causes degrowth even when the worms are feed-
ing normally (Miller and Newmark 2012).

Rejuvenation in Hydrozoans

Although shrinkage in planarians can be consid-
ered, in some ways, a reversal of the normal on-
togenetic trajectory of the organism, it is nev-
ertheless restricted to the same developmental
stage. In contrast, some members of the phylum
Cnidaria, of the class Hydrozoa, are able to un-
dergo a more dramatic reversal in their ontoge-
netic trajectory when a part of the organism’s
body can revert to a different type of structure
that is characteristic of an earlier stage of de-
velopment. In the “textbook” version of the hy-
drozoan life cycle, fertilization is followed by the
development of a free-swimming larval stage
of short duration referred to as a planula, which
then attaches to a surface to form a primary
polyp. Maturation of the polyp ultimately gen-
erates sexually competent medusae that have
tentacles surrounding a mouth. Spawning by
the medusae results in fertilization and the for-
mation of the next generation of planulae.
Among the hydrozoans, there are many devia-
tions from this canonical life cycle with many
showing highly truncated or even absent planu-
la, polyp, or medusa stages. Moreover, in many
species, the planula or polyp phase can arrest
development. The shrinkage of a polyp colony
and its subsequent expansion is referred to as
“renovation.” Strikingly, in some hyrozoans, a
variety of chemical and environmental stresses
can promote “reverse development” in imma-
ture medusae, when cells change their properties
such that the features of a medusa are replaced by
the differentiation of polyp-like structures that
initiate the formation of a new polyp colony

Indeterminate Growth

(Mdller 1913; Piraino et al. 2004; Schmich et
al. 2007). At least, in principle, this cycle of
growth and reverse development can occur in-
definitely.

These examples show some of the variety of
growth patterns as observed in invertebrate
taxa and suggest that the idea of organs or or-
ganisms growing to a fixed final size may be a
derived state. Such a state can be achieved via
multiple mechanisms that could involve alter-
ations in hormonal regulation or changes in

the fate of proliferative cells, or a combination
of both.

PATTERNS OF GROWTH PROPERTIES
OF VERTEBRATES

Birds and mammals are usually considered to
display determinate growth, but many mam-
mals show some postmaturational growth. The
spotted hyaena (Crocuta crocuta) is a good ex-
ample; it matures sexually at ~24 mo but con-
tinues to grow until 32 mo, but then it stops
(Swanson et al. 2013). Mammals have growth
zones, cartilaginous areas at the ends of long
bones and even at the ends of vertebral centra
that separate an epiphyseal cap from the rest
of the bone. When the cartilaginous areas os-
sify, skeletal growth ceases. Typically, growth
slows dramatically or ceases when sexual matu-
rity is achieved. Pathological exceptions, such
as gigantism and dwarfism, are informative. Gi-
gantism in humans is associated with acromeg-
aly, which results from the production of excess
growth hormone and which leads to progression
along the ontogenetic trajectory. Individuals
become very tall (often exceeding 2 m) and have
exaggerated physical features, such as brow ridg-
es and large spaces between teeth. In contrast,
proportional dwarfism is the result of cessation
of progression along the human ontogenetic
trajectory. Birds are a prime example of deter-
minate growth. Growth in birds is under the
control of plasma growth hormone, which
achieves high levels following hatching and
then declines (McNabb et al. 1998).

In contrast to birds and mammals, most
other vertebrate taxa, as far as we can tell,
show indeterminate growth. Large species of
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fishes, both cartilaginous (e.g., sharks, rays, and
chimaeras) and bony fishes grow throughout
life, but the rate varies greatly among taxa. Tu-
nas and sharks and their relatives can achieve
gigantic size, and yet they continue to grow, in
contrast to the enormous whales (among mam-
mals) and ostriches (among birds). With truly
miniaturized fishes, it can be difficult to docu-
ment whether they show indeterminate growth
or not, because of great differences among taxa
in longevity—some species simply die before
they achieve their growth potential. A few small
teleosts might show determinate growth. But
determinate growth is a derived and unusual
condition for fishes, if it occurs at all. Amphib-
ians, too, show mainly indeterminate growth
(see below), although some frogs appear to
cease growth before the end of life. In amniotes
(reptiles, birds, and mammals), indeterminate
growth is the ancestral condition. Lizards and
alligators have epiphyseal growth and growth
slows greatly when the epiphyses fuse to the
long bones. Turtles grow throughout life, but
they slow down greatly with increasing age. Tor-
toises, for example, continue to grow as they
achieve great age (at least 180 years and possibly
much older). Some miniature lizards and
snakes may show determinate growth but, as
far as we know, all show postmaturational
growth (Shine and Charnov 1992).

Cartilage is a tissue that is especially effec-
tive for rapid and continuing growth. Even in
humans, ears and noses, both with abundant
cartilage, grow throughout life, but at low rates.
Ossification of cartilaginous growth zones
stops growth in mammals and birds, and vari-
ants of the situation can be seen in some other
taxa. Miniaturization has evolved repeatedly in
frogs and salamanders. The phenomenon has
been best studied in salamanders, in particu-
lar in the plethodontid genus Thorius, which
achieves something close to determinate growth
by the early mineralization of the cartilaginous
ends of bones, the intervertebral cartilages, and
cartilaginous elements of the hands and feet
(Hanken 1982). In miniaturized frogs of the
genus Brachycephalus, sexual maturation is ac-
companied by hyperossification that joins the
vertebrae to each other and to the skull, and

by ossification of the ends of long bones and
hand and foot skeletons.

Salamanders, which retain cartilaginous
growth zones throughout life, can achieve gi-
gantic size (2.8 m in the genus Andrias). Many
species continue to add tail vertebrae through-
out life, even when growth of long bones has
virtually ceased. In contrast, numbers of tail
vertebrae in the plethodontid salamander Hy-
dromantes cease increasing in numbers as the
organism begins using its tail as a “fifth leg”
during locomotion and the terminal caudal
vertebra becomes morphologically specialized
(“blunted”).

Shrinkage during ontogeny occurs in many
tissues, including portions of the brain respon-
sible for bird song, which increase and decrease
seasonally, gut length and elaboration in frogs,
snakes and other organisms, which increase and
decrease in response to food intake (growth can
be very rapid), and, of course, adipose tissues.
However, decreases in skeletal portions are poor-
ly documented. Marine iguanas were reported
to shrink prominently with low availability of
food, and bone resorption was hypothesized
(Wikelski and Thom 2000). Shrews are known
to shrink during winter hibernation and even
the braincase is said to flatten, and, although
ontogeny has been studied histologically, the
mechanistic and genetic controls are not yet un-
derstood (Pucek 1957). The most famous exam-
ple of shrinkage in vertebrates is found in mem-
bers of the South American frog genus Pseudis.
Total length of the gigantic tadpoles can be three
to four times that of adults. However, tadpoles
typically have almost no bone. Furthermore, if
one measures snout to vent length, there is vir-
tually no shrinkage throughout metamorphosis
(from developmental stage IV to stage XIII
[Fabrezi et al. 2009]).

Familiar salamanders have larval and adult
stages, separated by a metamorphic event. The
ontogenetic trajectory of an entire organism can
be envisioned as starting with a zygote that pro-
ceeds along a developmental trajectory to a first
plateau, the functioning larva. The plateau rep-
resents a slowing of the progression along the
developmental trajectory. After some time, pro-
gression along the trajectory dramatically in-
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creases as metamorphosis occurs, then progress
slows again as the organism grows, eventually
reaching a second plateau, adulthood, deter-
mined by the attainment of sexual maturity,
followed by senescence.

An axolotl has the form of a very large larval
salamander that is sexually mature. Its ontoge-
netic trajectory stalls on the shape axis, although
progression continues along the size and age
axes. This is the result of a change in the rate of
growth from that typical of related taxa; the for-
mal term for such a condition is neoteny. Neo-
teny is one of a number of phenomena known
collectively as paedomorphosis, the resem-
blance of an adult of a descendant taxon to an
earlier place on the ontogenetic trajectory of an
ancestral form (Gould 1977; Alberch etal. 1979).

Many species of salamanders and other am-
phibians, and all amniotes, lack aquatic larval
stages. Their ontogenetic trajectories reach only
one plateau, adulthood. Nevertheless, parts of
the organism can display neoteny. As an exam-
ple, the vertebrate skull consists in part of bones
that appear at different times as the skull pro-
gresses on its ontogenetic trajectory. Some
bones appear early, others later, in a sequence
typical of each species. Imagine that species 1
has an ossification sequence in which the pre-
frontal bone is the last to make an appearance.
The rate of progression along the ontogenetic
trajectory is slowed in species 2, with the result
that adulthood is achieved before the ossifica-
tion sequence is finished and the species lacks
a prefrontal. This is another example of a pae-
domorphic change, in this case resulting from
neoteny. In other instances of heterochrony, the
order of appearance of elements of the on-
togeny, for example, bones of the skull, might
be shuffled.

A factor directly related to evolution of on-
togenetic trajectories is cell size, which is di-
rectly correlated with genome size and cell-cycle
time (see the literature). Salamanders have very
large genomes and, hence, have very large cells.
These cells take a relatively very long time to
divide. The outcome is slow progression along
ontogenetic trajectories. Thus, if one thinks in
terms of effective time rather than sidereal time,
perhaps salamanders never achieve their full de-

Indeterminate Growth

velopmental potential. The fact that many sala-
manders are small as adults means that their
individual organs are made up of relatively
few large cells. This, in turn, leads to a high
incidence of neoteny, because of a general slow-
ing of ontogeny.

The point of these examples is that dif-
ferences in the rates of growth are strongly influ-
enced in ectothermic vertebrates by genome
size, with large-genomed species growing more
slowly to much more slowly than small-ge-
nomed species. However, growth is typically in-
determinate, and some neotenic species achieve
enormous body sizes without ever attaining
their theoretically achievable size (and shape).
Thus, large-bodied species with large genomes
continue to grow even though, if one normal-
izes by numbers of cells, one can make an argu-
ment that they are biologically smaller than spe-
cies of smaller metric size (Hanken and Wake
1993).

From the above considerations, we conclude
that within vertebrates determinate growth is
relatively uncommon, except in birds and mam-
mals.

Similarities between Organismal Growth
in Invertebrates and the Growth of Specific
Organs in Vertebrates

Although the ability to degrow is not a charac-
teristic of most vertebrates, there are, indeed,
specific vertebrate tissues whose growth proper-
ties resemble those in planarians in that termi-
nally differentiated cells appear to be generated
continuously from a population of stem cells.
Interestingly, recent studies have noted that, un-
like for many other organs, inactivation of Yap/
Yki, the growth-promoting transcriptional co-
activator, in either the mouse intestine or in
planarians results in an increase in the number
of stem cells (Barry et al. 2013; Lin and Pearson
2014). The ability to shrink is also observed
in the vertebrate intestine, most remarkably in
those of snakes, such as the python, which in-
termittently feed on whole animals often
months apart (Secor and Diamond 1997). Both
the thickness and cellularity of the intestinal
epithelium decrease markedly between meals.
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Additionally, liver size can change in response to
avariety of environmental factors. Indeed, both
the intestine and liver seem especially sensitive
to the levels of activity of the Hippo signaling
pathway (Camargo et al. 2007; Dong et al.
2007).

TEETH

We have discussed how the evolution of a state
of determinate growth from one of indetermi-
nate growth could occur independently in indi-
vidual organs resulting in a situation in which
some organs in a given organism show deter-
minate growth and others persist with indeter-
minate growth. Rather than studying growth
in entire organisms, a more tractable problem
might be the study of how growth patterns of
a single tissue differ in related species with re-
spect to the arrest of growth. The initiation and
replacement of teeth in vertebrate lineages is an
attractive system because a tooth derives from a
relatively simple tissue; the relevant stem cells
have been identified and some of the molecular
regulators have been characterized.

Teeth in many clades of vertebrates (Fig. 3),
especially those that branched early, are uniform
in shape, polystichous (in multiple rows), first
occur anteriorly then develop progressively pos-
teriorly on the jaws, and are replaced in waves
throughout life (polyphyodonty) with teeth
being shed and new teeth developing from ad-
jacent loci to replace them (e.g., most fishes,
amphibians, reptiles); this is the likely ancestral
condition for vertebrates. In mammals, teeth
typically are of two or more specific shapes
(usually correlated with function), in single
rows (monostichous), and of only two sets (di-
phyodont), a juvenile dentation that is replaced
by an adult form. The shape of the tooth crown
can change as teeth are replaced during the
animal’s ontogeny but, in many taxa, shape is
invariant. Teeth may be present in sites other
than jaws, such as the pharyngeal teeth of sev-
eral teleost lineages and the vomeropalatine
tooth patches of some salamanders. Teeth are
not replaced in some mammals; rather, as in
elephants, individual teeth (incisors or molars,
depending on the clade) grow throughout life,

and only feeding mechanics and/or genetics
keep them from over-growing in mouths. Mem-
bers of yet other clades may fail to develop any
teeth (e.g., birds, some frogs), or only a few spe-
cific and specialized teeth, although the devel-
opmental-genetic mechanisms may persist but
remain unactivated (e.g., some fishes, some
frogs, some mammals). Teleost fishes, lizards,
and mammals include taxa that display several
of these phenomena, even at the level of higher
taxa—e.g., cichlid fishes that have polystichous
teeth (whose shape can be modified by diet) on
the jaws and pharyngeal elements. These evolu-
tionarily derived variations have arisen multiple
times and occur in diverse, often distantly relat-
ed lineages, thus illustrating the evolutionary
plasticity of the growth program of even a single,
relatively simple structure.

Recently, extensive but highly topical re-
search programs on the molecular genetics of
tooth development, growth, and replacement
have investigated the mechanistic basis for de-
velopmental patterns that are variously open-
ended (continuous development and replace-
ment) or constrained (e.g., complex teeth but
replaced only once, or a single, ever-growing
set). A phylogenetic/evolutionary perspective
is important to understanding patterns of
growth and their modifications; research on
anamniotes (fishes and amphibians) is inform-
ing that on amniotes (reptiles, birds, mammals)
and vice versa. Furthermore, research on non-
model organisms is proving essential, because
certain “model animals” are proving to be ex-
ceptions within their clades (e.g., Xenopus,
“chick,” Mus) so that information is difficult
to generalize. However, major questions about
growth and regeneration are potentially amena-
ble to some resolution through research on the
mechanics (molecular, genetic, and evolution-
ary) of development, growth, and replacement
of teeth.

Mechanisms of Tooth Growth, Replacement,
and Evolution

Why are mammalian ancestors, and some ex-
tinct mammals, polyphyodont, but modern
mammals diphyodont? Why did zebrafish and
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Figure 3. Common patterns of teeth in vertebrates. Teeth in vertebrates are variable within clades in shapes,
patterns of arrangement on the jaws (or other elements), and numbers of both teeth and the rows in which they
occur in adults. (A) Homodonty: all teeth in a row the same shape (many fishes, amphibians, reptiles). (B)
Heterodonty: teeth different shapes in a row (e.g., the incisors, canines, and molars of many mammals). (C)
Monodonty: a single row of functional teeth. (D) Diphyodonty: two sets of teeth, a juvenile dentition that is
replaced by an adult set (e.g., many mammals, including humans). (E) Polyphyodonty: multiple rows of teeth
(or patches) with teeth being shed and new teeth developing from adjacent loci to replace them throughout life
(e.g., most fishes, amphibians, and reptiles). (F) Polystichy: multiple rows of teeth with several rows of func-
tional teeth accumulated on the jaws (or in patches) without being serially shed (e.g., sharks). (G) Edentulous:
tooth development suppressed (e.g., some frogs, birds). Note that A, B, C, and G may not involve replacement,
depending on the lineage. Functional teeth are blue; replacement teeth in loci are white.
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their relatives lose the teeth in their mouths and
on their upper pharyngeal elements 50 million
years ago? Regional loss of expression of the
ectodysplasin-A (Eda) signaling ligand appears
to be the likely cause of dentition reduction;
overexpression of the gene in zebrafish restores
teeth to the upper pharynx. Because teeth are
not restored to the mouth, although competent
to respond to Eda, the constraint appears to be
the irreversible alteration of multiple genetic
pathways required for tooth development. Con-
sequently, a commonality of both constraint
and selection likely is involved in tooth loss
(Aigler et al. 2014). Conversely, Eda is implicat-
ed in many phases of tooth development and
evolution, as well as tooth loss. Ingenious ma-
nipulation of Eda levels in explants and in Eda-
null mice has revealed the developmental and
evolutionary patterns of development of the
cusps and their shapes and numbers in mam-
mals (Harjunmaa et al. 2014)

Several factors interact to restrict indetermi-
nate tooth replacement in amniotes: loss of in-
tegrity of the dental lamina and loss of dental
epithelial stem cells, inability to reform a suc-
cessional lamina, and/or partial development
of a nonfunctional successional lamina. The ex-
istence of an inhibitory mechanism similar to
zones of inhibition has been predicted (Whit-
lock and Richman 2013). Several genes appear
to be associated with tooth spacing and replace-
ment, based on review of genetic/developmen-
tal mechanisms involved in changes in tooth
complexity and replacement (fishes, reptiles,
and mammals) (Jernvall and Thesleff 2012).
Mammals have the most complex teeth among
vertebrates, but have restricted capacity for re-
newal and replacement, because new tooth
knots do not develop as in animals with poly-
phyodont teeth. Loss of tooth replacement has
been compensated for by continuous growth of
teeth in some mammals (e.g., incisors in some
mice, rats, and rabbits, and molars in voles,
some rabbits, and ferrets) (Jernvall and Thesleff
2012), although the evolutionary/functional
basis for that modification is not known. The
genetic basis for continuous growth and the
gene expression patterns and the nature of the
topography of mammalian teeth as they develop

and evolve have been quantified (Jernvall et al.
2000). Jernvall’s gene network model for devel-
opment and evolution of mammalian teeth
leads to several predictions (Jernvall 2002).
The developmental pattern that amplifies the
complexity of teeth apparently also restricts re-
placement, and it appears to “reuse” the regula-
tory pathways of tooth replacement. The speci-
ficity of enamel deposition apically, and growth
basally, is a topic of intensive research; the mo-
lecular cascades that mediate shape change and
growth and replacement patterns are thought
to mediate the evolutionary and intraindivid-
ual modifications, but the triggers for different
growth and replacement processes are not yet
known (Jernvall and Thesleff 2012).

Tooth Replacement

Is tooth replacement simply an extended form
of growth following tooth initiation? That is,
specifically, are the genes involved in pattern-
ing tooth replacement the same as those that
initiate primary teeth? For example, in the rain-
bow trout, three genes, all essential for mouse
tooth development, have identical spatial-tem-
poral expression in both taxa. At all tooth bud
sites, epithelial genes initiate the morphogenet-
ic cascade, effecting Bmp-4 expression in dental
mesenchyme, including the formation of re-
placement teeth. The sequence is the same for
oral jaw teeth, but one of the epithelial genes is
deployed differently in the pharyngeal denti-
tion. Several genes are operational in tooth de-
velopment in both fishes and mammals, and
may represent a stable vertebrate pathway be-
cause the osteichthyan divergence occurred
420 million years ago (Fraser et al. 2006). Fur-
thermore, assessment of gene expression pat-
terns in goldfish of a subset of genes involved
in tooth initiation in mouse showed signaling
differences in position and timing of the
“mouse” genes at initiation and in replacement
in goldfish. These genes may mark the sites of
“set-aside cells,” which give rise to further gen-
erations of teeth. This phenomenon may illus-
trate translation of initial pattern formation to
secondary tooth-replacement patterns (Fraser
et al. 2004). Related gene sets are involved in
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the differentiation of replacement teeth that
have different shapes in Lake Malawi cichlid
fishes, and there are dose-dependent effects on
both replacement and tooth shape. Both tooth
replacement and tooth-shape development ap-
pear to be integrated through a common set of
molecular signals; integration has been lost or
decoupled in the evolution of mammalian
tooth development (Fraser et al. 2013).

Initiation of tooth replacement has several
genetic causes. Huysseune’s data for zebrafish
(Huysseune 2006) support a local control
mechanism of signaling in the dental lamina
that initiates the formation of replacement
teeth. Furthermore, in some snakes and lizards,
Shh is necessary for tooth morphogenesis, but
Shh is not involved in successional dental lam-
ina formation, indicating that other pathways
(as yet undetermined) regulate tooth replace-
ment. Wnt read-out genes were expressed per-
sistently, such that the molecular signaling
mechanism carries over from tooth initiation
to tooth replacement (Handrigan and Richman
2010a,b). These disparate data show the neces-
sity of studying diverse taxa and of cross-com-
paring the data before inferring general patterns
and processes. The full array of signaling sys-
tems and their organization in tooth develop-
ment and replacement has yet to be elucidated.

The maintenance of tooth position and
shape during ontogeny has been studied in sev-
eral taxa. In alligators, which have simple, con-
ical, socketed, continuously replaced teeth, but
with morphologically distinct tooth types, there
is significant morphological and genetic varia-
tion in early dental fates. Developmental varia-
tion results from a combination of modulari-
ty and semi-autonomous tooth development.
Modularity may have been key to the adaptive
evolution of teeth in amniotes, permitting pro-
gressive modification in tooth shape, number,
and replacement pattern, and the alligator may
be a model for the “most primitive” extant tet-
rapod dentition (Weeks et al. 2013).

Stem Cells in Tooth Development

An attractive notion is that the ability to replace
teeth or to keep teeth in a continuously growing

Indeterminate Growth

state requires the persistence of stem-cell popu-
lations. Indeed, stem cells and their involvement
in tooth development have been studied in a
diversity of vertebrate taxa. In some lizards,
the formation of the dental lamina and produc-
tion ofits changes, including tooth replacement,
are now thought to involve sequestered stem
cells. In one experiment, cells that express genes
that are markers of adult stem cells in mammals
were found in pockets close to the successional
dental lamina. Perhaps they represent a stem-
cell population whose descendants form the
successional lamina and then the replacement
teeth, and these dental stem cells are sequestered
from signals that might otherwise induce them
to differentiate earlier (Handrigan et al. 2010;
Richman and Handrigan 2011). An epithelial
stem-cell niche also is present in zebrafish and
other fish (Huysseune and Thesleff 2004).

Many similarities are reported for the role of
stem cells in hair growth and tooth replacement,
including their sequestration of stem cells in
bulbs in hair and knots in teeth (Huysseune
and Thesleff 2004). Hair and tooth develop-
ment may be regulated by the same molecular
cascades, based on studies of human malforma-
tion syndromes and their occurrence in mouse
mutant models. Similar molecular cascades un-
derlie both hair and tooth cycling, so stem cells
likely have a role in the formation of tooth buds
for continuous tooth renewal. Furthermore,
the putative stem cells have been identified in
mouse and rat incisors and rabbit and vole mo-
lars, all nonreplacing teeth that have continuous
growth. Huysseune and Thesleff note that
FGF10 likely regulates the fate of determination
of epithelial stem cells in many vertebrates. De-
spite the differences in structure of the enamel
organ in most bony fish from that of mammals,
the presence of sequestered stem cells and the
molecular cascades regulating their involve-
ment in tooth development, replacement, and
growth warrants further investigation.

Studies of tooth development and replace-
ment are providing information about many
questions relevant to major questions about
growth. Such issues as the bases of regulation
of growth during ontogenies (including post-
maturation), and the evolution of patterns of
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growth, including similarities, differences, and
phylogenetic correlations are being illuminated.
Likewise, differences and similarities of initia-
tion and replacement, and the roles of stem cells
and cell cycles, as well as the genetic properties
of local and whole-organism growth are under
study. However, the paucity of comparable com-
parative data precludes any synthesis that might
resolve major questions. No studies are avail-
able that elucidate the genetics of the entire
sequential pattern of tooth development and
replacement. Such research has the potential
to provide information about the onset and
offset signals that regulate the properties of
ontogenies. Tooth development and its associ-
ation of genes, signaling pathways, molecular
cascades, and regulation have the potential to
provide a paradigm for understanding the
mechanisms of processes of growth and their
modifications through the course of vertebrate
evolution.

CONCLUDING REMARKS

When we first set out to write this review, we
had assumed that most organisms arrest their
growth at a size that is determined by their ge-
netic program and that there are occasional ex-
amples of organisms that have devised ways of
evading this constraint. Growth, even in these
organisms, appears to slow down with age pos-
sibly because of constraints on organismal phys-
iology raising the possibility that they simply die
before they reach a final size. However, after ex-
amining the issue of growth termination in
diverse taxa, we now favor the view that the an-
cestral condition is one of indeterminate growth
and that determinate growth is a derived state.
All multicellular organisms are derived from
unicellular ancestors whose clonal progeny
could keep multiplying indefinitely. This type
of growth is likely to have been inherited by the
earliest multicellular organisms. Simple organ-
isms, such as placozoans, clearly lack a growth-
termination program and continue to grow in-
definitely but with periodic partition of the orig-
inal organism into smaller progeny. If indeed
indeterminate growth is the ancestral condition,
then, as we have discussed herein, the definitive

termination of growth seems to have occurred in
different taxa in mechanistically distinct ways.
Another important principle that emerges is
that different organs within the same organism
can differ with respect to whether they achieve a
truly determinate state of growth. An under-
standing the precise mechanisms by which a
pattern of indeterminate growth is modified
in a variety of taxa to different types of deter-
minate growth might be most tractable in a spe-
cific tissue, such as a comparative study of tooth
development.

Interestingly, many of the organisms that are
capable of tissue regeneration seem to be those
that do not seem to have truly reached the end
of their growth phase. For example, oligochaete
worms remain capable of posterior regenera-
tions, whereas leeches cannot. Cockroaches can
regenerate limbs but only before their final molt.
Salamanders, such as the axolotls, have prodi-
gious abilities to regenerate parts, such as limbs
and tails, and even parts of the brain. And pla-
narians, which display remarkable plasticity in
terms of body size, may be the champions of
regeneration. Thus, the ability of homologous
structures to regenerate in one species but not
in another could reflect the extent to which
growth is effectively terminated in those two spe-
cies rather than the acquisition or loss of a sep-
arate regeneration program. If this view is cor-
rect, then no special genetic mechanisms may be
required for regeneration; indeed, regeneration
could potentially be viewed as a resumption of
“normal” growth following a perturbation. This
correlation between the termination of growth
and the loss of regenerative capacity raises the
intriguing possibility that regeneration is a “side
benefit” of a growth program that has not
been fully terminated and that it may not be
adaptive in itself. Although regeneration can
occur by diverse mechanisms (Tanaka and
Reddien 2011), the similarities between regen-
erative growth and normal development within
an individual species can often exceed similar-
ities in regenerative growth among diverse spe-
cies.

Finally, while researching the material pre-
sented here, we were struck by how little is
known about the differences in growth-regula-
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tory mechanisms between related taxa that
show determinate and indeterminate growth.
In addition to a careful characterization of the
underlying differences at the cellular level, the
combination of genome sequencing with recent
developments in genome-editing technologies
should enable a deeper understanding of the
mechanisms that arrest growth in a wide variety
of animals.
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