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SYMPOSIUM

Changing While Staying the Same: Preservation of Structural
Continuity During Limb Evolution by Developmental Integration
Rio Tsutsumi, Mai P. Tran and Kimberly L. Cooper1

Division of Biological Sciences, University of California San Diego, La Jolla, CA 92093-0380, USA

From the symposium “Physical and Genetic Mechanisms for Evolutionary Novelty” presented at the annual meeting of

the Society for Integrative and Comparative Biology, January 4–8, 2017 at New Orleans, Louisiana.

1E-mail: kcooper@ucsd.edu

Synopsis More than 150 years since Charles Darwin published “On the Origin of Species”, gradual evolution by

natural selection is still not fully reconciled with the apparent sudden appearance of complex structures, such as

the bat wing, with highly derived functions. This is in part because developmental genetics has not yet identified the

number and types of mutations that accumulated to drive complex morphological evolution. Here, we consider the

experimental manipulations in laboratory model systems that suggest tissue interdependence and mechanical respon-

siveness during limb development conceptually reduce the genetic complexity required to reshape the structure as a

whole. It is an exciting time in the field of evolutionary developmental biology as emerging technical approaches in a

variety of non-traditional laboratory species are on the verge of filling the gaps between theory and evidence to resolve

this sesquicentennial debate.

Introduction

Imagine a human arm morphing into the wing of a

bat. Each finger grows long and slender. Webbing

extends to the tips. Blood vessels and nerves weave

out into the spaces between. Long tendons extend to

connect muscle to bone across joints that adjust their

range of motion to support powered flight.

Opponents of Charles Darwin found the limb to be

one of the greatest challenges to his theory that natural

selection, acting gradually on small variations, could be

sufficient to generate as complex a structure as a wing

(Darwin 1859; Mivart 1871; Gould 1985). Functional

morphologists have long tackled the problem of iden-

tifying the adaptive advantage of “incipient”, or partial

structures, but criticisms are also grounded in the as-

sumption that morphological restructuring of limbs

and other structures requires simultaneous and some-

times massive remodeling of multiple tissues in a coor-

dinated manner (Mivart 1871). From this perspective, it

seems almost implausible that limbs acquire qualita-

tively different morphologies or functions from their

ancestral state, and yet the limb has been modified in

myriad ways in all vertebrate lineages.

The idea that restructuring requires genetic changes

independently affecting multiple tissues stems from

early ideas that the embryo forms as an assemblage of

parts, each manifesting its own intrinsic destiny. We

now know that development proceeds by a combin-

ation of intrinsic (or autonomous) and extrinsic (or

nonautonomous) mechanisms. Component parts are

in constant communication, and abnormalities or defi-

ciencies are often compensated by neighboring cells and

tissues. Together, autonomous and non-autonomous

mechanisms contribute to both the robustness and mal-

leability of the developing organism (Lawrence and

Levine 2006).

Kirschner and Gerhart (2005) argued that the inter-

dependence of developing tissues confers plasticity of

organ morphology, and that if this plasticity is evolu-

tionarily conserved, functionally integrated structures

are produced in response to the change in a component

tissue. This process, which Kirschner and Gerhart

termed “exploratory behavior,” is not only important

for preserving function in the face of environmental and

genetic variation, but may also have a crucial role in

producing novelty by amplifying the effect of change
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occurring in one tissue or cell type (Müller 1990; West-

Eberhard 2003; Kirschner and Gerhart 2005).

Tissue interdependence in development and evo-

lution has been perhaps best illustrated by embry-

onic manipulations to produce chimeric faces of the

“quck” and “duail” (Schneider and Helms 2003).

Interspecific transplants of neural crest cells from

the quail to duck and vice versa showed there is

an intrinsic program by which the neural crest cells

form the beak or bill of their species of origin. These

experiments also showed the ability of neural crest-

derived structures to non-autonomously impart

donor-species characteristics on host-derived tissues.

For example, the gene expression of the overlying

ectoderm and morphology of the egg tooth match

the donor rather than the host. Together, these out-

comes demonstrate both the autonomous and non-

autonomous properties of embryo development and

illustrate how genetic change in one tissue (the

neural crest-derived skeleton) can influence the de-

velopment of another (the ectoderm-derived egg

tooth).

At this small scale, neighboring integrated tissues

function as the “environment” that mutually influences

morphological development. On a grander scale, fea-

tures of the developing organism are so malleable that

behavior can have a great impact on form and function.

Mary West-Eberhard termed this effect “phenotypic

accommodation” and described it as the “adaptive mu-

tual adjustment among various parts during develop-

ment without genetic change” (West-Eberhard 2003).

She argued that organisms could adjust their physi-

ology or morphology in a single generation in order

to adapt to an environmental change. If mutations

occur that “hardwire” the phenotypic outcome, these

allele frequencies could increase in a population by nat-

ural selection in a process called “genetic assimilation”

(Waddington 1953; West-Eberhard 2003, 2005).

A striking example of phenotypic accommodation

occurred when a two-legged goat, born without fore-

legs, learned to hop upright. The Dutch anatomist,

Everhard J. Slijper, acquired this remarkable animal

and, after an unfortunate accident resulting in its

death, described its unique anatomical features.

Slijper’s goat had developed a suite of characteristics

that appear convergently in naturally bipedal species,

including modifications to its spine, ribcage, hin-

dlimbs, and musculature (Slijper 1942a, 1942b).

This example highlights the potential evolutionary

role of behavior in shaping the musculoskeletal sys-

tem through the coordinated change of multiple

structures and tissue types. If locomotor changes

and their concomitant morphological effects are

adaptive, and if they alter an animal’s occupied

niche, such changes may also influence and acceler-

ate the trajectory of subsequent evolutionary events

(Diogo 2017).

Although these examples support the concepts of

exploratory behavior and phenotypic accommoda-

tion, the mechanisms acting to shape the limb dur-

ing evolution remain largely unknown. Since

developmental integration of multiple tissues in the

limb likely underlies evolution of the same complex

structures, we can make great strides by considering

lessons from experimental embryology. Here, we de-

tail the origins and developmental interdependence

of the skeleton, muscle, and connective tissues of the

vertebrate limb. While much is known of the mo-

lecular pathways intrinsic to the development of each

tissue, we limit our discussion to communications

between tissues and to the environmental effects of

mechanical force and locomotion. We highlight

opportunities where tissue integration and respon-

siveness to mechanical force may maintain structural

and functional continuity as the limb is transformed

by natural selection. The diverse outcomes of selec-

tion for novel limb structures and functions are in-

numerable. We therefore leave the discussions of

specific morphologies to others, including the com-

plementary article on the evolution of avian limbs by

Vargas and colleagues that also appears in this issue

(citation to be added in press).

Developmental origins of the limb and
its composite tissues

The developing limbs emerge from the flank of the

embryo as buds that, over subsequent days, elongate

and widen at their tips to form the hands and feet.

At bud initiation, lateral plate mesoderm cells in an

epithelial sheet lose contacts with their neighbors

and rearrange into a mesenchymal bulge ensheathed

in a thin cup of ectoderm (Gros and Tabin 2014).

The lateral plate-derived mesenchymal cells of the

limb bud ultimately produce the skeleton, joints,

tendons, ligaments, dermis, and muscle connective

tissues while the ectoderm gives rise to hair, feathers,

or scales. Limb muscle and vascular endothelial cells

originate in the somitic mesoderm and migrate into

the emerging limb bud (Chevallier et al. 1977; Christ

et al. 1977; Lance-Jones 1988) (Fig. 1).

Formation of the limb skeleton initiates as a Y-

shaped condensation of limb bud mesenchyme (the

humerus and radius/ulna) that further branches dis-

tally into each of the digits (Fell 1925; Thorogood

and Hinchliffe 1975). Since this cartilaginous anlage

provides a template for the future limb skeleton, the

pattern of pre-cartilage condensation in the nascent
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bud limits the potential for skeletal element number

and organization. It has been proposed that cartilage

pattern can self-organize as a result of reaction–dif-

fusion interactions among mesenchymal cells with-

out requiring prior heterogeneity of the cells (Zhu

et al. 2010; Sheth et al. 2012; Raspopovic et al. 2014).

Therefore the number and pattern of skeletal ele-

ments can be theoretically determined in a tissue-

autonomous manner.

Joints are formed at the articulations between skel-

etal elements and are made up of force-absorbing ar-

ticular chondrocytes (permanent cartilage) that secrete

an oily lubricating substance (Schmidt et al. 2007). The

nascent joint is formed from a region of flattened mes-

enchymal cells, called the joint interzone, that is

delineated within the cartilage anlagen (Holder 1977;

Mitrovic 1978). Lineage tracing experiments show that

interzone cells give rise to the articular chondrocytes,

synovial linings, and ligaments that connect skeletal

elements across the joint (Koyama et al. 2008;

Shwartz et al. 2016).

While the two major fibrous connective tissues, lig-

aments and tendons, have a very similar structural

composition of sparse cells embedded in a dense net-

work of extracellular matrix composed primarily of

Type I Collagen, they have different origins in the

limb bud. Ligaments are derived from joint interzone

cells, while tendon progenitor cells are induced in the

dorsal and ventral mesenchyme that lies between the

ectoderm and condensing cartilage (Kardon 1998;

Schweitzer et al. 2001; Watson et al. 2009). Within

the tendon primordia, cells organize into longitudinal

rows, and the orientation of these rows determines the

direction of collagen fibers (McNeilly et al. 1996;

Kardon 1998). Small tendon fibers organize into

limb-specific patterns by embryonic day 12 in the

mouse, and final pattern is formed by embryonic day

16.5 (Schweitzer et al. 2001; Watson et al. 2009).

Muscle connective tissue is a thin layer of cells

embedded in extracellular matrix that ensheaths individ-

ual muscle cells and bundles of myofibers (Light and

Champion 1984). Like the cartilage, joints, ligaments,

and tendons, limb muscle connective tissue is derived

from limb bud mesenchymal cells that originate in the

lateral plate mesoderm (Chevallier et al. 1977). Muscle

connective tissue progenitors cluster in the limb bud in a

pre-pattern reflective of later muscle pattern and are first

identifiable by expression of the transcription factor Tcf4

(Kardon et al. 2003). This fibrous matrix, mainly

comprising Type I Collagen, provides a structure and

chemical environment for proper muscle function and

transmits the collective forces of muscle fiber contrac-

tion (Kardon et al. 2003; Mathew et al. 2011).

Muscle, ensheathed in its connective tissue and

connected to bones by tendons, pulls the levers of

the limb skeleton to propel an animal in motion.

However, unlike the other tissues in this integrated

musculoskeletal unit that are derived from lateral

plate mesoderm, muscle cells delaminate from the

ventral–lateral somite and migrate into the nascent

limb bud (Chevallier et al. 1977; Christ et al. 1977;

Hayashi and Ozawa 1991). Once in the limb, the

migrating population segregates into the ventral (fu-

ture flexor) and dorsal (future extensor) muscle

masses (Hayashi and Ozawa 1991). These muscle

masses undergo further segregation to form the

superficial and deep muscle layers, which then sub-

divide again into distinct muscles present in the

adult (Hayashi and Ozawa 1991; Wortham 1948).

The formation of individual muscles within this pat-

tern is initiated when embryonic myoblasts fuse to

form multinucleated myofibers in a process called

“primary myogenesis”. Mature muscle is built from

nascent muscle by the later addition of fetal and

neonatal myoblasts that fuse to primary myofibers

or fuse to form new secondary myofibers (Abmayr

and Pavlath 2012).

Developmental interdependence and
integration

Muscle–muscle connective tissue

Although the degree and nature of dependency

varies, the development of each composite tissue of

Somite origin
Muscle

Lateral Plate origin
Muscle connective tissue

Tendon
Skeleton
Ligament

Fig. 1 Tissue origins of the musculoskeletal system. Lateral plate

mesoderm cells in the presumptive limb region delaminate and give

rise to limb bud mesenchymal cells. The lateral plate-derived mes-

enchymal cells will ultimately produce muscle connective tissues,

tendons, skeleton, and ligaments in the limb. In contrast, limb

muscles originate from precursor cells that delaminate from ven-

tral–lateral somite and migrate into limb bud.
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the integrated musculoskeletal system relies on the

development of other tissues and on their mechan-

ical function as a unit. Muscle seems to be the most

reliant on extrinsic cues. While primary and second-

ary myogenesis occur autonomously, the spatial pat-

tern of adult limb muscle anatomy is not specified

by the myoblast population itself (Kardon 1998). In

fact, since cervical and interlimb somites engrafted to

the limb level give rise to normal limb muscle anat-

omy, it is clear that the pattern of adult muscle is

largely a result of signals in the surrounding limb

mesoderm (Chevallier et al. 1977; Christ et al.

1977). Indeed, quail myogenic progenitors that are

placed in a chick wing bud devoid of muscle are

organized to form muscle with characteristics of

the chick host, including a muscle that is ordinarily

absent in the quail (Grim 1991). It is therefore easy

to see how muscle development could secondarily

accommodate evolutionary changes in other limb

tissues by the addition or loss of individual muscles

or by changing their connections to the skeleton.

Tcf4, a transcription factor downstream of the

Wnt/b-catenin signaling pathway, was identified in

a quest for the extrinsic determinants of limb muscle

pattern. Its muscle-like pattern of expression in

muscle connective tissue progenitors persists even

in limbs that develop without muscle (Kardon

et al. 2003). Together, these data suggested that the

muscle connective tissue, perhaps through activation

of the Wnt/b-catenin pathway, provides the prepat-

tern for developing muscle. Indeed, misexpression of

activated Wnt/b-catenin in limb bud mesoderm is

sufficient to induce ectopic muscle (Kardon et al.

2003), and Tcf4 mutant mice have abnormal muscle

truncations and segregations and altered connections

to the skeleton (Mathew et al. 2011). Although the

mechanisms that establish a Wnt/b-catenin-depend-

ent pattern of muscle connective tissue remain un-

known, evolutionary alterations to this pattern are

expected to be transmitted from muscle connective

tissue to repattern muscle anatomy.

However, muscle pattern is not a simple one-way

instruction from the muscle connective tissue to

muscle. Although several lines of evidence support

the hypothesis that the blueprint for muscle resides

in the limb bud mesoderm, vascular endothelial cells

derived from the somite are also required for normal

segregation of muscle masses into individual muscles

(Tozer et al. 2007). Ectopic vasculature inhibits myo-

blast differentiation and promotes the aggregation of

Type 1 Collagen-rich muscle connective tissue, and

endothelial cells are necessary for normal muscle seg-

regation. Tissue grafting experiments indicate that

the stereotyped pattern of blood vessels throughout

the body is largely dependent on the response of

vascular cells to extrinsic cues in their environment

(Noden 1989). However, the anatomical relationship

between muscle and muscle connective tissue may be

relayed and reinforced by the vasculature that sur-

rounds and nourishes these tissues.

The interdependence of muscle and muscle con-

nective tissue extends beyond development of early

pattern to cell type differentiation and maintenance.

In addition to a role in defining muscle fiber type

(Mathew et al. 2011), muscle connective tissue fibro-

blasts are required for the maintenance of muscle

satellite cells. Ablation of muscle connective tissue

fibroblasts leads to premature differentiation of the

resident muscle stem cells resulting in smaller regen-

erated myofibers (Murphy et al. 2011). In turn,

muscle cells secrete the enzyme lysyl oxidase, which

directly or indirectly represses TGFb signaling in

muscle connective tissue to limit cell number and

collagen deposition (Kutchuk et al. 2015). The pro-

longed interaction of muscle and muscle connective

tissue during development thus ensures the appro-

priate balance of these two tissues for proper func-

tion of the integrated unit and for coordinated

evolutionary modification.

Muscle–tendon

Muscle and tendon develop in close association in

chick and mouse limbs (Kardon 1998; Watson et al.

2009), and muscle extends into ectopic regions in the

absence of tendon (Kardon 1998). This suggests that

tendon, in addition to muscle connective tissue and

vasculature, establishes the spatial limits of muscle

and perhaps influences muscle segregation. Tendon

also relies reciprocally on limb muscle for proper

pattern and maintenance (Christ et al. 1977; Kieny

and Chevallier 1979; Kardon 1998; Schweitzer et al.

2001).

However, proximal and distal limb tendons re-

spond differently to the lack of muscle; tendons

located within the arm and leg fail to segregate

and subsequently degenerate while those in the

hand and foot continue to form but fail to mature

(Kardon 1998). Similarly, proximal and distal ten-

dons respond differently to the influence of condens-

ing cartilage. While proximal tendons form normally

in the absence of humerus, radius, and ulna, distal

tendons of the hands and feet fail to form in the

absence of digit cartilages (Huang et al. 2015).

Ectopic digits in mouse (Huang et al. 2015) or chick

(Hurle et al. 1990) promote the formation of asso-

ciated ectopic tendons. Therefore cartilage appears to

be both necessary and sufficient for tendon
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formation in the hands and feet, which may influ-

ence the co-evolution of connective tissues together

with their associated digits. The different require-

ments for cartilage in the distal versus proximal

limb may be explained in part by the modular de-

velopment of tendon whereby distal and proximal

tendons form independently and later join to form

functional tendon architecture (Huang et al. 2013,

2015).

Much like muscle connective tissue and muscle,

tendon and muscle also appear to signal to one an-

other to reciprocally promote growth. The bone

morphogenetic protein (Bmp) pathway is active in

muscle cells at the interface with tendon, and tendon

expresses Bmp4. Experimentally increasing Bmp sig-

naling in muscle activates progenitor proliferation

and increases muscle mass while blocking the Bmp

pathway decreases the number of muscle progenitors

and differentiated myofibers (Wang et al. 2010). In

the chick, apoptotic cell death eliminates myofibers

that fail to make appropriate muscle–tendon connec-

tions, and this seems to be mediated, at least in part,

by retinoic acid (Rodriguez-Guzman et al. 2007).

These and other signaling pathways may together

determine the relative size of muscle and tendon to

ensure an appropriate functional connection.

During juvenile development, muscle and tendon

growth continues to be accommodative such that the

length of muscle contraction will optimally produce

the full range of motion about the joint. Surgical

release of the tibialis anterior tendon by clipping

the crural ligament in young rabbits changes the ef-

fective tendon angle and increases the distance over

which the muscle must contract to exact a full range

of joint motion. Over the subsequent year, the

muscle elongates and the tendon shortens to increase

the length of muscle contraction to recover the full

range of motion (Crawford 1954). Altogether, these

interactions illustrate how non-autonomous accom-

modative changes can occur to maintain functional

integrity of the muscle–tendon unit in an organism

over its lifetime and in the evolutionary transform-

ation of species morphology.

Mechanical force—skeletal growth

Once the number and positions of the skeletal ele-

ments are autonomously established, each skeletal

element is subjected to numerous modifications

from the shape of the pre-cartilage condensation to

the final adult morphology. These modifications in-

clude ossification to establish optimal bone mineral

density, longitudinal growth, circumferential growth

and curvature, and enthesis, and joint formation. In

addition to biochemical factors, mechanical stimuli

influence each of these modifications in response to

the loads associated with animal locomotion and be-

havior (Frost 2000; Pollard et al. 2014). Hence, since

the largest loads come from muscle contractions via

tendon attachments (Burr 1997), musculoskeletal in-

tegration directly connects animal behaviors to mor-

phogenesis of the limb skeleton. Here, we focus on

the extrinsic effect of muscle activity on the shape of

the skeleton.

Enlarged hypertrophic chondrocytes near the

junction of cartilage and bone secrete a mineralized

matrix that forms the scaffold for mature bone.

These large cells mature from small, flattened prolif-

erative chondrocytes that are aligned into longitu-

dinally oriented columns. Formation and

maintenance of columns involves the intercalation

of a series of clonally related chondrocytes and is

essential for proper longitudinal skeletal growth.

The absence or paralysis of limb muscle in mouse

and chick results in shortened and misaligned pro-

liferative chondrocyte columns in the growth plate

and limbs that are often shortened, illustrating the

dependence of skeletal elongation on proper muscle

function (Hall and Herring 1990; Hosseini and Hogg

1991a; Germiller and Goldstein 1997; Osborne et al.

2002; Rot-Nikcevic et al. 2006; Gomez et al. 2007;

Nowlan et al. 2010; Shwartz et al. 2012).

Bone modeling of the mineralized scaffold by

osteoblasts starts at the mid-shaft of each of the car-

tilaginous anlagen and moves outward following a

wave of cartilage maturation. In both mouse and

chick, limb muscle contraction is also required for

the normal initiation and expansion of ossification

centers (Hosseini and Hogg 1991a; Nowlan et al.

2008a, 2008b, 2010). Bone is remodeled throughout

adult life by osteoclasts that resorb bone and osteo-

blasts that deposit new mineralized matrix, and the

relative activity of these two cell types determines

bone mineral density. Optimal bone mineral density

is a delicate balance between the amount of bone

required to structurally support a body in motion

countered by the cost to transport the weight of ex-

cessive bone. Several lines of evidence, including

clinical correlations between muscle strength and

bone mineral density in humans (Snow-Harter

et al. 1990), suggest that biomechanical force exerts

regional-specific influences on bone mineral density

to accommodate stresses and strains associated with

physical activity.

As each limb skeletal element elongates and ossi-

fies, it also increases its circumference while main-

taining the appropriate cortical bone thickness.

Circumferential growth is controlled by periosteal
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(outer membrane) bone deposition by osteoblasts

and endosteal (inner membrane) bone resorption

by osteoclasts. However, circumferential growth is

not uniform. Anisotropic growth produces non-

uniform cross-sectional shapes that are associated

with compression and tension forces produced by

mechanical load. Indeed, developing bone is so sen-

sitive to mechanical force that anisotropic growth is

initiated by fetal movement in utero (Sharir et al.

2011). Animals that are paralyzed during develop-

ment have cylindrical limb bones suggesting muscle

contraction is essential for anisotropic growth (Pai

1965; Hosseini and Hogg 1991a; Rodr�ıguez et al.

1992; Gomez et al. 2007; Sharir et al. 2011).

Together with anisotropic circumferential growth,

longitudinal curvature contributes to the strength of

bone under physiological conditions (Sharir et al.

2011), and curvature of long bones is seen through-

out terrestrial animals (Bertram and Biewener 1992).

The development of curvature is also dependent on

muscle contraction, since animals that develop with-

out muscle or with paralyzed muscles develop

straight skeletal elements (Lanyon 1980; Hall and

Herring 1990; Rot-Nikcevic et al. 2006; Gomez

et al. 2007). The functional advantage of curvature

is paradoxical, since curvature compromise the load-

ing capacity of the bone in a direction orthogonal to

physiological load (Bertram and Biewener 1988;

Sharir et al. 2011; Jade et al. 2014). However, curva-

ture itself may increase the predictability of mechan-

ical load in contrast to straight bones that may

encounter more variable forces (Bertram and

Biewener 1988, 1992). Additionally, the forces of

muscle contraction acting on a curved element likely

counter the bending strains induced by longitudinal

curvature (Jade et al. 2014; Milne 2016).

Mechanical force—shaping of entheses

In addition to its influence on the longitudinal and

circumferential shape of the bone, mechanical force

also promotes the growth of bone at tendon attach-

ment sites, the entheses, which protect the bone

against the highest localized muscle contractile force.

Formation and maintenance of the enthesis is highly

sensitive to the interaction with tendons and muscles

(Zelzer et al. 2014), and the enthesis progenitor cells

are thought to be dedicated to the accommodative

adaptation of bone in response to mechanical load

(Blitz et al. 2013).

The mature entheses are broadly classified as fibrous

or fibrocartilaginous (Benjamin et al. 2002). The fi-

brous entheses are periosteal attachments and typically

insert into the metaphysis or diaphysis of long bones.

The more common form, fibrocartilaginous entheses

typically insert into the epiphysis or bone ridge at the

end of a long bone. After the formation of a primordial

tendon-to-bone attachment, the fibrocartilaginous

tendon entheses are mineralized so that tendon-to-

bone insertion is composed of a structural gradation

of tissues with different biomechanical properties: ten-

don, fibrocartilage, mineralized fibrocartilage, and

bone (Schwartz et al. 2012; Dyment et al. 2015). This

graded structure is important for mechanical strength

of the enthesis to prevent tear at the interface of two

materials with different physical features, namely, stiff

brittle bone and tough compliant tendon

(Thomopoulos et al. 2010; Lu and Thomopoulos

2013).

Although the initiation of the enthesis and the peri-

natal development of the structure are entirely depend-

ent on biochemical signals not discussed here (Blitz et al.

2009, 2013; Sugimoto et al. 2013), its maturation

requires muscular contraction (Pai 1965; Hall and

Herring 1990; Hosseini and Hogg 1991b; Rot-Nikcevic

et al. 2006; Blitz et al. 2009; Nowlan et al. 2010). When

mechanical loading from muscle activity is reduced,

enthesis maturation is delayed with reduced mineral de-

position and reduced fibrocartilage formation

(Thomopoulos et al. 2007; Kim et al. 2010; Schwartz

et al. 2013). The defect caused by unloading is likely

due to high osteoclast activity, since osteoclast inhibition

by alendronate partially rescues the demineralization

phenotype (Tatara et al. 2014). Paralysis also leads to

upregulation of Hedgehog signaling activity in the enthe-

sis and an increase in the Hedgehog responsive cell popu-

lation that gives rise to enthesis fibrocartilage cells.

Together, this suggests the mechanical force is converted

to a biochemical signal that decreases Hedgehog signaling

and responsiveness. Decreased Hedgehog activity is im-

portant to allow fibrocartilage differentiation and to pre-

vent remodeling by osteoclasts leading to structural

reinforcement of a mineralized enthesis (Schwartz

et al. 2015).

Mechanical force—joint morphogenesis

Together with the effects of muscle load on the

length and shape of individual skeletal elements,

muscle contraction is also required to maintain

and shape the joint articulation and to form the

sesamoids that are embedded in connective tissue

surrounding the joints. (Hamburger and Waugh

1940; Lelkes 1958; Drachman and Sokoloff 1966;

Ruano-Gil et al. 1978; Mitrovic 1982; Hosseini and

Hogg 1991b; Mikic et al. 2000; Osborne et al. 2002;

Kahn et al. 2009; Kim et al. 2010; Nowlan et al.

2010, 2014; Roddy et al. 2011). Movement, not just
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contraction, is necessary to activate the Wnt/b-cate-

nin signaling pathway, which is required for the

maintenance of joint progenitor cells (Hartmann

and Tabin 2001; Guo et al. 2004; Sp€ater et al.

2006a, 2006b; Kahn et al. 2009). Accordingly, rigid

paralysis or hypermobility can also cause improper

joint cavitation (Ruano-Gil et al. 1985; Osborne

et al. 2002), and the joint is so sensitively tuned to

mechanical force that only physiological magnitudes

of force applied to in vitro cultured limbs will recap-

itulate normal joint morphology (Chandaria et al.

2016).

The dependence on movement for their formation

likely allows joints to maintain their structural integ-

rity by adjusting to changing musculoskeletal mor-

phologies. For example, mutant mice lacking all

Hox11 paralogous genes, a subset of the Hox tran-

scription factors required for the development of seg-

mented structures, have hypoplastic zeugopod

elements (radius/ulna and tibia/fibula). The elbow

and knee joints of these Hox11 mutant mice are

remodeled and reorganized to make reciprocally inter-

locking structures between the unaffected humerus/

femur and the hypoplastic zeugopod (Koyama et al.

2010). Interestingly, these mice gain an ulnar patella,

which is characteristic of elbow joints in some reptiles,

amphibians, and birds. Similarly, when the forelimb is

amputated at the elbow joint in amphibians, the joint

is reintegrated between the remaining and regenerated

skeletal elements by plastically adjusting its morph-

ology in the context of early differences in shape

and size (Tsutsumi et al. 2016, 2015).

Even subtle changes to behavior or locomotion

can have regionalized effects on the direction and/

or magnitude of forces compared with the ancestral

state. These altered forces can non-autonomously

impart substantial changes to the length, cross-

sectional shape, and curvature of a long bone elem-

ent and can reshape the entheses and joint articula-

tions. Indeed, the remarkable plasticity of bone in

response to mechanical load suggests the great vari-

ation throughout tetrapods in the shape of limb joint

articulations, the curvature of the tibia, and the

prominence of the cnemial crest, for example, may

be the products of extrinsic effects.

Theoretical impact of musculoskeletal
integration and mechanical adaptability
on evolvability

While these experiments illustrate the interdepend-

ence of limb tissue development, phenotypes that

result from the wholesale loss or disruption of

muscle or cartilage, for example, are perhaps not

representative of the adaptive phenotypes that occur

by natural selection. The observed interdependence,

however, can extend to the hypothesis that adaptive

phenotypes resulting from genetic change affecting

one tissue will spread to impart non-genetic changes

in the form and/or function of other tissues. By ex-

trapolation, these non-autonomous effects observed

after experimental manipulation decrease the theor-

etical genetic complexity required to substantially re-

shape the limb as an evolutionarily malleable

structure.

Moreover, if genetic changes affecting the limb

change locomotor performance, there will be an asso-

ciated change in the direction and magnitude of mech-

anical forces on bones that will further reshape skeletal

morphologies. The secondary effects on morphology of

an acquired locomotor function are seen in the adjust-

ments made throughout the skeleton to meet the mech-

anical demands in Slijper’s goat (Slijper 1942a, 1942b).

Thus, interdependence of the skeleton, muscle, and

connective tissues not only ensures that essential loco-

motor function can be maintained in the face of fluc-

tuations in normal development, but locomotor

function itself also amplifies the effect of change

throughout multiple tissues of the limb and potentially

contributes to complex adaptive phenotypes (Fig. 2).

How can we test the hypothesis that tissue inter-

dependence and locomotor performance contribute

to major morphological transformations during limb

evolution? A thorough understanding of the devel-

opment of the derived phenotype is the first step,

but each tissue in an intact animal develops in

time and space alongside all of the others. To test

the developmental autonomy or non-autonomy of

individual tissues within a derived phenotype, we

must be able to isolate genetic effects to specific

tissues in order to assess the non-autonomous

impacts on other tissues. This is possible through

the production of inter-specific chimeras or by

imparting evolutionarily relevant genetic changes in

specific tissues.

Interspecies chimerism involves combining the tis-

sues of two species to generate an individual with

features of both. This powerful approach has been

applied to the generation of quail–duck chimeras

with a goal of understanding the autonomous and

non-autonomous aspects of craniofacial develop-

ment. Donor neural crest autonomously determines

the species-specific morphology of jaw skeletal ele-

ments and secondarily reshapes the jaw muscles and

attachment sites of host-derived tissues (Schneider

and Helms 2003; Tokita and Schneider 2009). In

turn, the changes in muscle pattern alter the exertion

of mechanical forces on the jaw skeleton resulting in
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the loss of host-specific enthesis formation (Solem

et al. 2011).

These experiments were accomplished by surgi-

cally transplanting embryonic tissues from one spe-

cies into the orthotopic location of another. This

surgical manipulation is possible in oviparous spe-

cies, such as reptiles and birds, where the developing

embryos are easily accessible and will continue to

develop without maternal support. Similar trans-

plants between quail and chick embryos contributed

to the conclusion that signals in the lateral plate-

derived limb mesoderm non-autonomously pattern

species-specific differences in limb muscles (Grim

1991). Unfortunately, this approach is somewhat

limited in its application to other tissues of the

limb musculoskeletal system, since the cartilage,

joints, tendon, and muscle connective tissue all de-

rive from lateral plate mesoderm. It is not technically

challenging to recombine somitic and lateral plate

mesoderm prior to limb bud outgrowth, but once

the progenitors of each tissue are intermixed in the

limb, it is difficult to imagine isolating and trans-

planting only the nascent cartilages or connective

tissues.

Recent advances in stem cell biology have opened

opportunities to create interspecies chimeras between

mammals that may circumvent these surgical

obstacles. Using methods to induce pluripotency,

combined with genetic ablation of a tissue niche in

the mouse, it is possible to populate an entire organ

or tissue type with cells of a different species

(Kobayashi et al. 2010; Wu et al. 2017). While cur-

rent applications are focused on the potential for

human organ transplantation (Wu et al. 2017) and

for conservation of endangered species (Honda et al.

2017), interspecies chimeras can potentially be used

to test the autonomy and non-autonomy of tissue

evolution. For example, populating the entire limb

cartilage niche with pluripotent cells of bat origin

may produce an elongated forelimb skeleton because

of the evolution of autonomously functioning cartil-

age growth-promoting genes. The effects of these in-

trinsic cartilage programs on other tissues can then

be assessed to determine how much of a wing is

secondarily induced in the pattern of muscle, con-

nective tissues, and the reciprocal influence on bone

shape.

However, the bat and mouse diverged from a

common ancestor approximately 95 million years

ago and may be too distantly related for successful

chimerism. To understand the evolution of develop-

ment in a more closely related species, we have

established a bipedal rodent, the lesser Egyptian jer-

boa (Jaculus jaculus) as a laboratory model (Cooper

2011). Jerboa hindlimbs have disproportionately

elongated and fused metatarsals, a saddle-shaped

femoral head, loss of lateral hindlimb digits, and

anatomical replacement of foot muscles with tendon

(suspensory ligaments). The jerboa shares a common

ancestor with the laboratory mouse (Mus musculus)

about 50–55 mya, and much of the extraordinary

morphological divergence in the jerboa lineage has

occurred within the last 35 million years (Fabre et al.

2012; Wu et al. 2012; Pisano et al. 2015). In contrast

to the bat, for which little is known of the progres-

sion from terrestrial locomotion to powered flight,

there are 33 species of extant jerboas with a spec-

trum of hindlimb morphotypes (Moore et al. 2015).

Using a genetic tissue ablation and stem cell-based

interspecies repopulation approach in mouse, we can

in theory replace the entire cartilaginous mouse limb

skeleton with jerboa cells to determine whether digit

loss by cell death occurs by cartilage-autonomous or

non-autonomous mechanisms (Cooper et al. 2014)

Joint morphogenesis

Muscle connective tissue

Muscle mass

Bone curvature

Bone growth
Enthesis formation

Tendon development 
and maturation

Behavioral Change

Accomodation 
by tissue interactions

Fig. 2 Tissue interactions and accommodation in limb muscu-

loskeltal development. Dorsal and ventral muscle masses in the

limb bud are segregated and shaped into individual muscle groups

by the lateral plate-derived connective tissues, especially muscle

connective tissues. Once muscle, tendon, and skeleton are con-

nected, mechanical forces from muscle contraction (arrows on

muscle) stimulate bone shape modifications including joint mor-

phogenesis, longitudinal and circumferential growth, curvature,

and enthesis formation. If the evolutionary change in limb mor-

phologies affects locomotor activity, the behavioral change will

alter mechanical loading on bones and further reshape skeletal

morphologies.
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and whether the rapid elongation of the limb skel-

eton secondarily drives elongation of the tendons

and concomitant loss of intrinsic foot muscles.

Repopulation of the Tcf4þmuscle connective tissue

niche with cells derived from the jerboa would

identify tissue-autonomous differences in the devel-

opment of muscle connective tissue and the non-

autonomous effect on the pattern of limb muscles.

As these methods are improved, similar

approaches could be applied to a variety of species

and morphologies to understand the complexity of

limb development. Many features of the jerboa hind-

limb appear convergently in phylogenetically distant

cursorial animals, such as artiodactyls and perisso-

dactyls (Clifford 2010). Frequent convergence may

be a result of tissue interdependence accelerating

the coordinated evolution of limb morphologies

without requiring extensive genetic complexity. If

true, then interspecies chimerism may reveal similar

patterns of autonomous and non-autonomous devel-

opment in distantly related taxa.

Ultimately, it will be important to identify how

many mutations have accumulated to evolve a com-

plex structure comprised of multiple tissues and how

great are the effects of individual changes. Much of

limb evolution has occurred over reproductively iso-

lating distances, so quantitative trait analyses of hy-

brid genomes are not possible. Instead, approaches

to engineer interspecies homologous replacements of

the mouse genome will be important to test the suf-

ficiency of specific genetic changes to impart derived

limb phenotypes. These approaches have been suc-

cessful in a few cases (Cretekos et al. 2008; Kvon

et al. 2016). Improved genome engineering strategies

using CRISPR/Cas9 will not only increase the speed

and decrease cost of this approach but will also open

avenues to performing sequence replacement in

closely related non-model species.

Developmental integration of limb tissues and

biomechanical feedback alone are not sufficient to

explain the apparent sudden acquisition of complex

morphologies, and it is likely that a complete fossil

record would illustrate somewhat gradual metamor-

phoses from form to form. Indeed, character map-

ping of limb musculoskeletal traits in the jerboa

clade suggests the transformation to obligate bipedal-

ism involved multiple mutations affecting discrete

(digit number) and continuous traits (bone fusion

and skeletal elongation) (Moore et al. 2015).

Developmental integration and mechanical respon-

siveness do, however, allow for the preservation of

essential functions and provide a mechanism for

“structural continuity” as the function of so called

“incipient forms” shifts toward the derived state

(e.g., powered flight or obligate bipedal locomotion)

(Gould 1985). The challenge that lies ahead for the

diverse field of evolutionary biology is to integrate

our understanding of the morphological transforma-

tions and their adaptive advantage (comparative

morphology, biomechanics, and ecology) with a

deep understanding of the developmental genetic

mechanisms that produce a striking array of complex

phenotypes.
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